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A 330-metre core drilled through the marine Permian/Triassic boundary in the Carnic Alps of Austria allows closely
correlated studies of geochemistry, petrography and palaeontology across the boundary. The isotope shifts and metal
concentrations are extended, multiple and complex, and do not resemble those seen at the Cretaceous/ Tertiary boundary.
Both the carbon isotope shifts and the chemical events (including an iridium anomaly) may have causes related to a major
regression of the sea.

THE Permian/Triassic (P/Tr) boundary is associated with the
largest extinction event in Phanerozoic time'. It also witnessed
important changes in the environment’, notably indicated by a
large drop in 8'*C of the surface ocean from the relatively

enriched *C condition that characterized the late Palaeozoic>*
A sudden decrease in 8'>C has also been observed in connection

with other extinction events:
Ordovician/Silurian®,

the Precambrian/Cambrian®,

Frasnian/Famennian’, Devonian/Car-
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boniferous®, Cenomanian/Turonian® and Cretaceous/ Tertiary
(K/T)'°. At some of these boundaries, anomalous concentra-
tions of metals, particularly iridium, have been observed. The
high concentrations at the K/ T boundary'' and the more modest
but distinct concentrations in the Late Eocene'’ have been
widely ascribed to bolide impacts, whereas concentrations at
some of the other extinction events”'*"!", similar to those in the
Late Eocene, may have been caused by terrestrial processes
(biogenic, oceanic or volcanic).

Suggestions of iridium anomalies associated with the P/Tr
boundary have been controversial. Notable iridium anomalies
have been reported at exposures of the P/Tr boundary in
China'®!?, but analyses of these same sections in other
laboratories have failed to find iridium concentrations of more
than 100 parts per 10'? (refs 20-23). Similarly low levels of
iridium were found in P/Tr sections in Soviet Armenia® and
in the Dolomite Alps®>?°,

Our objective in the current study has been to completely
characterize the geochemistry and palaeoenvironment of a rep-
resentative section of the P/Tr boundary, including carbon
isotope and iridium characteristics as well as other measures,
and to compare the conditions near the boundary with those in
the contiguous sections of the Upper Permian and Lower
Triassic.

The Gartnerkofel core

Previous studies of carbon isotope profiles of the P/ Tr boundary
have indicated that some of the most complete sections across
the boundary were situated in the Southern Alps of Austria and
Italy?’-?°. To obtain the best possible reference section free of
any outcrop alteration, a continuous core was taken specifically
for this purpose, on the north slope of the Gartnerkofel near
Nassfeld in the Carnic Alps of Austria (Fig. 1). This locality
was near the western end of the Tethys Sea, on a carbonate
ramp gently inclined to the south-east and 160 km east of the
shoreline exposed in the western Dolomite Alps*®>*'. Hole GK-1
started in the Muschelkalk Conglomerate (Upper Anisian),
entered the Werfen Formation (Skythian) at 57 m, the
Bellerophon Formation (Dzhufian-Dorashamian) at 231 m, and
bottomed in the same formation at 331 m (Fig. 2). Oolites in
the lowermost 6 m of the Werfen Formation correlate with the
Tesero Horizon in the Italian Dolomites, where the P/Tr boun-
dary, as defined by the last occurrence of Permian fusulinids®*—*,
lies within this Tesero Horizon. In both GK-1 and the nearby
outcrop on the Reppwand cliffs, conodonts were recovered from
the lower 40 m of the Werfen Formation. The recognition of
Hindeodus parvus, a conodont guide fossil for the Early
Griesbachian®®*®, confirms a very thick and complete rep-
resentation of lowermost Triassic sediments at this locality. The
palaecomagnetic record in the core displays several polarity
reversals, as seen in the Permo-Triassic Mixed (Illawarra)
Superchron. The reversal nearest to the P/Tr boundary, from
positive to negative polarity, lies within the Upper Permian (at

A\qTrieste

or A\ - g?(-l gVillach Fig. 1 Location of the. Gartn_er-

Au—xs = ‘q ~ 6;\, ——t kofel-1 (GK-1) core hole in relation
~ T e 46 30/ N

W ™ s — T to the surface distribution of P/Tr

g ~ L‘— rocks in the southern Alps®'. Also

Tolmezzo Bled shown are locations of the outcrop

sections at the nearby Reppwand

(Re), and at Tesero (Te) and

Auronzo (Au), Italy*®. The GK-1

locality is on a gently dipping marine

shelf, 160 km east of the shoreline
near Bolzano, Italy.
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237.2 m); an analogous reversal in the P/Tr section at Shangsi,
China, is close to the boundary within a sampling gap of 1.5m
(ref. 37).

The absolute time interval corresponding to the stratigraphic
units outlined in Fig. 2 is difficult to assess. Units 1B to 3B—
constituting a thickness of ~200 m—correspond to probably not
more than one stage each of the Permian (Dorashamian) and
Triassic (Griesbachian)®®, a time interval of ~5 Myr (ref. 39).
This rate of ~40m Myr ™' is equal to that calculated for the
section at Shangsi®”, and is within the expected range for carbon-
ate shelf sedimentation.

Closely coordinated sampling of the core allows comparison
of a wide variety of data. About 300 billets were cut for thin-
section preparation; the remainders of these billets were milled
to powder and split for mineralogical, chemical and isotope
analyses. Every one of the shaly or marly interbeds, about 50
in number and mostly a few millimetres thick, was similarly
sampled and analysed. Samples were spaced in most of the core
at a maximum distance of ~1m, but were as close as 10 cm
apart in the vicinity of the boundary. The complete scheme of
sampling and analysis, and all the analytical results, are to be
published elsewhere (W.T.H. et al, to be submitted to Jb. geol.
Bund.) Some salient features of the results are given here.

Carbon isotopes

The carbon isotope profile of Figs 2 and 3a suggests further
subdivision of the section. Unit 1A, the middle part of the
Bellerophon Formation (from the bottom of the core to 293.5 m),
has "*C-enriched values (mean +3.0+0.3%). These values are
within the range of those reported for Upper Permian rocks,
both in other sections in the Alps*’*® and throughout Tethys®**!.
Unit 1B comprises the upper part of the Bellerophon Formation,
where 6'*C values drop gradually from +2.8%, to +1.5% at a
depth of 231.3 m, at a rate of 0.02% m ', Comparison of this
carbon isotope profile from GK-1 with others to the west at
Tesero and Auronzo, Italy (Fig. 1)*®, indicates that this segment
in GK-1 corresponds to the sharp drop in 8'’C that occurred
within a few tens of centimetres in the Italy sections. In Unit 2
(the Tesero Horizon, which includes the P/Tr boundary) §'°C
continues to drop, reaching a value of 0.0% at 224.7 m. This
segment has the same values of §'°C and thickness as those of
the Tesero Horizon at Tesero®**2. Unit 3A is an interval of low
5C in the lower part of the Mazzin Member of the Werfen
Formation, extending to 175 m and including three minima,
which will be discussed below. This multiple low was not found
at any of the other P/Tr sections studied thus far. Units 3B and
4 comprise the upper part of the Werfen Formation, to 57 m,
with a constant 8°C of +1.3 £0.2%.

Oxygen isotopes

Values of 8'%0 also show some consistent variations in certain
intervals (Fig. 2). In Unit 1A the values of 6'*0 show a bimodal
distribution, centred at 8'®*0=—0.5 and —3.0%, and the less
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Fig. 2 Stratigraphy, geophysical
log, and oxygen and carbon isotopes
in GK-1. Four lithostratigraphic
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negative values continue in the lower part of Unit 1B. More
negative 8'%0 values of about —3.5% occur in the upper part
of Unit 1B and persist consistently through Units 2 (8'*0 =
~4.5+0.5%) and Units 3 and 4 (§'*0=-4.2+0.8%), despite
the substantial variations of 8'>C that characterize those inter-
vals (Fig. 2). The consistent nature of the variations of §'*0
speaks for a mainly primary record of 8'®Q in this core section.
The depletion of 'O across the P/Tr boundary (Units 1 to 2
and 3) may be interpreted as indicative of a temperature rise of
perhaps 5 °C.

Stable isotopes and chemistry across P/Tr

Detailed profiles of selected stable-isotope and chemical varia-
tions for the interval 235-175m, which crosses the P/Tr
boundary, are displayed in Fig. 3. This interval has complex
variations of carbon isotopes and chemistry.

The smooth decrease of 8'°C, which starts in Unit 1B, con-
tinues through Unit 2 at an accelerating rate, reaching 0.3% m™".
This sharp drop in 8'°C signals the beginning of a zone of low
8"3C values, which includes three clear minima at 220 (—1.5%),
193 (—0.6%,) and 186 m (—1.5%), until a more stable regime
with 8"°C = +1.3% is re-established above 173 m (Fig. 2).

This *C-depleted zone is also characterized by chemical
changes. The first and third carbon isotope minima have high
concentrations of pyrite (>500 wmolg™'S,), as shown by
dashed lines in Fig. 3b. Total Fe, shown as solid lines in Fig.
3b, is nearly matched (in wmolg™') by S, in these two pyritic
intervals, underlain in both cases by oxidized intervals low in
S,, with most of the iron as goethite. Pyrite has wavy lamellar
bedding consisting of globular masses 20-100 wm in diameter,
similar to the early diagenetic ‘framboidal’ pyrite common in
modern marine muds and in stratiform sulphide deposits such
as the Kupferschiefer, Meggen and Rammelsberg***. Each of

the stratigraphically distinct sulphide concentrations in Fig. 3b
has a negative, uniform but distinct isotope ratio: for example,
near 186m, 8*S=-19.3+0.2% and at 221-222m, 6*S=
—25.7x1.1%. These data indicate that the pyrite is syngenetic-
diagenetic, and that each bed was deposited in its own distinct
reducing environment. This conclusion is supported by rare-
earth-element chemistry (Fig. 3¢). Ratios of Ce*/La* have their
highest values of ~1.0 in the intervals rich in pyrite, indicating
anoxic conditions in the sedimentary regime*>**. Immediately
below, in the interval 231-225 m, Ce*/La* =0.5+0.1, as would
be expected under the highly aereated conditions in which
oolites are generated. The rise in Ce*™/La* begins immediately
above the oolite beds, 2 m below the beds in which considerable
pyrite is preserved. Above the sulphide zone, Ce*/La™* ratios
(in shaly samples) decrease to intermediate values of ~0.7.
The iridium data also show two peaks (normalized to Al in
Fig. 3d) that are substantially above background. The first (165
parts per 10"2Ir (Ir/Al=4.15x107°")), at the top of Unit 2
(224.5 m), occurs while 8'°C is still declining sharply towards
its first minimum and the local conditions are just changing
from oxic to anoxic. The second Ir peak (230 parts per 10"
(Ir/ Al = 6.80x 107%)) is near the top of Unit 3A (185.6 m),
centred on the third minimum of 6°C and on a peak of S,.
The highest iridium concentrations are clearly above the rela-
tively low background of iridium (10-30+5 parts per 10'? in
shaly samples) that apparently characterizes this geological
period; they persist whether plotted as Ir/Al (Fig. 3d), Ir/Fe
or just Ir. They are at least an order of magnitude lower than
the iridium spike at the K/ T boundary, but are similar to iridium
concentrations described near other boundaries”'* '*. A log plot
of Co against Ir (Fig. 4) shows that Permian/Triassic samples
(including both our data from Austria and three analyses
from China®!) have lower Ir than (1) mean CI chondrite*’, (2)



® ARTICLES

NATURE VOL. 337 5 JANUARY 1989

Fig. 3 Details of strati-
graphy and geochemistry
in GK-1, from 235 to
175m, across the P/Tr
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earth elements (analysed by INAA), illustrated by Ce*/La*, each normalized to the North American shale composite®®. Note the shift from
low to high ratio (oxidizing to reducing conditions) at the upper boundary of the Tesero oolite. d, Iridium (analysed by RNAA), here normalized
by its ratio to Al (analysed by INAA). The low background value of this ratio, at ~1x 107°, is maintained consistently through all the shaly
layers and even above and below the section shown here. Two anomalies of many times the background level, at 4 and 7x 107°, are seen at
just above the P/Tr stratigraphic boundary as 8'3C passes through zero, and at about 40 m above the P/Tr boundary where 8'>C drops to its
third minimum. Each of the two iridium anomalies rises sharply but drops off more slowly, over 1-2 m.

chondritic spherules from the deep sea®®, (3) chondritic
spherules from the Tunguska event*, and (4) peak spikes at the
K/T boundary®-!. As indicated in Fig. 4, the ratios of Co/Ir
in both background and in the nominal peaks of the GK-1
profile are more similar to those found in deep-sea muds®? and
manganese nodules**>*. Plots of Ni against Ir and Cr against
Ir are similar to plots of Co against Ir.

Three samples from the upper Ir high were also analysed by
radiometric neutron activation analysis (RNAA) for Au, and
gave Au/Ir=16, 30 and 56 (weight ratio). These are closer to
the ratios found in basalts or kimberlites (summarized by Paul
et al>) than those in chondrites*’, K/T boundary clays® or
deep-sea manganese nodules®>.

The weakest carbon isotope minimum (at 193 m; Fig. 3) is in
a carbonate interval with no concentration of clay or pyrite, and
has not yet been analysed for trace elements by NAA.

Geochemical measures of detrital provenance are constant,
with no trend over the whole length of the core: Th/Al=
0.161£0.028x 107 (n=76) and Ga/Sc=1.70+0.36 (n=25).
The latter ratio®®, and minor olivine and augite in heavy-mineral
concentrates in Unit 3, suggest some input of fresh basic volcanic
material, such as may have been derived from the Per-
mian/Skythian Haselgebirge of the Northern Calcareous Alps®’.

Ten analyses of strontium isotope ratios (3’Sr/3°Sr) in carbon-
ate rocks between 238 and 185 m (Units 1B, 2 and 3A), corrected
for small amounts of radiogenic rubidium, had a mean value
of 0.70742 (with a range of 0.70702-0.70777), similar to latest
Permian®® and earliest Triassic? rocks of western USA, but with
no local evidence of an upward trend.

Modelling chemical changes

Taking into consideration the evidence presented here and that
in earlier studies®***?°, we suggest the following model for

changes that occurred in the environment across the P/Tr
houndary.

The end of the Permian was characterized by one of the
strongest regressions of the sea in the entire Phanerozoic?, which
explains why part of the boundary beds are missing in most of
the marine sections around the world. Moreover, the thickness
of the section in GK-1 that yields H. parvus (Fig. 3a) suggests
that the Nassfeld area has a rather complete representation of
‘boundary beds’. Thus the chemistry of GK-1 provides a very
detailed record which substantially constrains the geochemical
model.

A major shift in the carbon cycle was initiated early in the
Dorashamian stage, based on evidence in sections across
Tethys?. Thus the drop in 8'°C that begins in GK-1 (at least
50 m below the P/Tr boundary) indicates a net oxidation of the
world reservoirs of organic carbon, as sea level dropped, expos-
ing paralic and shallow shelves to erosion. The 6'*C profile in
GK-1 confirms an acceleration in the rate of organic carbon
oxidation as the boundary is approached, as was seen previously
at Tesero, Italy?®. At both Tesero*’ and in GK-1 (Fig. 3) the
occurrence of oolites suggests that the sea had withdrawn to
nearly expose these parts of the Tethys shelf.

A sharp change to anoxic conditions is evident at the top of
Unit 2 in the GK-1 core by the rise in Ce*/La* and then the
appearance of pyrite and high S/C ratios. The inception of
anoxia, as 6'°C was dropping through zero for the first time,
was marked by anomalous concentrations of iridium and other
metals, and the maximum of the anoxic zone corresponds to
the initial minimum in the profile of 8'3C. A similar sequence
is repeated during a later minimum of §"*C at the top of Unit
3A (185.6 m), which is accompanied by another high concentra-
tion of metals and sulphide.

A (single) minimum zone of 6'C at the base of the Early
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Fig.4 Plot of cobalt against iridium on a log-log plot. Data from
this study (from the Carnic Alps) are indicated as squares (dolo-
stone) or circles (shale or marl); symbols for the two iridium spikes
are solid. The data show a general positive correlation, but at a
relatively lower Ir value than that for mean CI chondrite*” or
chondritic spherules*®*®. Shown for comparison are two values
for the P/Tr boundary beds in Changxing, China®! (+), and two
examples of the K/T peak (transition through the spike at
Caravaca, Spain®®, marked x, and the range of peak values at
Stevens Klint, Denmark®'). Also shown are approximate ranges
of background for Palaeocene and Eocene-Oligocene (ref. 69 and
F. T. Kyte and K. T. Wasson, personal communication) and
Holocene (Ir: ref. 52; Co: ref. 70) deep-sea sediments, and mean
values for manganese nodules (Ir: ref. 53; Co: ref. 54).

Triassic has been verified on a global scale®*°. The chemical
changes that we see in GK-1—high iridium, other metals, sul-
phide and cerium—are certainly an important local signal,
although they have not yet been found elsewhere. Whether they
are local or worldwide, one must ask why these chemical changes
have followed so closely upon the primary, worldwide, longer-
term shifts of the carbon cycle. The explanation may be that
both the carbon isotope shift and the chemical changes were
caused by the same regression of sea level, which first exposed
organic carbon to oxidation and finally brought about anoxic
conditions to precipitate metals in at least this part of the Tethys
Sea. This is consistent with increased erosion of upraised red
beds*® and volcanics®, now exposed west of Bolzano (Fig. 1),
bringing metals into solution which were finally reprecipitated
on contacting the anoxic waters that had been generated in
Tethys. Alternatively, the metals may have been dissolved from
the red beds of the underlying Groden Formation, and precipi-
tated at the oxidation/reduction interface, as has been proposed
for the metal-rich (including platinum-group elements) shales
of the Kupferschiefer®'-%.

Accumulation of metals may have been aided by algae, whose
presence is suggested by the lamellar textures seen in this in-
terval. If detailed investigations of other sections show that
anoxia and concentrations of metals are localized in this Bell-
erophon basin, one might then suggest that the cause is an
estuarine-style topflow of the fresh waters from the lands to the
west during the maximum regression of the Tethys Sea. Alterna-
tively, on a larger scale it could represent a final phase of a
deep-sea oxygen-minimum zone that was prevalent for much of
the Palaeozoic®®, brought near the surface during this
maximum regression. The prevailing incidence of fresh water
eroding continental rocks during this period of regression is
evidenced by the high values of *’Sr/*¢Sr compared with those
of earlier Permian time?, but we have not seen a short-term
positive spike such as that seen at the K/T boundary®.

Unlike other boundaries, for which a single rather sharp drop
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in 8°C is followed by a relatively rapid recovery to normal
8C, we found in GK-1 a thick section (Unit 3A, about 50 m)
of low 8°C, including three separate minima, the two largest
of which were characterized by anoxic conditions and enrich-
ment of metals including iridium. Isotope profiles presented
previously?®* have indicated that important worldwide changes
in the carbon cycle had already begun in Late Permian time
and continued smoothly across the stratigraphic P/ Tr boundary
to culminate in the Early Triassic. The detailed study of GK-1
confirms this extended interval of change, and presents a com-
plex picture of oxidation, reduction and metal deposition con-
strained within the interval of carbon variations. The evidence
presented here, from the most dramatic of all mass extinction
events, provides a scenario that is completely different from the
bolide impact model proposed for the K/T event, and which is
less dependent on iridium anomalies. Certainly, a sharp event
or events such as are seen at the K/T boundary are not in
evidence here.
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GroE heat-shock proteins promote assembly
of foreign prokaryotic ribulose bisphosphate

carboxylase oligomers in Escherichia coli
Pierre Goloubinoff, Anthony A. Gatenby” & George H. Lorimer

Central Research and Development Department, Experimental Station, E.I. DuPont de Nemours and Co., Wilmington,

Delaware 19880-0402, USA

Assembly of foreign prokaryotic ribulose bisphosphate carboxylases (Rubiscos) in Escherichia coli requires both heat-shock
proteins groEL and groES. GroEL is related to a chloroplast protein implicated in Rubisco assembly. Bacteria and
chloroplasts therefore have a conserved mechanism that uses auxiliary proteins to assist in the assembly of Rubisco.

THE subunits of some oligomeric proteins lack the inherent
ability to correctly assemble into biologically functional
molecules! ™. For the post-translational assembly of these poly-
peptides into oligomeric structures a ubiquitous class of conser-
ved proteins, termed ‘chaperonins’, is thought to be involved'.
This class of proteins includes the E. coli groEL gene product’,
as well as homologous proteins in other bacteria®®, chloro-
plasts', and mitochondria from plants, fungi and animals’.

Both groEL and groES proteins are necessary for the mor-
phogenesis of certain bacteriophages®'%. They are also involved
in DNA replication in E. coli'*'*. A molecular mechanism
accounting for the involvement of the groE proteins in these
processes is lacking however. The chloroplast homologue of
groEL is called the Rubisco-binding protein because of its
demonstrated association with newly synthesized chloroplast-
encoded Rubisco large subunits'>'¢, or with subunits imported
into the organelle'”. Both GroEL and Rubisco-binding protein
have a similar structure and share extensive amino-acid sequence
homology''®. It has been suggested that in chloroplasts the
Rubisco-binding protein is involved in assembly of
hexadecameric (LgS;) Rubisco’®?'. Here again, a detailed
molecular mechanism is wanting.

Chloroplast Rubisco is comprised of eight large subunits and
eight small subunits®’. Rubiscos with a similar structure are
present in most photosynthetic prokaryotes®>. However, another
form of Rubisco, a dimer (L,) of large subunits, exists in the
prokaryote Rhodospirillum rubrum?*, The dimer from R. rubrum
is similar in structure to a pair of large subunits of chloroplast
Rubisco?"?’. The structure of the hexadecameric chloroplast
enzyme can be generated by tetramerization of R. rubrum-like
dimers, to which the eight small subunits are polarily appen-
ded?*®-?®, Both the prokaryotic L, and LgS; enzymes can be
synthesized and assembled in E. coli®***. The demonstrated
homology between the E. coli groEL protein and the chloroplast
Rubisco-binding protein’, led us to consider the possibility that
the assembly of prokaryotic Rubisco in E. coli involves the
bacterial groEL protein.

*To whom correspondence should be addressed.
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Fig. 1 Plasmid constructions. Two series of compatible plasmids

were co-transformed in E. coli hosts. a, The first series (pGroESL
and pGroEL) used plasmid pTG10, which has a p15A replicon,
as a parent vector for the groE genes. pGroESL contains the E.
coli groES and the groEL genes cloned in pTG10. pGroEL contains
a frame-shifted (inactivated) groES gene followed by a wild-type
groEL gene cloned in pTG10. *Translation frameshift. b, The
second series of plasmids (pANK1 and pDB53) used pUC18 and
pUCS plasmids respectively, as parent vectors for the Rubisco
genes. The pUC plasmids have a pMB1 replicon which is compat-
ible with the p15A replicon. pANKI1 (ref. 37) codes for both the
Rubisco rbcL and rbcS genes from A. nidulans. cloned in pUC18
(ref. 38). pDBS53 (ref. 31) codes for only the A. nidulans rbcL gene,
cloned in pUCS (ref. 39).

Metheds. Plasmid pTG10 was derived from plasmid pACYC184
(ref. 40) which was cut with HindIII/ BamHI and repaired with
Klenow. Into this repaired site was inserted a S1-nuclease-treated
433 base-pair Haell fragment, containing the lac promoter and
the multiple cloning site from plasmid pUC8. Plasmid pGroESL
was made by cloning the groE operon, as a 2.3kb EcoRI-HindIll
fragment from plasmid pOF39 (ref. 13), into pTG10. Plasmid
pGroEL was derived from a partial Sacll digestion of pGroESL,
treated with T4 DNA polymerase. The resulting repair of the Sacll
site located at codon 37 of groES' produced a frame-shift

mutation.

Here, we show that assembly of prokaryotic dimeric (L,),
octomeric (Lg), and hexadecameric (L3Sg) Rubiscos in E. coli
requires both groES and groEL proteins. Although the groE
proteins have been shown to mediate the assembly of L dimers
from monomers, we cannot exclude subsequent involvement of
these proteins in the formation of octomers and hexadecamers
from these dimers.



