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Abstract

Much attention has been given to the negative d13C anomaly nearly coincident with the Permian–Triassic boundary. New data
indicate a stepwise decline in d13C initiating before the Latest Permian extinction event followed by highly variable d13C values
during the remaining Early Triassic. d13C values appear much less erratic as global metazoan diversity increased in the Middle
Triassic. Given the previously unappreciated magnitude of isotopic change and the number of large d13C excursions that occurred
during the Early Triassic, catastrophic mechanisms like methane release/bolide impact become less attractive to explain the
Early Triassic carbon isotopic record as a whole. To cite this article: F.A. Corsetti et al., C. R. Palevol 4 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Synthèse des valeurs isotopiques du carbone au Trias inférieur. Un intérêt soutenu a été porté à l’anomalie isotopique du
carbone, qui coïncide apparemment avec la limite Permien–Trias. De nouveaux travaux montrent que la chute des valeurs
isotopiques est en escalier et débute avant l’extinction en masse fini-permienne ; ils prouvent aussi l’existence de variations
extrêmes de celles-ci durant le Trias inférieur, et ceci jusqu’à l’Anisien précoce. Par la suite, en même temps que la diversité
augmente, ces valeurs apparaissent beaucoup plus stables. Au vu de la magnitude des variations isotopiques et des excursions de
grande ampleur au Trias inférieur, les explications « catastrophistes » de relâchement massif de méthane ou d’impact sont
devenues moins attractives, sans cependant pouvoir être ignorées. Pour citer cet article : F.A. Corsetti et al., C. R. Palevol 4
(2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The most devastating mass extinction in the Phan-
erozoic occurred at the end of the Permian when over
80% of all marine species went extinct [25,83,93].
While the Permo-Triassic boundary has been the focus
of much attention, a growing body of evidence demon-
strates that the entire Early Triassic is unusual from the
paleobiological, sedimentological, and geochemical
point of view (see other papers in this volume). Biotic
diversity did not begin to recover to pre-extinction lev-
els until the Middle Triassic, approximately 4 to 6 Myr
later [71,75]. In contrast, the Cretaceous–Tertiary recov-
ery interval lasted less than 1 Mayr, and less than
~100 000 years for many taxa [37]. The Early Triassic
is also characterized by a conspicuous metazoan reef
gap, a “chert gap” in tropical and northern hemisphere
domains (suggesting the near extinction of radiolaria
possibly associated with the collapse of thermohaline
circulation), and a “coal gap,” suggesting the termina-
tion of peat-forming floras [8,24,27,37,85,86].

Unusual sedimentary facies are also found in anoma-
lous volume during the Early Triassic, including large
seafloor fans (pseudomorphs of aragonite), volumi-
nous flat pebble conglomerates, and the proliferation
of microbial facies [7,81].

A variety of recent studies conclude that propagated
environmental stresses were present throughout most
of the Early Triassic and helped to shape the protracted
nature of the biotic recovery (e.g., [24,35–37,104]).
However, many of the hypotheses formulated to explain
the extinction are geologically ‘instantaneous’ (e.g.,
massive methane release, bolide impact, etc. [9,61]) and
would not likely explain the existence of potentially
deleterious conditions for millions of years. Others,
such as those related to anoxic oceanic conditions and
poor circulation [45,72,99,101] are more appealing in
the long term, but have been recently questioned
[10,109]. Thus, the jury is still out on the cause/causes
of the mass extinction and the delayed recovery inter-
val – a good summary is provided by [24,25].

Here, we review the available carbon isotopic data
from around the world and demonstrate that the exo-
genic carbon cycle remained perturbed throughout
Early Triassic time and that the ‘boundary excursion’
simply marks the onset of 4 to 6 Myr of unusual ocean
chemistry. We will review the d13C record for marine
strata with respect to the boundary interval, for which

there is a relatively large amount of data. Our main pur-
pose, however, is to examine the d13C record for the
duration of the Early Triassic. The few studies that pro-
vide d13C data beyond the boundary interval (most nota-
bly [1,2,5,44,80,88]) reveal unusually large negative and
positive excursions in the extinction aftermath that indi-
cate changes in biogeochemical cycling of carbon not
seen since Cambrian and earlier times.

2. Late Permian–Early Triassic carbon isotopic
records

Most of the published carbon isotope studies center
on the Permian–Triassic boundary (e.g., [4,5,16,18,
22,25,30,38,39,42,43,62,65,78,91]) and rarely sample
strata beyond the Griesbachian (the first stage of the
Early Triassic). The location of these studies is plotted
on Fig. 1 and Table 1 provides a list of known localities
with isotopic data. The presence of the supercontinent
Pangaea controlled the position of the four main oceans
of the time, the Panthalassic Ocean, the Paleotethys
Ocean, the Neotethys Ocean and the Boreal Ocean
(Fig. 1). As the name would imply, the vast Panthalas-
sic Ocean spanned most of the globe, but few carbon
isotope studies sample Panthalassic stratigraphic sec-
tions. The smaller Neotethys Ocean, characterized by
abundant isolated platforms and carbonate shelves, was
predominantly equatorial. Strata deposited in the north-
erly Boreal Ocean, the smallest of the Early Triassic
oceans, are predominantly siliciclastic. As such, most
of the limited amount of carbon isotopic data from the
Boreal realm originates from organic matter rather than
carbonate. We will present a summary of the d13C data
from the Permo-Triassic boundary and then focus on
the post-boundary Early Triassic record.

2.1. Carbonate versus organic carbon isotopic
signatures

It is generally assumed that the d13C of carbonate
ultimately reflects the carbon isotopic composition of
the dissolved HCO3

2– in the water mass from which
the carbonate precipitated. However, where carbonates
are rare or absent, some have substituted the d13C of
bulk organic matter and assumed a fractionation factor,
usually ~25 to 28‰ (reflecting the isotopic offset
imparted by photosynthetic phytoplankton common in
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Fig. 1. Paleogeographic reconstruction during the Permo-Triassic transition (highly modified from [24]). Accreted terranes in Japan are from
Panthalassa, but the original locations are uncertain. (A) Location of key sections given in Table 1 and major oceans. Position of numbers are
near, but not necessarily upon, the locality in question. (B) Localities with d13C of marine carbonate. The present-day continental segments are
denoted for reference. Note the concentration of carbon isotope studies around the Neotethys versus other regions. (C) Localities with d13C of
other phases (organic and/or non-marine).
Fig. 1. Reconstitution de la paléogéographie de la transition Permien–Trias (légèrement modifiée d’après 24). Les domaines du Japon résultant
d’accrétions appartiennent à la Panthalassa, mais leur localisation originelle demeure incertaine. (A) Localisation des affleurements clés figurant
sur le Tableau 1 ainsi que des principaux océans. Les chiffres sont situés à proximité, mais pas obligatoirement à l’emplacement exact, des
localités concernées. (B) Localités avec des valeurs du d13C mesurées dans des carbonates marins. Le contour des continentaux actuels et le nom
des pays sont indiqués à titre de repères. Noter la concentration des études portant sur les isotopes du carbone autour de la Téthys par rapport à
d’autres régions. (C) Localités avec des valeurs du d13C mesurées dans d’autres faciès (organique ou/et non marin).
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Table 1
A non-exhaustive list of carbon isotope studies across the Permo-Triassic boundary. Only the first publication by any given research group is
listed unless new data was provided by the same group in subsequent publications. References in boldface include post-Griesbachian isotopic
profiles. References with * are reported in conference proceedings or other literature
Tableau 1. Liste non exhaustive des études portant sur les isotopes du carbone du passage Permien–Trias. Seule la première publication des
équipes de recherche a été mentionnée, sauf si des données nouvelles ont été ajoutées dans des publications plus récentes. Les références en
caractères gras incluent des profils isotopiques postérieurs au Griesbachien. Les références avec astérisques proviennent de comptes rendus de
congrès ou d’autres travaux.

Reference Carbon phase Location (see
Fig. 1)

Gruszczynski et al., 1989 [33] Brachiopod calcite 1. Spitzbergen
Korte, 1999 [58] Brachiopod calcite 2. Italy
Malkowski et al., 1989 [66] Brachiopod calcite 3. Spitzbergen
Baud et al., 1989 [4] Marine carbonate 4. Slovenia, Greece

Turkey, Armenia,
Iran, Pakistan, India,
China

Baud et al., 1996 [5] Marine carbonate 5. Indian Subconti-
nent

Baud et al., 1999 [6]* Marine carbonate 6. Oman
Chen et al., 1984 [16] Marine carbonate 7. China
Clemmensen et al., 1985 [17] Marine carbonate 8. Greenland
Holser and Magaritz, 1985 [40] Marine carbonate 9. Austria
Holser et al., 1989 [42] Marine carbonate 10. Austria
Horacek et al., 2000 [44]* Marine carbonate 11. Italy
Jin et al., 2000 [50] Marine carbonate 12. China
Krull et al., 2004 [62] Marine carbonate 13. China
Krystyn et al., 2003 [63] Marine carbonate 14. Oman
Magaritz, 1989 [64] Marine carbonate 15. Greenland
Magaritz et al., 1988 [65] Marine carbonate 16. Italy
Nan et al., 1998 [77] Marine carbonate 17. China
Newton et al., 2004 [78] Marine carbonate 18. Italy
Oberhansli et al., 1989 [79] Marine carbonate 19. Greenland, Italy
Payne et al., 2004 [80] Marine carbonate 20. China
Xu and Yan, 1993 [106] Marine carbonate 21. China
Zakharov et al., 1999 [108] Marine carbonate 22. Russia
Stemmerik and Piasezki, 1997 [94] Marine carbonate and organic 23. Greenland
Atudorei, 1999 [1]* Marine carbonate and organic 24 Romania, Alba-

nia, India, Pakis-
tan, Nepal, Oman

Dolenec et al., 1998; 1999 [20,21] Marine carbonate and organic 25. Slovenia
Heydari et al., 2000; Korte et al., 2004
[39,60]

Marine carbonate and organic 26. Iran

Musashi et al., 2001 [76] Marine carbonate and organic 27. Japan
Richoz, 2004 [88]* Marine carbonate and organic 28 Turkey, Iran,

Oman
Twitchett et al., 2001 [95] Marine carbonate and organic 29. Greenland
Ishiga et al., 1993 [46] Marine organic 30. Japan
Retallack et al., 1997 [87] Marine organic 31. Japan
Sephton et al., 2002 [91] Marine organic 32. Italy
Wang et al., 1994 [97] Marine organic 33. Canada
Wang et al., 1996 [98] Marine organic 34. China
Wignall et al., 1998 [102] Marine organic 35. Spitzbergen

(continued on next page)
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marine environments), to compare with d13C varia-
tions in carbonate-rich sections. This approach works
well for open ocean settings far from the influence of
continents and for geologically older sections that were
deposited before the advent of a volumetrically signifi-
cant terrestrial biomass (e.g., Precambrian). Unfortu-
nately, Permo-Triassic sections that were deposited near
continents may contain a mix of terrestrial and marine
organic carbon (e.g., [29,32,90]). Terrestrial and marine
carbon may have vastly different d13C compositions and
the mixing of the two may result in an averaged d13C
value for bulk carbon that does not directly reflect the
CO2 fixed by photoautotrophs in the marine environ-
ment. Thus, the d13C of bulk organic carbon where con-
tinental influence may be present cannot be confi-
dently interpreted to reflect whole ocean shifts in d13C
without intensive compound specific isotopic studies.
For example, Foster et al. [28] demonstrated that a nega-
tive d13Corganic excursion in the marine Woodada-
2 borehole, Australia, was caused by the switch from a
preponderance of isotopically heavy reworked woody
material in the Latest Permian to isotopically lighter
acritarch-dominated material in the Early Triassic and
not by a change in the d13C of marine CO2. Therefore,
the d13C profiles generated from organic matter alone
are considered less robust than those from unaltered
carbonates and correlations based solely on shifts in
bulk organic carbon should be treated with caution.

2.2. Permo-Triassic Boundary d13C record

In general, the Permo-Triassic transition is charac-
terized by a stratigraphically sharp negative d13C excur-
sion from a Latest Permian peak of ~+2 to +4‰ to an
isotopic nadir of ~ –1‰ (Fig. 2). The stratigraphic posi-
tion of the d13C excursion varies from study to study,

although some of this confusion may stem from the
fact that the GSSP for the basal Triassic was only
recently approved and now coincides with the first
occurrence of the conodont H. parvus [107]. Cur-
rently, most workers place the isotopic nadir within the
Latest Permian, in association with the Latest Permian
Changxingian extinction event. The excursion pre-
cedes the base of the Triassic at the type section in Meis-
han [50]. Another good example of this would be the
Dajiang section in South China [80]. Here, the base of
the Triassic, coincident with the first occurrence of
H. parvus, occurs tens of meters above the isotopic
nadir, where d13C values are relatively constant at
~+2‰. According to the new data of Richoz [88], the
C isotope shift appears stepwise: the first shift occurred
in the Late Changxingian before the mass extinction
and the second shift follows the mass extinction (but
precedes the first occurrence of of H. parvus).

In some sections, the stratigraphic duration of the
negative anomaly spans many tens of meters. In the
Gartnerkofel core (Austria), for example, the d13C
anomaly spans approximately 30 m; in detail, the pro-
file declines from ~+3‰ to +1‰ over the first ~25 m
and then declines more abruptly to ~–1‰ over ~5 m
[43]. An examination of the literature would suggest
that most workers consider the abrupt decline to repre-
sent the characteristic “negative excursion” associated
with the boundary transition. As stated above, the
decline does not appear as abrupt in some sections;
instead, it appears stepwise and spans at least two con-
odont subzones [88]. On the South China Platform [80],
the anomaly spans 50 m at the Dajiang section, from
+4‰ to ~–1‰, with an increase in the rate of isotopic
change in the last 5 meters. At the Guryul section in
Kashmir [1,5], the anomaly spans ~30 m from +2‰ to
–4‰, without an oversteepening of the trend in the

Table 1
(continued)

Reference Carbon phase Location (see
Fig. 1)

Hansen et al., 2000 [38] Marine and nonmarine organic 36. Slovenia, India,
China, Australia

Morante 1994, 1996 [73,74] Marine and nonmarine organic 37. Australia
Buick et al., 2002 [15]* Nonmarine organic 38. Australia
de Wit et al., 2002 [18] Nonmarine organic 39. India, Madagas-

car, South Africa
Foster et al., 1997, 1999 [28,29]* Nonmarine organic 40. Australia
Krull et al., 2000 [61] Nonmarine organic 41. Antarctica
Sarkar et al., 2003 [89] Nonmarine organic 42. India
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upper part of the section. Such discrepancies likely
originate from stratigraphic completeness and sam-
pling issues (cf. [69]).

The temporal duration of the anomaly is also debated
[13,65,75,82]. If we take a simplistic approach and com-
pare the stratigraphic duration of the anomaly versus
average sedimentation rate for carbonate platformal sec-
tions for these examples (17–200 m/Ma) (e.g., [11]),
the decline from positive d13C values in the Latest Per-
mian to the isotopic nadir would appear to last ~1 Myr,
with the most rapid decrease encompassing the last
160 000 years. Bowring et al. [13] studied the geochro-
nology of the type section at Meishan and determined
that the d13C excursion lasted less than 165 000 years,
in good agreement with the average sedimentation rate
model. Alternatively, Rampino et al. [82] employed
astronomically tuned cyclostratigraphy of the Gart-
nerkofel core to suggest a much shorter duration, less
than 30 000 years. More recently, Mundil et al. [75]
recalibrated the Permo-Triassic boundary interval using
different geochronologic methods than Bowring et al.
[13] in South China and suggest that the negative
anomaly may have lasted as long as 2 Myr, given the
uncertainties in their data. It is critical to know the dura-
tion of the anomaly: shorter durations favor cata-
strophic processes while longer durations preclude such
processes. Thus, the uncertainty surrounding its dura-
tion hampers our ability to constrain the cause of the
negative anomaly.

2.3. Early Triassic d13C record

The extreme magnitude of the end-Permian extinc-
tions attracts much attention, such that the d13C record
for the remaining Early Triassic has been virtually
ignored and the available data originate from only a
few sections (see Fig. 1 and Table 1). Indeed, few stud-
ies report useful d13C profiles beyond a few tens of
meters of the base of the Triassic. Baud et al. [5] were
the first to use systematically sampled complete sec-
tions spanning the Lower Triassic (composed of the
Griesbachian, Dinerian, Smithian, and Spathian sub-
stages, respectively) in its entirety, although the isoto-
pic profile is not continuous. By studying strata from
northern Gondwana, now located on the northern mar-
gin of the Indian subcontinent in Pakistan, Indian Kash-
mir, Spiti (India) and Nepal (Fig. 1), it became appar-
ent that the Early Triassic as a whole was isotopically
anomalous [1,2,5].At Nammal Gorge in the Salt Ranges
(Pakistan), the d13C record is characterized by a return
to mildly positive d13C values above the ‘pre-boundary
excursion’ followed by a mildly negative d13C excur-
sion through Upper Griesbachian strata. A minor posi-
tive trend is noted at the Griesbachian–Dienerian
boundary, followed by a negative excursion that culmi-
nates in Middle Dienerian beds. Carbon isotope values
return positive for the remaining Dienerian stage and
culminate in a strong positive d13C excursion best
recorded in the Losar section (Spiti, India) at or near

Fig. 2. Compilation of important isotopic events in the Early Triassic. Note that the d13C record is extraordinarily oscillitory and that the
boundary excursion is but one of several large d13C excursions. d13C data originate primarily from [1,5,80,88], 87Sr/86Sr data originate from
[58,70], and d34S data originate from [42,54,67,68,78].
Fig. 2. Compilation des événements isotopiques significatifs du début du Trias. Noter que les valeurs du d13C varient énormément et que
l’excursion qui a lieu à la limite Permien–Trias ne représente qu’une excursion parmi d’autres tout aussi importantes. Les valeurs du d13C
proviennent initialement des données de [1,5,80,88], les valeurs du 87Sr/86Sr de [58,70], et celles du d34S de [42,54,67,68,78].
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the Dienerian–Smithian boundary. Smithian strata
return to mildly negative d13C values.A second strongly
positive excursion occurs across the Smithian–S-
pathian boundary; it is pronounced at the Landu Nala
section (–2 to +4‰), and even more pronounced in the
Losar section (+5‰, Spiti, India). Lower Spathian strata
record a final mildly negative d13C excursion, followed
by a third pronounced positive excursion across the
Spathian–Anisian boundary. Thus, the d13C record
oscillates by at least 10‰ during the Early Triassic, as
demonstrated by the northern Gondwana sections. In
sum, the upper Lower Triassic d13C record is punctu-
ated by three extraordinarily large positive shifts that
correlate well with the recent results from China [80],
discussed below. The d13C record from Oman (Batain
region) reveals 10‰ d13C oscillations, as well [88].

The most recent dataset to date originates from the
South China region [80], which represents an isolated
carbonate platform on the far eastern margin of the
Paleotethys during Early Triassic time (Fig. 2). The
stratigraphic succession spans the Upper Permian,
through the Middle Triassic, and into the Upper Trias-
sic. The advantages of the South China section include
relatively continuous carbonate platform sedimenta-
tion, the appropriate biostratigraphy, and the ability to
compare pre- and post-Lower Triassic d13C profiles to
the Lower Triassic profiles. Broadly, the results are
strikingly similar to the Lower Triassic sections from
the northern Indian subcontinent, but with greater sam-
pling resolution. Notable differences are apparent dur-
ing the Smithian-Spathian positive excursion: the Losar
section, discussed above, reveals a more strongly posi-
tive excursion to d13C values than the South China sec-
tions. It should be noted that the biochronological cali-
bration in the Losar section [1] is based on ammonoid
biostratigraphy, whereas the South China section is
based upon conodont biostratigraphy, and minor bios-
tratigraphic offsets may be present. Regardless, the
Lower Triassic succession from South China reveals
remarkable d13C oscillations on the order of 10‰ over
a 4- to 6-million-year period. Notably, the South China
data reveal that the Middle Triassic d13C record is strik-
ingly calm when compared to the Lower Triassic record.

3. Other isotopic records

The Early Triassic carbon isotopic record forms the
core of this report, but new data from other isotopic

systems have recently been available. For the Lower
Triassic, trends in the 87Sr/86Sr ratio of seawater reveal
a nearly monotonic rise from values near 0.7073 in the
Latest Permian to an isotopic maximum of
~0.7083 immediately prior to the Lower–Middle Tri-
assic boundary (Fig. 2) [34,58,59,70]. The cause of the
rise is debated, but conventional interpretation would
suggest that it results from an additional flux of radio-
genic strontium via enhanced continental erosion or
from a diminished hydrothermal input of non-
radiogenic strontium to the oceans [49], or both.
Because of the long residence time of strontium in the
oceans, the detailed isotopic record facilitates sub-
stage correlation between successions locally and
worldwide. Thus, the recently refined 87Sr/86Sr record
will enhance the ability to correlate from place to place
where faced with a depauperate Early Triassic fauna.

Until recently, sulfate minerals in evaporite facies
provided the most reliable seawater proxy for d34S.
However, evaporites are temporally restricted and the
construction of a continuous d34S record from evapor-
ite provinces is not possible. For the Early Triassic,
Holser et al. [41] provide a low-resolution compilation
based on analyses from evaporite basins worldwide
(Fig. 2) that reveals a remarkable 25‰ excursion from
the Latest Permian (ca. +10‰) to a post-Cambrian
maximum in the latest Early Triassic (ca. +35‰). The
details of this trend over 4 to 6 Ma, however, are lack-
ing, due to the paucity of evaporites through the inter-
val of interest. Other evaporite-based data originate
from the northern Calcareous Alps [92] and Abu Dhabi
[105]. The profound sulfur isotopic shift must indicate
highly unusual ocean chemistry, but no continuous iso-
topic profile has been produced to date. More recently,
the d34S of sulfate bound in the calcium carbonate lat-
tice from seawater at the time of deposition has been
successfully analyzed [54,67,68,78]. Consequently, nor-
mal marine limestones allow the construction of rela-
tively continuous d34SCAS profiles, which are not pos-
sible with evaporite deposits. Significant d34S variations
occur across the Permo-Triassic transition in the Ital-
ianAlps [78] and Turkey [68]. Uppermost Permian d34S
values ~10‰ rise to values ~30‰ by the Mid-
Griesbachian, thus verifying the anomalously enriched
values identified by Holser et al. [41]. High amplitude
changes are superimposed on this longer-term rise and
appear to coincide with the end-Permian extinction level
in the Italian sections. Marenco et al. [67] demonstrate
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rapid d34S changes of nearly 20‰ over 100 m of strati-
graphic section in Uppermost Spathian strata in the
western United States and interpret such rapid isotopic
change to indicate a depleted sulfate reservoir (cf. [51]).
Like the carbon isotope record discussed above, a simi-
lar boundary-centric situation exists for the d34S record
and additional data are needed for the remaining Early
Triassic.

4. Discussion

4.1. What is responsible for the Early Triassic d13C
record?

Hypotheses that explain the negative d13C anomaly
in association with the Permian–Triassic transition fall
into two categories: temporally instantaneous or tem-
porally protracted. Unfortunately, the timing of the
boundary d13C anomaly is unclear, as discussed above,
and the radiometric calibration of the remaining Early
Triassic is not available. It should be noted that most of
the hypotheses discussed below were formulated before
it was clear that the entire Early Triassic d13C record
was so unusual and characterized by massive 10‰
changes. Thus, most workers likely assumed that the
d13C record returned to ‘normal’shortly after the bound-
ary excursion. We now know this is not the case (Fig. 2),
which clearly questions the validity of the instanta-
neous causes.

Instantaneous events include (1) the catastrophic
release of methane from the gas hydrate reservoir with
d13C ~–60‰, (2) the input of CO2 from volcanic out-
gassing with d13C ~–6‰, and (3) the release of CO2

from rotting terrestrial biomass after a catastrophic
die-off with d13C ~–25‰. Many proponents of the
methane source suggest the gas hydrate reservoir was
destabilized by a bolide impact – for which there is
little unambiguous evidence [26,48]. Modern esti-
mates would suggest that the marine clathrate reser-
voir requires ~10 Myr to ‘recharge’ after a catastrophic
release (e.g., [19]). Thus, if destabilization of clath-
rates caused the boundary excursion, alternate causes
must be found to explain the Griesbachian, Smithian,
and Spathian negative d13C excursions that followed,
insofar as the entire Early Triassic may span only 4 to
6 Myr (cf. [56]). In addition, the shape of the isotopic
profile for the post-boundary Early Triassic does not

support a methane trigger. In general, clathrate desta-
bilization is thought to produce an asymmetric d13C pro-
file – cf. Paleocene–Eocene event [55] whereas the post-
boundary profile is virtually symmetric going into and
out of each d13C excursion – as noted by [80]. The Sibe-
rian Traps, a large magmatic province formed at the
same time as the negative d13C anomaly (within radio-
metric error), is commonly cited as the prime volcano-
genic culprit [84]. As with the gas hydrate model, it is
unclear whether the Siberian Traps continued to erupt
for the entire Early Triassic. On the other hand, the dat-
ing with respect to the upper limit of the volcanic flows
is incomplete and the Siberian traps may remain a pos-
sible source of isotopically light carbon. The mass mor-
tality followed by the mass rot-off is hypothesized to
have occurred because of a bolide impact or other extra-
terrestrial cause; this instantaneous hypothesis suffers
from the same deficiencies as the others. There is no
evidence, for example, that the terrestrial biosphere was
decimated and regenerated several times over the course
of the Early Triassic.

Protracted causes for the d13C anomaly would
include (1) ocean stratification/turnover and (2) the reor-
ganization of the carbon cycle. The ocean stratification
model would suggest that isotopically light organic mat-
ter produced in the photic zone would sink and become
remineralized in the deeper portions of a stratified
ocean, creating an isotopically heavy surface ocean and
an isotopically depleted deep ocean. Carbonates depos-
ited in surface waters during stratification would record
isotopically heavy d13C values. The episodic overturn,
or destratification, of such an ocean would return light
carbon to the surface ocean and resulting in the nega-
tive d13C anomaly. Abundant evidence exists for anoxia
during the Early Triassic, implying that a certain degree
of stratification is likely [30,36,47,52,53,99–101,103].
Models of ocean circulation and chemistry, however,
differ on whether or not whole ocean stratification is
possible, and mass balance considerations are problem-
atic (see below). The reorganization of the carbon cycle
hypothesis involves the reduction in the burial flux of
terrestrial biomass versus marine biomass. In this sce-
nario, the reduction of the terrestrial biomass is shown
by the noted ‘coal gap’ in the stratigraphic record and
the change from high biomass arborescent plants in the
Permian to low biomass herbaceous plants in the Early
Triassic. Such a reorganization of the carbon cycle
would change the burial proportion of terrestrial ver-
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sus marine organic carbon and cause a long-term nega-
tive shift in the d13C of the oceans. Essentially, the burial
of organic carbon would shift from terrestrial + marine
to marine alone, causing the negative shift. This sce-
nario is appealing for long-term changes in the carbon
cycle, but is less appealing for rapid d13C shifts.

The negative d13C anomaly associated with the
Permo-Triassic boundary has been modeled in an
attempt to better understand the processes responsible
for the d13C anomalies [10,14,31]. The models are
restricted by the ambiguity surrounding the duration of
the negative anomaly and similarly fall in to ‘instanta-
neous’ versus ‘protracted’ categories. Broecker and
Peackock [14] modeled the reorganization of the car-
bon cycle, as outlined above. Their scenario fits both
the d13C and the d34S record well, assuming that a long
duration for the anomaly is chosen. Berner [10] assumes
a short duration (~20 000) for the decline from positive
to negative d13C values. Importantly, Berner’s model
demonstrated that the reservoir of isotopically depleted
carbon available in the mass-mortality and overturn
hypotheses was much too small to cause the observed
d13C shift, regardless of the duration, and thus these
hypotheses were rejected as sole causes. Even with such
a short duration, methane release alone was not found
to be sufficient to cause the boundary d13C anomaly,
given reasonable rates of clathrate decomposition.
Rather, the best model fit to the data occurred when
multiple sources of isotopically depleted carbon were
combined (cf. [24]). Such a combination of factors
seems inevitable if we seek to explain the unusually
variable Early Triassic d13C record.At any rate, the lack
of consensus on the duration of the d13C boundary
anomaly clouds such studies.

4.2. Early Cambrian versus Early Triassic d13C
records

The Phanerozoic d13C record is somewhat tranquil
with respect to multiple large and rapid swings in d13C
when compared to the Early Triassic, although excep-
tions are clearly evident as high-resolution datasets are
collected (e.g., [96]). The Early Cambrian, however,
displays many of the same carbon isotopic features as
the Early Triassic. As many as eight excursions are
noted in Lower Cambrian strata over the course of
approximately 20 Myr – see compilation in [57] –
(Fig. 3); the magnitude of the excursions decreases from

a maximum of ~10 ‰ at the Precambrian-Cambrian
boundary to less than a few per mil at the Lower-
Middle Cambrian boundary. It may not be wise to com-
pare the two periods based solely on a perceived simi-
larity in the magnitude and rapidity of their d13C
records. However, comparative studies may reveal fea-
tures not originally noted in one system or the other, so
with caution, we will examine the similarities and dif-
ferences between the Early Cambrian and Early Trias-
sic biospheres.

Notable ecological confluences between the Early
Cambrian and the Early Triassic set both periods apart
from the remaining Phanerozoic. Similarities would
include the importance (or lack thereof) of the terres-
trial biosphere, the depth of infaunal tiering (e.g., [3]),
and the average ichnofabric index [23]. The impor-
tance of a eukaryotic terrestrial biosphere as a carbon
cycle moderator has been discussed above, and both
the Cambrian and Triassic are characterized by a
reduced terrestrial biosphere. The Ordovician and Sil-
urian likely lacked a well-developed terrestrial bio-
sphere, as well, but both record advanced ichnofabrics
and relatively well-developed infaunal tiering [3,12].
In contrast, the Early Cambrian and the Early Triassic
share a reduced average ichnofabric index and simi-
larly reduced maximum depth of infaunal tiering [12].
The consequences of reduced sediment churning/
oxygenation via bioturbation/infaunalization could

Fig. 3. Summary of the Cambrian d13C record (modified from [57]).
Compare the variability in the Early Cambrian d13C record to
Fig. 1 for the Early Triassic. Both time periods share reduced faunal
tiering and overall ichnofabric index.
Fig. 3. Synthèse des valeurs du d13C du Cambrien (modifié d’après
[57]). Comparer la variabilité des valeurs du d13C du Cambrien infé-
rieur avec celle de la Fig. 1 concernant le Trias inférieur. Les deux
intervalles de temps montrent une réduction comparable de l’impor-
tance de l’étagement de l’endofaune et, plus généralement, de l’indice
textural de l’ichnofaune.
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include a change in the way carbon is stored and
recycled on the continental shelves. The bulk of mod-
ern organic carbon is buried in continental shelf envi-
ronments. Perhaps a reduction in the biogenic sedi-
ment churning would enhance organic carbon burial,
and thus drive the d13C of seawater to much heavier
values, as noted in the Dienerian-Smithian boundary
[80]. Such an enhanced organic carbon reservoir would
return isotopically light carbon to the system if ex-
humed. These processes would clearly operate on
longer time scales, consistent with the current d13C
record for the Early Triassic, and would be enhanced
by the presence of anoxic bottom waters.

5. Conclusion

The most recent d13C data indicate that the carbon
cycle was unusual throughout Early Triassic time and
that the ‘boundary d13C excursion’ near the Permian–
Triassic transition simply marks the onset of 4 to 6 Myr
of extraordinary changes in the d13C of seawater. Pre-
vious work had focused on the negative d13C excursion
coincident with the final extinction in the Latest Per-
mian with the tacit assumption that the carbon cycle
returned to ‘normal’ following the boundary. Thus,
hypotheses proposed to explain the boundary d13C phe-
nomena did so without the knowledge that the carbon
cycle remained perturbed for an additional 4 to 6 Myr.
Therefore, causative processes with short or cata-
strophic origins that seemed reasonable at the time are
currently viewed with more skepticism. It is notable
that similarly large d13C fluctuations characterize both
Early Triassic and Early Cambrian time. Other simi-
larities would include a reduced terrestrial biosphere, a
reduced depth of infaunal tiering, and a reduced ichno-
fabric index. Such factors may conspire to change the
way organic carbon is stored and thus affect the d13C
value of coeval seawater.
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