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[1] This study provides an organic carbon stable isotope (d13Corg) record calibrated with detailed ammonite
biostratigraphy, following the end‐Triassic biological crisis. Precise correlation between this crucial fossil
group and the d13Corg record is key to understanding feedbacks between biological and environmental
events following mass extinction. The latest Triassic and Hettangian d13Corg record shows several negative
and positive excursions. The end‐Triassic negative shift coinciding with the mass extinction interval is
followed by a positive excursion in the earliest Hettangian Psiloceras spelae beds, which marks the
onset of recovery in the marine ecosystem. This positive trend is interrupted by a second negative d13Corg

excursion in the P. pacificum beds related to a minor ammonite extinction event. This pattern of the d13Corg

curve culminates in the uppermost Hettangian Angulata Zone major positive excursion. This indicates that
both the ecosystem and the carbon cycle remained in a state of perturbation for at least 2 Ma, although the
recovery of some pelagic taxa already began at the base of Jurassic. The early and late Hettangian
positive d13Corg excursions have been confused in several recent papers. Here, we show that during the
Hettangian there are indeed two distinct positive d13Corg excursions. Phases of anoxia and further pulses of
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Central Atlantic Magmatic Province volcanism during the Hettangian might have inhibited the full recovery
for that interval of time. The main Liasicus‐Angulata organic positive CIE (carbon isotope excursion) during
the Late Hettangian might be related to gradual decreasing of pCO2 due to protracted high organic burial, and
coincides with a second phase of recovery, as indicated by a pulse of ammonoid diversification.
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1. Introduction

[2] The end‐Triassic represents one of the five
most profound Phanerozoic extinction events, and
the associated biotic diversity pattern is one of
abrupt reduction in diversity just below the system
boundary followed by a gradual recovery into the
Hettangian. Major global environmental changes
coincided with widespread igneous activity in the
Central Atlantic Magmatic Province (CAMP), the
break‐up of the supercontinent Pangea and rapid
sea level fluctuations. These biotic‐abiotic envi-
ronmental changes induced significant perturba-
tions in the carbon cycle, as mirrored by a complex
pattern of multiple negative and positive carbon
isotope anomalies during this time interval. A sharp
negative excursion located just below the Triassic‐
Jurassic (TJ) boundary was first reported by Ward
et al. [2001] and has been interpreted to have
resulted from a productivity “collapse,” CO2 out-
gassing associated with the CAMP, or gas hydrate
release [Pálfy et al., 2001; Hesselbo et al., 2002;
Ruhl et al., 2011]. Guex et al. [2004] argued that
there are two distinct negative d13C excursions
close to the boundary that derived from different
environmental causes: the late Rhaetian negative
excursion is clearly related to the extinctions,
cooling and a regressive phase, while the early
Hettangian negative excursion is associated with
biotic recovery, the greenhouse effect, and a trans-
gressive phase [Guex et al., 2004; Schoene et al.,
2010]. The two negative excursions are separated
by a positive excursion that coincides with the
first occurrence of the oldest Jurassic ammonite,
Psiloceras spelae, which defines the base of the
Jurassic and is approximately concomitant with the

beginning of the ammonite recovery.More recently, a
very large positive d13Corg excursion (5‰ in ampli-
tude) has been documented for the Hettangian at
Kennecott Point (KP) in British Columbia [Williford
et al., 2007], initially assigned to the early Hettangian.

[3] We have produced a detailed and extensive
d13Corg database in the New York Canyon (NYC),
Nevada [cf. Guex et al., 2004, 2009] to calibrate
the Hettangian d13Corg record in a robust bio-
stratigraphic framework. Our new data reveal that a
major positive d13Corg excursion is also present
at NYC. Using the precise ammonoid calibration
of the Hettangian d13Corg curve at NYC and a
re‐examination of the distribution of the ammonites
at Kennecott Point established by Longridge et al.
[2008], we demonstrate that this major positive
isotopic event is late Hettangian in age and not
early Hettangian as initially assigned [Williford
et al., 2007]. We discuss and reinterpret the cor-
relations with Hettangian d13C curves published
recently in different parts of the world: Newark
Basin, USA [Whiteside et al., 2010]; East Greenland
[McElwain et al., 2009]; Southern Alps, Italy [van
de Schootbrugge et al., 2008]; St Audrie’s Bay,
England [Ruhl et al., 2010]. We also discuss the
implication of this major late Hettangian positive
carbon isotope event in the light of the post‐crisis
recovery scenario.

2. Materials and Methods

[4] The stratigraphic interval studied here is located
in the upper Gabbs and lower Sunrise Formations
first described by Muller and Ferguson [1936,
1939]. These formations form one of the most
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important Upper Triassic and Lower Jurassic
sequences in North America. The studied section
(Figure 1) crops out in Muller Canyon, adjacent to
the main valley called New York Canyon, where
the Triassic/Jurasssic boundary beds are compara-
tively thick and well exposed. The section is in the
upper members of the Gabbs Fm (Mt Hyatt Mb and
Muller Canyon Mb) and lower Sunrise Formations
(Ferguson Hill Mb). Detailed descriptions of the
lithostratigraphy and biostratigraphy of that section
have been published in several papers [Taylor
et al., 1983; Guex, 1995]. Samples were obtained
from detailed bed‐by‐bed collecting.

[5] Powdered samples were decarbonated with
concentrated HCl (30%) and then washed with
distilled water until neutral. The carbon isotope
composition of the bulk organic matter was deter-
mined by flash combustion on a Carlo Erba 1108
elemental analyzer (EA) connected to a Thermo
Fisher Scientific Delta V isotope ratio mass spec-
trometer (IRMS) that was operated in the continu-
ous helium flow mode via a Conflo III split interface
(EA‐IRMS). The d13C values are reported relative
to Vienna‐Pee Dee belemnite standard (VPDB).
The calibration and assessment of the reproduc-
ibility and accuracy of the isotopic analysis were
based on replicate analyses of laboratory standard
materials and international reference materials. The
reproducibility was better than 0.1‰ (1 s).

3. The d13Corg Record and Ammonoid
Calibration at New York Canyon

[6] The d13Corg record from NYC section and its
relationship to lithological and biological data are
given in Figure 1 (see also Data Set S1 in the
auxiliary material).1 The lower 25 m of the d13Corg

curve is based on the study by Guex et al. [2004,
2009]. The sediments from the transition between
the Triassic and lower Hettangian present noise in
the d13Corg values, likely due to diagenetic alteration
[Guex et al., 2004]. Despite this, after applying
a simple moving average to the original measure-
ments, the resulting curve C2, published in the study
by Guex et al. [2009] can be well correlated with
carbon isotope data of Ward et al. [2007], which
show less variability, possibly because they col-
lected fresher samples at a location within Muller
Canyon less altered diagenetically. The curve C2 of
Guex et al. [2009] is reproduced here (ignoring the
outlier “x” at 10 m).

[7] The latest Triassic and Hettangian d13Corg

record fluctuates markedly, with several negative
and positive excursions. Actually, the dominant
feature of the d13Corg curve is a large (∼5 per
mil amplitude) positive carbon isotopic event at
42 m (Figure 1). The new curve is correlated with
the sequence of ammonite‐beds and biozones at
New York Canyon [Guex, 1995; Guex et al., 2004]
(Figure 1). The first negative shift, corresponding
with the “initial isotope excursion” of Hesselbo et al.
[2002], occurs in the C. crickmayi beds. This is fol-
lowed by a positive excursion in the P. spelae beds,
by a negative shift in theP. pacificum beds (correlated
to the “main isotope excursion” of Hesselbo et al.
[2002]), and finally by a major positive excursion
in the late Hettangian Angulaticeras beds.

4. Interregional Correlations

[8] Williford et al. [2007] recognized at Kennecott
Point (KP; Queen Charlotte Islands, Canada) a
major positive organic carbon excursion (∼5‰ in
amplitude) in the Hettangian, concomitant with a
major d34S excursion reported from the same
locality [Williford et al., 2009]. That excursion was
interpreted to be early Hettangian in age based on
stratigraphic work of Tipper et al. [1991].

[9] The discovery of a large positive excursion
of similar amplitude in the Angulata Zone (late
Hettangian) at New York Canyon (Figure 1) leads
us to revise the data by Tipper et al. [1991] and
Longridge et al. [2008] from the Kennecott Point
section (Figure 1). The stratigraphic distributions
of the ammonites collected by Longridge et al.
[2008] at Kennecott Point are given in 5 figures
(Figures 3 to 7 in the study by Longridge et al.)
showing the lithology and thickness of each of the
sections. The correlation between these is estab-
lished by Longridge et al. [2008] in a synthetic
figure. The thicknesses of the sections given in the
diagram allows us to have a precise representation
of the stratigraphic thicknesses of the ammonite
zones and subzones at Kennecott Point. These were
reported in the stratigraphic log of Williford et al.
[2007, 2009] and are reproduced in our Figure 1.
The major carbon anomaly is situated entirely above
the bedswith abundantAlsatitids and yieldsBadouxia.
This establishes a late Hettangian Angulata Zone
age for the anomaly, which is perfectly synchronous
with the major positive carbon isotope excursion
(CIE) from NYC found in this study (Figure 1).

[10] The abrupt V shape of the positive Angulata
CIE at NYC compared with the more U shaped

1Auxiliary materials are available at ftp://ftp.agu.org/apend/gc/
2011gc003807.
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Figure 1. Ammonite biostratigraphical calibration of the organic carbon isotope curve at New York Canyon (NYC)
Nevada USA, correlated with the Kennecott Point (KP) curve [Williford et al., 2007] recalibrated with the age
diagnostic ammonites identified by Longridge et al. [2008]. U‐Pb numerical ages are from Schaltegger et al. [2008]
and Schoene et al. [2010].
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excursion at KP is likely explained by the presence
of a short‐duration sedimentary discontinuity and/
or high condensation in the acme of positive values
at NYC section: the Angulaticeras and Badouxia
beds are condensed in this section. Beyond the
above minor dissimilarity, the fact that the general
shape of the Hettangian d13Corg curve and its
ammonoid calibration are reproducible from two
locations within the Pacific province, suggests that
they can be used for regional and possibly inter-
regional correlation.

[11] It is not easy to correlate the NYC and KP
d13Corg curves with records from Newark basin
[Whiteside et al., 2010], because the latter fluc-
tuates markedly. Notwithstanding this, Whiteside
et al. [2010] correlated one of the positive peaks
of Newark basin d13Corg curve with the major
positive excursion observed at Kennecott Point by
Williford et al. [2007]. According to their cyclos-
tratigraphic interpretation, the duration of the
interval spanning the TJB up to the top of the main
positive excursion in the Newark basin would have
a duration of about 1 Ma. If the correlation of
the Newark excursion with the Angulata positive
excursion at Kennecott Point was correct, that
interval should represent the entire Hettangian
stage. This seems too short an interval according to
a recent Pb/U radio‐isotopic calibration showing a
duration of about 2.05 ± 0.25 Ma [Schaltegger
et al., 2008] and other cyclostratigraphic estima-
tions [Ruhl et al., 2010]. We suggest that the cor-
relation of the Newark excursion with the Angulata
positive excursion at Kennecott Point may not be
correct, or, alternatively, that the Newark Hettangian
cyclostratigraphic interpretation should be revised.

[12] Ruhl et al. [2010] extended the TJB d13Corg

record of St Audrie’s Bay to the Hettangian/
Sinemurian boundary at East Quantoxhead GSSP
(Global Stratotype Section and Point). Ruhl et al.
[2010] neither indicated the precise position of
ammonite beds in their composite section, nor pro-
vided reference to biostratigraphical documentation
for the ammonite zonation reported in their figures.
However, we can suppose that for St Audrie’s Bay
they probably referred to the zonation of Ivimey‐
Cook and Donovan [1983] and for East Quantox-
head‐on the ammonite biostratigraphy of Bloos and
Page [2002]. Moreover, it is important to stress that
they used other biochronological criteria to locate
the TJB, placing this last one around the FO of
Psiloceras planorbis, while the TJB is officially
defined by the older FO ofP. spelae. The development
of the earliest Jurassic ammonites occurs within the
genus Psiloceras, which starts with the occurrence

of P. spelae followed by the worldwide develop-
ment of smooth Psiloceratids of the P. planorbis
group s.l. [Guex et al., 2004, 2011]. The correlation
of the d13Corg curve of the lower part of the NYC
section spanning the TJB (C. crickmayi to P. paci-
ficum beds) can be correlated readily with the curve
established at St Audrie’s Bay [Hesselbo et al.,
2002; Guex et al., 2004], while it is evident that
the prominent positive organic CIE in the uppermost
Hettangian is missing at St Audrie’s Bay‐East
Quantoxhead composite section (Figure 2). In con-
trast, the extended post P. planorbis d13Corg record
at St Audrie’s Bay‐East Quantoxhead exhibits
continuously low values throughout the Hettangian
and early Sinemurian. 2‰ shortwave fluctuations
have been interpreted as eccentricity controlled
climate cycle [Ruhl et al., 2010]. Depleted d13Corg

values relate in general with increased total organic
carbon (up to 4–10 wt.%) during black‐shale inter-
vals and can be related to most extreme anoxic
conditions and/or highly stratified conditions of the
water column. Clémence et al. [2010a] have already
noticed different trends between bulk d13Corg and
d13Ccarb values in the Planorbis Zone at Doniford
section (nearby to St Audrie’s Bay, Figure 2), with
more positive values of d13Ccarb and more negative
values of d13Corg during anoxic phases (highest
TOC values coupled with absence of microbenthos).
The Hettangian d13Corg signal at St Audrie’s Bay
may therefore have a strong local source control
(e.g., change in relative contributions of marine
algae and/or bacteria to the bulk organic carbon) linked
in this case to recurrent strongly stratified conditions
of the water column [Clémence et al., 2010a].

[13] Interestingly, the geographically close Lyme
Regis (LR) section d13Corg record, published in sup-
porting information inWhiteside et al. [2010], reveals
a major positive excursion in the late Hettangian
Liasicus and Angulata ammonite Zones, although its
amplitude (∼4‰) is less important than the ones
recorded at NYC and KP (∼5‰) during the same
period (Figure 2). The LR section d13Ccarb data are
also reported in the same figure. Such data are of
very low resolution, but in the late Hettangian Liasi-
cus and Angulata ammonite Zones it is possible to
discern a negative correlation between d13Corg and
d13Ccarb values.

5. Interpreting the d13Corg Signal

[14] The new results presented here reveal that the
organic carbon isotope record of the Triassic‐
Jurassic transition is more complex than previ-
ously recognized, with a protracted instability of
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at least about 2 Ma, corresponding to the interval
spanning the uppermost Rhaetian C. crickmayi beds
to the latest Hettangian Angulata Zone [Schaltegger
et al., 2008; Schoene et al., 2010]. However, inter-
preting the perturbations of Hettangian d13Corg

signal is not trivial for two primary reasons:
First, a diagenetic alteration and thermally induced
maturation of the sedimentary organic matter trig-
gering loss of hydrocarbons may change the stable
isotope composition of organic carbon [Hayes
et al., 1983; Strauss et al., 1997]. A 13C enrich-
ment is generally observed with increasing thermal
alteration [Hayes et al., 1983]. Thus, the very high
values of d13Corg up to −23‰ in the Angulata
positive main excursion at NYC might, at least in
part, result from thermal alteration by Tertiary
volcanism that impacted the region. However,
thermal alteration would have shifted the isotopic
values in one direction, preserving the general
shape of curve. Second, changes in relative con-
tributions (e.g., bacterial, phytoplankton or terres-
trial plant biomass) of bulk organic carbon can
explain the changes in the d13Corg values, without
necessarily requiring changes in the isotope com-
position of carbon in the oceans and atmosphere

[van de Schootbrugge et al., 2008; Fio et al., 2010].
For example, in the interval containing the positive
excursion in d13Corg at Kenecott Point a lithological
change from black‐shales to siltstones and turbi-
ditic sandstones accompanied by an increase of
woody debris was observed [Williford et al., 2009].
At NYC such an important lithological change in
the upper Hettangian positive excursion interval
has not been observed. However, we cannot
exclude that in these Pacific sections, an increased
terrigenous input may have amplified the positive
shift in bulk organic carbon isotope ratios, as ter-
restrial organic matter was generally enriched in
13C relative to marine organic matter prior to the
mid‐Cretaceous [Arthur et al., 1985; Popp et al.,
1989]. Other d13Corg records recently published
(e.g., St Audrie’s Bay) do not reveal a prominent
Late Hettangian d13Corg positive excursion (Figure 2),
probably because of a strong influence of recurrent
extreme anoxic conditions during the Hettangian
and early Sinemurian. This depletion might be
explained by a higher proportion of biomass derived
from isotopically depleted chemoautrophic bacteria
and green algal groups (e.g., acritarchs and prasi-
nophytes), which likely develop during anoxic

Figure 2. Correlation of Late Rhaetian‐Hettangian d13Corg curves from marine sections (NYC, KP, LR, SA) well
constrained by ammonite biostratigraphy, and their hypothetical correspondence with trends in d13Cwood from the East
Greenland continental record. The numbers 1 to 7 highlight the proposed correlations between excursions. LR data are
from Whiteside et al. [2010]; SA data from Hesselbo et al. [2002] and Ruhl et al. [2010]; East Greenland data from
McElwain et al. [2009]. The record of atmospheric CO2 concentration in ppmv was derived from stomatal analysis of
fossil Ginkgoales leaves [McElwain et al., 2009].
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conditions [Joachimski, 1997; van de Schootbrugge
et al., 2008].

[15] Nevertheless, the robust correlation of a major
positive excursion of d13Corg record in the Late
Hettangian Liasicus‐Angulata Zones between geo-
graphically distant locations (NYC, KP and LR,
Figure 2) argues for a global interpretation. As dis-
cussed above, the amplitude and absolute values of
the positive excursion might have been amplified by
local environmental conditions, source control and/or
local diagenetic/thermal history, but the general shape
of the curve likely traces a more global history.

[16] Even though there are few documented paired
organic and carbonate carbon isotope data sets
from the same Hettangian section [Clémence et al.,
2010a, 2010b; Whiteside et al., 2010], this infor-
mation is important to help evaluate whether or not
the Late Hettangian positive excursion resulted
from a global carbon cycle perturbation. The
uppermost Triassic is marked by a pronounced
negative excursion in both d13Corg and d13Ccarb

(Figure 2) that coincides with biotic extinctions
of several marine organisms, such as ammonites,
radiolarians, calcareous nannofossils [Guex et al.,
2004; Clémence et al., 2010b]. A high‐resolution
micropaleontological study combined with geo-
chemical analyses in the Austrian Alps for the end
of the Triassic revealed a dramatic calcareous
phytoplankton crisis and disturbance of the bio-
logical pump associated with regression, cooling
and/or seawater acidification episodes [Clémence
et al., 2010b]. As interpreted for other mass‐
extinction intervals, the d13C negative excursion at
the end of the Triassic can also be explained, at
least in part, by the primary productivity crisis and
a loss of the efficiency of the CO2 biological pump
[Ward et al., 2001; Guex et al., 2004; Clémence
et al., 2010b]. The succeeding post‐crisis interval,
corresponding with lowermost Hettangian Spelae
Beds, is marked by a parallel trend toward more
positive values both of d13Corg and d

13Ccarb records,
correlated with the initial phases of recovery of
the pelagic carbonate producers [Clémence et al.,
2010a], as well as with a first pulse of diversifica-
tion of ammonites [Guex et al., 2011].

[17] From the P. planorbis beds (correlative with
the P. pacificum beds) up to the Angulata Zone, the
organic and carbonate carbon isotope records seem
to be generally decoupled: as observed in Doniford
and Lyme Regis sections (Figure 2), the d13Corg

curve is negatively correlated with the d13Ccarb

curve ([Clémence et al., 2010a] see Whiteside et al.

[2010] supporting information). Such phenomena
have already been documented for other time
intervals [Joachimski, 1997; Kump and Arthur,
1999]. Kump and Arthur [1999] showed by
model simulations comparing isotopic records of
carbonate and organic carbon, that the timing of the
peaks and valleys of the two secular carbon isotope
records might not coincide, even when they are
subject to the same forcing. Thus, such carbon
isotope curves without biostratigraphical control
cannot be used infallibly as a correlation tool.

[18] According to the simulations of Kump and
Arthur [1999], we can interpret the Planorbis neg-
ative excursion in d13Corg unaccompanied by a
response in d13Ccarb, as due to a dramatic increase
in pCO2 (e.g., volcanically induced). It is also
possible that the two are not coupled at Doniford
because of peculiar conditions of the water column:
the d13Ccarb mirroring the increase of sea‐surface
primary productivity and the d13Corg responding to
low oxygen conditions at sea-bottom [Clémence
et al., 2010a]. Note that the Planorbis negative
excursion coincides with a minor ammonite
extinction event: the last Choristocerataceae (i.e.,
Choristeras minutum and Odoghertyceras) sur-
viving the mass extinction were finally extinguished
at this time [Guex et al., 2004, 2011]. The following
Liasicus‐Angulata major positive excursion is
recorded only in the organic carbon and apparently
not in the carbonates, if we admit that there was not
a strong diagenetic impact on the d13Ccarb values at
LR (Figure 2). The total duration of the organic
positive shift from the minimum values in the Pla-
norbis beds to maximum values in the Angulaticeras
beds can estimated at about 1 My, according to the
high resolution radiometric calibration of Hettan-
gian ammonite beds in the Levanto section in Peru
[Guex et al., 2011]. Such duration is much‐longer
than the residence time of carbon in the ocean‐
atmosphere system, and it might imply, according
the model of Kump and Arthur [1999], an organic
burial event that began at highly elevated atmospheric
pCO2. Their model, in addition to standard con-
siderations of carbon mass and isotopic fluxes to the
ocean‐atmosphere system from weathering and vol-
canism and fluxes of organic carbon and carbonate‐
carbon to sediments, incorporates sensitivity of the
photosynthetic carbon isotope effect to change in
pCO2. In the modern ocean, the photosynthetic iso-
tope effect for marine algae against CO2 concentra-
tion varies by nearly 8‰ as a function primarily of
variations in surface water pCO2, temperature and
growth rate [Rau et al., 1997]. As high rates of
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organic burial proceed in time, this causes pCO2 to
fall, inducing a reduction in the photosynthetic iso-
tope effect and an increase in 13C in phytoplankton
organic matter. The counterintuitive overall result is
that the carbonate carbon isotopic composition actually
decreases because of enhanced burial of phytoplankton
organic matter enriched in 13C. Alternatively, during
recovery phases, the turnover and resulting change in
contribution of the main taxonomic components of the
phytoplankton and plantswith different photosynthetic
carbon isotope fractionations, might explain the neg-
ative and positive excursions observed in the organic
record [van de Schootbrugge et al., 2008] without
necessarily involving the isotopic composition of
ocean dissolved inorganic carbon (DIC).

6. Possible Extinction‐Recovery Scenario

[19] A consensus in the literature points to flood
volcanism of the CAMP as the major trigger
of biotic and carbon cycle disturbance across the
T‐J [Marzoli et al., 1999, 2004]. Recent precise
radiometric age correlations between basalts of
CAMP and marine T‐J boundary help to affirm this
possible causal link [Schoene et al., 2010]. Two
interpretations exist regarding the role and effects
of volcanic impact: (1) On one hand, the carbon
dioxide (CO2) degassing and clathrate escape, or
thermogenic methane related to CAMP sill intru-
sion, have been invoked as triggers of a catastrophic
greenhouse effect, anoxia, and seawater acidifica-
tion, resulting in mass extinction [McElwain et al.,
1999; Pálfy et al., 2001; Hesselbo et al., 2002;
Korte et al., 2009; Bonis et al., 2010; Ruhl et al.,
2011]; (2) on the other hand, CAMP‐related sul-
phuric emissions might have been the trigger for
cooling episodes, light reduction, and seawater
acidification leading to collapse of marine ecosys-
tems, mass extinctions, and reduction in biomass
[Tanner et al., 2001; Guex et al., 2004; van de
Schootbrugge et al., 2009; Clémence et al., 2010b].

[20] McElwain et al. [1999, 2009] infer a major
pCO2 increase from the analysis of the stomatal
index of fossil Ginkgoales leaves. From this they
concluded that the end‐Triassic extinction was
caused by a super‐greenhouse effect. This inter-
pretation of the stomatal index has been debated
because SO2 increase may also cause changes in
stomatal density [Tanner et al., 2007]. Nonetheless,
if the increase in stomatal index relates to increased
atmospheric CO2, the low‐resolution data available
[McElwain et al., 1999, 2009] leave considerable

uncertainty as to the precise timing of the increase
in atmospheric CO2 concentration. It is plausible
that the first sample showing increased CO2 in the
studies by McElwain et al. [1999, 2009] corre-
sponds to the second negative anomaly (also called
the “main” excursion) in the Planorbis Zone
(Figure 2), making their model compatible with a
post‐crisis warming proposed by Guex et al.
[2004]. The interpretation of an Early Jurassic
post‐crisis super‐greenhouse time is strengthened
by new pCO2 estimations from high‐resolution
stable isotopic data of pedogenic carbonates inter-
bedded with volcanics of CAMP in the Newark
Basin [Schaller et al., 2011]. Considering that the
eruption of North Mountain Basalt has been
radiometrically correlated with the FO of TJB
boundary primary marker P. spelae [Schoene et al.,
2010], it is clear that the calculated pCO2 increased
by pulses corresponding with lava flows during the
early Jurassic, while during the Late Triassic the
calculated pCO2 are low, according to Figure 1 in
the study by Schaller et al. [2011].

[21] The impact of CAMP volcanism on the eco-
systems could have been twofold: first short‐term
repeated releases of SO2 (cooling and acidification)
during the end‐Triassic, and second a long‐term
CO2 release (greenhouse and anoxia) during the Early
Hettangian post‐crisis, see the cooling‐warming
scenario in the study by Guex et al. [2004]. An inef-
ficient biological CO2 pumping mechanism due to
the productivity crisis, coupled with volcanogenic
(or thermogenic) accumulation of CO2 in the
atmosphere resulting from the CAMP activity could
have produced a super greenhouse effect during the
Early Hettangian.

[22] Super‐greenhouse promoted an acceleration of
continental weathering, runoff and increased the input
of nutrients into the ocean. This may have, in turn,
promoted biotic radiations in marine environments
stimulating primary productivity as well the initial
recovery of zooplankton and nekton in the Spelae
Beds [Guex et al., 2004; Clémence et al., 2010b],
<290 ka after the end‐Triassic mass extinction
[Schoene et al., 2010]. On the other hand, the resto-
ration of marine primary production sustained by
elevated CO2 levels in the aftermath of a mass
extinction can induce water anoxia, a pattern also
suggested for the aftermath of the Permo‐Triassic
crisis [Grard et al., 2005; Payne and Kump, 2007;
Hermann et al., 2010]. Anoxia and possible water
column stratification in several basins likely hindered
in turn the full recovery of marine ecosystems
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[Clémence et al., 2010a], as also evidenced by aminor
ammonite extinction event coupled with the organic
negative Planorbis (Pacificum) CIE. As high rates of
organic burial proceeded in time, this caused pCO2 to
fall and therefore reduced the basinal area affected by
water anoxia, favoring a main pulse of diversification
of ammonites in coincidence with the Angulata
organic positive excursion [Guex et al., 2011].

7. Conclusions

[23] In several recent paper papers, the early and
late Hettangian positive d13C excursions have been
confused. Here, we show that the lowermost
Hettangian positive Spelae excursion is indeed dis-
similar in magnitude and time from the uppermost
Hettangian Angulata positive excursion. The FO
of P. spelae marks the base of the Hettangian
stage (and of the Jurassic System) and the onset of
post‐extinction ecological recovery <290 ka after
the end‐Triassic mass extinction. The fluctuating
pattern of the d13Corg curve culminating with the
uppermost Hettangian Angulata positive excursion,
indicates that although the recovery of some pelagic
taxa (ammonites, radiolarians, calcareous nanno-
fossils, etc.) already began at the base of Jurassic,
the ecosystem and the carbon cycle remained highly
perturbed for at least 2 Ma.

[24] An inefficient biological CO2 pumping mech-
anism due to the productivity crisis, coupled with
volcanogenic accumulation of CO2 in the atmo-
sphere resulting from the continuing CAMP could
have produced a super‐greenhouse effect during
the early Hettangian. Pulses of CAMP volcanism
and phases of anoxia might have perturbed the full
recovery. The main Angulata organic positive CIE
might be related to gradual decreasing of pCO2 due
to protracted high organic burial, and coincides
with a second phase of recovery, as indicated by a
pulse of diversification of ammonites. Alterna-
tively, during the recovery phases, the turnover
and resulting change in contribution of the main
taxonomic components of the phytoplankton and
plants with different carbon isotope fractionation
factors, might explain this positive excursion
observed in the organic record. For this latter sce-
nario, invoking the entire global carbon cycle
would not be required.

[25] These can be considered as a working‐
hypothesis, and further work on the carbon isotopic
record from both organic matter and carbonates
from more sections worldwide, coupled with
micropaleontological, palynological and possibly

biomarker analyses, is needed to better understand
this major positive late Hettangian organic CIE.
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