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Abstract

The Triassic-Jurassic boundary (TJB) is associated with one of the five largest mass ex-
tinctions of the Phanerozoic. A deep carbon cycle perturbation and a carbonate produc-
tion crisis are observed during the late Triassic. The Central Atlantic Magmatic Province
(CAMP), one of the most important large igneous provinces of the Phanerozoic, em-5

placed at the TJB. To understand the carbon cycle perturbations observed at the TJB,
we investigate the consequences of CO2 degassing associated to the CAMP emplace-
ment on atmospheric and oceanic carbon cycle. The CO2 input within the atmosphere
due to volcanism has been modeled using a global biogeochemical cycle box model
(COMBINE) coupled with a climate model (FOAM). Weathering fluxes and CO2 equi-10

librium are constrained by the Rhaetian paleogeography and different scenarios of the
CAMP emplacement are modeled. The study focuses (1) on the geological record and
the carbonate productions crisis and (2) on the sedimentary carbon isotope record.
For point (1), comparison of different modeling scenarios shows that a Gaussian CO2
emission distribution over the duration of the main activity phase of the CAMP fails in15

reproducing any of the geological observations, mainly the carbonate production crisis
observed in the late Rhaetian sediments. Contrastingly, intense degassing peaks lead
to successive decrease in carbonate production as observed in the geological record.
For point (2), the perturbations of carbon cycle due to the degassing of CO2 with a
mantellic carbon isotopic composition of −5 ‰ do not reproduce the intensity of the20

observed carbon isotope excursions. This was achieved in our model by assuming a
mantellic carbon isotopic composition of −20 ‰. Even if this hypothesis requires further
investigations, such low values may be associated to degassing of carbon from pools
of light isotopic carbon located at the transition zone (Cartigny, 2010), possibly linked to
setting of large igneous provinces (LIP’s). Breakdown of biological primary productivity25

can also partially account for the sedimentary carbon isotope excursions and for the
observed increase of atmospheric pCO2.
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1 Introduction

The late Rhaetian is marked by one of the most important mass extinction of the
Phanerozoic, in both marine and terrestrial realms (Hesselbo et al., 2007; Sepkoski,
1996). The Triassic-Jurassic Boundary (TJB) crisis is interpreted as being the con-
sequence of the Central Atlantic Magmatic Province (CAMP) emplacement, one of5

the most extended Large Igneous Province (LIP) of the Phanerozoic (Courtillot, 1994;
Courtillot et al., 1999; Guex et al., 2004; McHone, 2002; Pálfy et al., 2001). The CAMP
emplacement (Fig. 1) has affected atmospheric chemical composition due to degassing
of CO2 and sulfur gases (McElwain et al., 1999, 2009; McHone, 2002; Schaller et al.,
2011). One of the most robust signals of the TJB crisis is the succession of two nega-10

tive excursions in the records of the isotopic composition of sedimentary organic car-
bon (δ13Corg), hereafter first and second excursions, respectively. The first excursion
(Late Rhaetian) is associated with a negative excursion of the isotopic composition of
mineral carbon (δ13Cmin), while this remains unclear for the second (early Hettangian)
excursion. This isotopic pattern is recorded in worldwide sections spanning the late15

Rhaetian to early Hettangian (Galli et al., 2005; Guex et al., 2004; Hesselbo et al.,
2002; Kürschner et al., 2007; Pálfy et al., 2001; Ruhl et al., 2009; Ward et al., 2001).
The TJB crisis is also characterized by a late Rhaetian crisis of carbonate production
and a perturbation of the biological pump in the Tethys seawater column (Kürschner et
al., 2007; van de Schootbrugge et al., 2007, 2008; Clémence et al., 2010a,b; Paris et20

al., 2010).
General Circulation Models and carbon cycle models are a powerful tool to recon-

struct carbon cycle perturbation in the past. Huynh and Poulsen (2005) used a cou-
pled ocean–atmosphere climate model to explore the consequence of an atmospheric
CO2 increase on the late Rhaetian climate. They concluded that the Earth system25

would have been deeply perturbed by an increase of atmospheric CO2, with warm
and dry summers affecting terrestrial ecosystems (Huynh and Poulsen, 2005). On the
other hand, consequences of CO2 degassing on oceanic carbon chemistry have been
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explored using the GEOCARB model (Beerling and Berner, 2002; Berner and Beer-
ling, 2007). These authors suggested that the late Rhaetian negative δ13C excursion
is due to clathrate dissociation (Beerling and Berner, 2002). They also concluded that
the late Rhaetian carbonate production crisis was due to seawater undersaturation with
respect to calcite, following CO2 and SO2 emission from the CAMP assuming both a5

very short duration of the CAMP emplacement (100 kyr) and a pre-crisis carbonate
saturation state of 1.1.

Herein we want to re-explore the consequences of the CO2 emission from the CAMP
with a different carbon cycle model and assuming different CO2 emission patterns ac-
cording to recent paleomagnetic studies of CAMP volcanism. Indeed, degassing of10

CO2 from LIP is usually modeled as a Gaussian distribution over the duration of the
eruption. It has been recently demonstrated that the CAMP emplacement occurred as
a succession of intense and short-lived pulses (Knight et al., 2004). Consequences on
the carbon cycle of such degassing scenarii are tested for the first time, in the specific
paleoenvironmental context of the TJB.15

The geochemical model, COMBINE used in this study, accounts for a rough spatial-
ization of the sedimentary fluxes out of the ocean. This allows a realistic assessment
of carbonate production. Indeed, at the TJB, most of the carbonate production occurs
in epicontinental seas which are only a small part of the global ocean. Following the
Knight et al. (2004) degassing model for the CAMP, we explore the consequences of20

atmospheric pCO2 variations on the production of carbonate in epicontinental seas.
We then compare to the carbonate production perturbations obtained when using a
Gaussian distribution of the degassing over the duration of the CAMP emplacement.
Both degassing models are used to calculate the corresponding variations of sedimen-
tary δ13Corg and δ13Cmin signals. We also explore the consequences of an oceanic25

primary productivity shutdown on the carbon cycle and on the sedimentary carbon
isotopic composition. Finally, we calculate the consequences of degassing isotopically
light carbon (of −20 ‰ rather than the canonical value of −5 ‰) into the atmosphere.
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Indeed, recent studies have highlighted the existence of such low isotopic carbon pools
into the mantle.

2 Model description

2.1 General description

The GEOCLIM model (Donnadieu et al., 2006a) couples the FOAM general circulation5

model or GCM (Donnadieu et al., 2006b) to a model of the main biogeochemical cy-
cles called COMBINE (Goddéris and Joachimski, 2004). The GCM is used to generate
an offline catalogue of continental air temperature Tair and continental runoff R with
a spatial resolution of 7.5 ◦ long×4.5◦ lat. The atmospheric CO2 concentrations used
in the FOAM simulations range from 200 ppm up to 4200 ppm, with an increment of10

200 ppm. At each time step of the GEOCLIM calculation, and for each corresponding
atmospheric pCO2, Tair and R above the continents are calculated through a linear in-
terpolation procedure from the climatic catalogue. This procedure allows simultaneous
calculation of climatic parameters and atmospheric pCO2.

The ocean is longitudinally divided into three parts, two polar oceans and a low- to15

mid-latitude ocean (Fig. 2). Polar oceans are located between −90◦ and −60◦ latitude
for the southern hemisphere and +60◦ and +90◦ latitude for the northern hemisphere.
Each polar ocean includes a photic zone and a deep ocean reservoir. The low to mid
latitude ocean is divided vertically into three parts that are a photic zone, a thermo-
cline and a deep ocean reservoir. Two boxes representing epicontinental seas are20

also included, both with a photic zone and a deep epicontinental reservoir. A twelfth
box represents the atmosphere. A full description of GEOCLIM and its components
COMBINE and FOAM can be found in Goddéris and Joachimski (2004), Donnadieu
et al. (2006a,b) and Simon et al. (2007). Key equations describing fluxes are given in
Table 2.25
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2.2 Weathering fluxes and CO2 consumption

The model describes the biogeochemical cycles for carbon, phosphorus, alkalinity and
oxygen. The steady state pCO2 is defined by the volcanic degassing and the total
continental silicate weathering (that is the sum of the weathering in each continen-
tal cell) at the used continental configuration. Based on recent works suggesting a5

constant oceanic production crust rate for the last 180 Ma (Rowley, 2002), the CO2

degassing background value is set to the modern one; ie. 6.8×1012 mol C yr−1. This
value is chosen to balance present day net global CO2 consumption through silicate
weathering after carbonate precipitation in the ocean. The total silicate weathering flux
is 13.6×1012 moles of atmospheric CO2 yr−1 for present day (Gaillardet et al., 1999)10

and ksilw and kbasw constants are calibrated using a present day control FOAM cli-
matic simulation, assuming that 30 % of the total atmospheric CO2 consumption by
silicate weathering is due to basalt weathering (Dessert et al., 2003). The calibra-
tion constant for phosphate weathering kpw is set so that the modern flux Fpw equals

45×109 mol yr−1 (Donnadieu et al., 2006). Although continental weathering fluxes are15

spatially resolved, the model does not account for a variation in the spatial distribution
of lithologies. All lithological types are assumed to be present in the same proportion
over each continental grid cell (see Donnadieu et al., 2006 for more details).

2.3 Carbonate formation and deposition

Accumulation of neritic carbonates on shelves and accumulation of pelagic carbonates20

on the seafloor are calculated in the model. No constraint is set on the total depo-
sition flux that adapts until the alkalinity removed through deposition and the alkalin-
ity added from continental weathering balance each other. The shelf platform area
is thought to have been larger in the past and is set to be 18 times larger than the
modern one in our study (Walker et al., 2002). The calibration constant for reef car-25

bonate accumulation kcr is calibrated so that the present day deep sea carbonate
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accumulation equals 8.7×1012 mol C yr−1 (Catubig et al., 1998) and the shelfal ac-
cumulation reaches 22×1012 mol C yr−1 (Donnadieu et al., 2006a). In this model, cal-
careous pelagic production is calculated as being 30 % of the total primary productivity
in the considered oceanic box, as long as the saturation of the seawater with respect to
aragonite mineral is above 1.5 (François et al., 1993). If Ωara <1.5, pelagic carbonate5

production is set to zero. For the purpose of the present TJB numerical simulations, we
assume that pelagic carbonate production is restricted to surface epicontinental sea.

2.4 Connection between organic and mineral isotopes

Oceanic primary productivity is modeled as a function of seawater phosphate input
and occurs only in the photic zone. Because we focus on geological timescales, the10

ultimate source of phosphate is continental weathering. The fractionation between or-
ganic matter (OM) and dissolved inorganic carbon is defined as εP (Eq. 1). This εP is
directly influenced by the concentrations of dissolved CO2 ([CO2]aq) and the phosphate
concentration in seawater (Pagani et al., 1999), which are both calculated at each time
step for each oceanic reservoir.15

25 − εP =
(159.5 [PO4]) + 38.39

[CO2]aq
(1)

3 CAMP degassing: constraints and scenarios

A strong temporal coincidence exists between the late Triassic mass extinction, the
first δ13C negative excursion and the CAMP emplacement (Cirilli et al., 2009; Marzoli
et al., 1999; Schaltegger et al., 2007; Schoene et al., 2010; Whiteside et al., 2010).20

The CAMP is often described as the trigger of the TJB mass extinction (e.g. Clémence
et al., 2010a,b; Courtillot, 1994; Galli et al., 2005; Guex et al., 2004; Kürschner et al.,
2007; Paris et al., 2010; Ruhl et al., 2009; van de Schootbrugge et al., 2009). In order to
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estimate the consequences of CAMP emplacement on late Rhaetian carbon cycle, we
establish degassing scenarios, based on geological, geochemical and paleomagnetic
studies of the CAMP.

3.1 Duration

The CAMP consists in floods, sills and dykes outcropping in Africa, South and North5

America and Meridional Europe (Marzoli et al., 1999; Prévot and McWilliams, 1989).
The CAMP total surface is estimated at 2–6×106 km2 with a flood mean thickness
of 150–300 m (Marzoli et al., 1999). The duration of the CAMP paroxysmal activity
phase was estimated at 580±100 kyr using magnetostratigraphy and cyclostratigra-
phy (Olsen et al., 1996). The duration was confirmed by Nomade et al. (2007) using10
40Ar/39Ar ages. Hesselbo et al. (2002) have found the first δ13C negative excursion in
a T-J marine section from UK and a terrestrial section from Greenland together. The
first δ13C negative excursion has been estimated to last between less than 200 ky and
500 ky (Guex et al., 2004; Schoene et al., 2010; Ward et al., 2001) and is interpreted as
occurring during the CAMP volcanism (Fig. 1). Indeed Schoene et al. (2010) suggest15

that the first negative excursion is concomitant to the emplacement of North Mountain
basalt formation (NMB, Fundy basin), itself contemporaneous to the Orange Moutain
basalt formation (OMB, Newark basin). Observation and geochemical evidences (Mar-
zoli et al., 2004) indicate that a portion of the intermediate unit and the entire lower
unit are absent in the Newark Basin (Fig. 1). Thus a significant part of CAMP could be20

erupted before the emplacement of these units (Cirilli et al., 2009; Knight et al., 2004;
Marzoli et al., 2004), and, as a consequence, prior to the first excursion. The total du-
ration is estimated at 500 kyr, in agreement with the estimated duration of the CAMP
paroxysmal activity (Marzoli et al., 1999; Olsen et al., 1996; Schoene et al., 2010).
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3.2 Degassing pattern

CAMP was erupted in several major phases separated by periods of volcanic quies-
cence allowing the deposition of sediments. A close-up reveals that each volcanic
phase consists in the emplacement of successive lava flows. Isotopic dating yielded
ages with uncertainties, which remain by far too large to determine the tempo of the5

emplacement of the volcanic pile (Knight et al., 2004). To overcome this difficulty, a
relative chronometer using the secular variation of the Earth magnetic field has been
developed (Mankinen et al., 1985). Superimposed lava flows of LIPs provide a suite
of snapshot of the Earth magnetic field recorded during the cooling of lava (Manki-
nen et al., 1985; Riisager et al., 2002, 2003; Knight et al., 2004; Chenet et al., 2008,10

2009; Moulin et al., 2011). Several successive lava flows can display statistically in-
distinguishable paleomagnetic directions revealing that this group of lava flows (also
called volcanic pulse) were erupted over a period likely shorter than 400 yr (Knight et
al., 2004), or perhaps as short as a century or even less for the Deccan traps (Chenet et
al., 2008, 2009; Moulin et al., 2011). Knight et al. (2004) applied this method on a sec-15

tion sampled in Morocco to determine the tempo of volcanism. This section is divided
into a Lower Unit, an Intermediate Unit and an Upper Unit according geochemical data
and changes in flow texture. Each unit consists in a pile of superimposed lava flows
with occasionally intertrappean sedimentary layers. Based on the analyses of mag-
netic directions, Knight et al. (2004) recognized within the 3 volcanic units, 5 volcanic20

pulses erupting large amounts of basalt (∼104 km3 each) and one single lava flow. Be-
cause the North African part of CAMP was partly formed earlier than that of North
America, we chose to represent the whole CAMP eruption as ten identical volcanic
pulses equally spaced in time rather than considering three pulses only as described
by Schaller et al. (2011) or six as described by Knight et al. (2004).25
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3.3 Volume of degassed CO2

The volume of CO2 likely released during CAMP emplacement is bracketed by a “low”
and a “high” hypothesis (Table 1). The first (“low hypothesis”) corresponds to a total vol-
ume of 1400 Gt C (McHone, 2002). The second one (“high hypothesis”) corresponds to
the CO2 that would be degassed by the highest possible estimated basalt volume of the5

CAMP, including not only outcrops and seaward dipping reflectors from eastern USA
but also a volume of intrusive CAMP rocks doubling roughly this total amount (Beerling
and Berner, 2002). The CO2 release is calculated using a CO2 content of 0.6 % wt in
the magma and a 100 % degassing. Total CO2 emissions then reach 34 900 Gt C. The
discussion will be oriented towards the hypothesis of an emitted CO2 amount similar10

to the one used by Berner and Beerling (2007), 21 200 Gt C or 77 700 Gt CO2. This
is roughly twice the total amount of CO2 (33 600 Gt CO2) suggested by Schaller et
al. (2011) but this setting allows a comparison with previous modeling studies.

3.4 Degassing scenarii used for modeling

The degassing from LIP basalt flooding is usually modeled as a Gaussian distribution15

or a step function spanning the trap emplacement (Beerling and Berner, 2002; Dessert
et al., 2001; Grard et al., 2005). To test the potential role played by the CAMP in the
TJB mass extinction, two different degassing scenarios have been modeled (Fig. 3).
The first one (A) is represented by a Gaussian degassing over 500 kyr. The sec-
ond one (B) consists in a succession of ten identical pulses lasting 100 yr each and20

uniformly distributed over 500 kyr. Each of these peaks represents then 2100 Gt C or
6300 Gt CO2, half the 11 000 Gt CO2 peaks for each of the three pulses evaluated by
Schaller et al. (2011, Fig. 3a). Two different degassing patterns are tested, with same
duration and total amount of degassed CO2 (21 000 Gt C).
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4 Parameters of the carbon system

DIC and alkalinity

The results of the model will first be described in terms of carbon partition in the dif-
ferent reservoirs. In the case A (Gaussian degassing), CO2 emissions from the CAMP
are mostly buffered by the ocean, limiting atmospheric pCO2 increase and average5

saturation state and pH decrease in the global ocean, from 2.15 to 1.65 and by 0.25 pH
unit, respectively. In epicontinental seas, pH decreases by 0.2 units while alkalinity and
DIC (Dissolved Inorganic Carbon) increase (resp. from 2.6 to 4 mmol kg−1 and 2.65 to
3.85 mmol kg−1). Contrasted responses are observed depending on the considered
part of the modeled ocean. The alkalinity increase is due to warming following the atmo-10

spheric CO2 increase, enhancing continental weathering, counteracting for the ocean
acidification due to CO2 increase. This leads, in the model, to favorable conditions
for reef carbonate production (increase of the saturation state), which increases from
22×1012 to 31×1012 mol C yr−1 (Fig. 4). Organic matter sedimentation increases from
3.5×1012 to 4.7×1012 mol C yr−1 and pelagic carbonate production from 3.4×1012

15

to 4.4×1012 mol C yr−1, generating a storage of carbon out of the ocean-atmosphere
system.

In case B (pulse degassing), concomitant to each pulse, the CO2 ocean uptake
flux is reversed from an equilibrium flux of 13×1012 mol C yr−1 from the atmosphere
to the ocean to 150×1012 mol C yr−1 from the ocean to the atmosphere likely due to20

fast ocean acidification generating a realease of CO2 by the ocean. Variations of the
ocean-atmosphere exchange fluxes constitute the most striking difference simulated
between scenarios A and B. The ocean can not absorb CO2 because the emission
rate is too large during the pulses. Short term peaks of 750 ppm atmospheric pCO2 in-
crease (Fig. 3c) are associated with short term decreases by 0.15 pH units in the world25

ocean (and in epicontinental seas) associated to saturation state decrease (Fig. 4).
This leads to a succession of dropdowns in neritic carbonate production (decrease
of 7.5×1012 mol C yr−1, i.e. 30 %), yet stacked on a long-term increase of the reef
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production flux from 22×1012 to 26×1012 mol C yr−1 due to the overall increase in al-
kalinity following enhanced weathering. On the other hand, primary production seems
to be favored by these peaks of CO2 emission. The calcareous pelagic production be-
ing calculated to be proportional to global primary production, the modeled pelagic
carbonate production is marked by short term increases of 0.5×1012 mol C yr−1 and5

long term increase of 3.4×1012 to 4.2×1012 mol C yr−1, thus generating a different
response compared to the reef production one.

5 Carbon isotopic signals

5.1 Isotopic fractionation due to atmospheric pCO2 increase

The CO2 degassing impact on δ13C in case A and B is shown for the atmospheric10

reservoir, organic matter and carbonates produced in the photic zone of the epiconti-
nental sea (Fig. 5). Global trends are similar for both scenarios. Atmosphere and OM
are affected by a decrease of the δ13C values, more intense with the Gaussian sce-
nario (case A, −3 ‰ in OM and −2 ‰ for atmospheric carbon) than the pulse scenario
(case B). The total duration of the negative excursion is longer for the scenario B. The15

3 ‰ δ13Corg negative excursion simulated in the case A where εP is pCO2 dependent
(Eq. 1) is of the same order than the −4 to −6 ‰ excursion observed in late Rhaetien
organic sediments. However, the tested scenario fails in reproducing the totality of neg-
ative isotopic excursion recorded in TJB sediments.

5.2 Isotopic composition of the emitted CO220

The isotopic composition of carbon emitted by the CAMP used in this model is −5 ‰.
However Deines (2002) established the existence of a minor pool of light mantellic car-
bon (δ13C values from −22 ‰ to −26 ‰), which was observed in the dissolution residue
of mantle minerals (olivine, pyroxene) and rocks, and thought to be indigenous to the
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mantle based on data from various xenoliths. Deines (2002) explicitly rejected the pos-
sibility of secondary contamination of the samples by organic carbon. The δ13C analy-
sis of xenoliths from basalts highlighted a bimodal distribution with two main peaks at
−5 ‰ and −25 ‰ although the geologic occurrence of this light carbon has not been
clearly delineated (Deines, 2002). This is the case for xenoliths from both hotspot and5

non-hotspot volcanoes and xenolithes from kimberlites. According to Deines (2002),
the light δ13C signatures are consistent neither with assumed limited indigenous car-
bon isotope variability within the mantle, nor with the supposition that all 13C depleted
carbon are of surface origin. Such a bimodal δ13C distribution is not as obvious in
diamond δ13C values only (Cartigny, 2005). However, the δ13C distributions of the10

peridotic and eclogitic diamonds are significantly different. The range is narrower for
peridotic diamonds (δ13C values from −26.4 to +0.2 ‰) compared to eclogitic dia-
monds δ13C, from −38.5 to +2.7 ‰ (Cartigny, 2005). These values can be due to
either distinct carbon source or primordial variability or isotope fractionation at mantle
temperature, the first hypothesis being the favored one (Cartigny, 2005). A more recent15

study exhibits diamonds from the Dachine komatiite with characteristics very close to
the carbonados (diamonds with δ13C of ca. −25 ‰) the latter being sometimes inter-
preted as extra-terrestrial in origin, suggesting a possible mantellic origin of such light
isotopic composition (Cartigny, 2010). This study suggests the existence of pools with
carbon depleted in 13C at the transition zone. The origin of the CAMP tholeiitic series20

seems to be rooted in the lithosphere (McHone, 2000) but ultimately linked to the as-
cent of the Central Atlantic plume at the base of the lithosphere and later lithospheric
contamination. However, pools of light isotopic carbon seem to exist in the mantle, with
unclear origin and/or location. A degassed CO2 with a carbon isotopic composition of
−20 ‰ appears nevertheless as a relevant modeling hypothesis, acknowledging that25

all or only part of the degassing CO2 could be concerned by this low isotopic signa-
ture. We test the consequences of such light degassed carbon on the late Rhaetian
carbon cycle (Fig. 6). If the δ13CC02

value is set to −20 ‰, the intensity of the modeled
CIE (carbon isotopic excursion) is closer to the sedimentary geochemical signal. The
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isotopic composition of OM is the most significantly affected, with a −6 ‰ negative ex-
cursion, while the isotopic composition of the atmosphere is lowered by −2.5 ‰ and
that of the carbonates by −3 ‰. The results fit to the sedimentary records, the 12C en-
richment being more pronounced in OM than in carbonates. This difference of intensity
could be explained by the increase of fractionation related to the increase of atmo-5

spheric pCO2 (Eq. 1) and, to a lesser extent by the difference of intensity of the flux
(carbonate deposition flux is one order of magnitude bigger than the OM deposition
flux.

5.3 Consequences of oceanic primary productivity shutdown

Drastic perturbation of the biological production can have a large effect on carbon iso-10

topic shift. In our model, the CAMP CO2 degassing induces an increase in the biolog-
ical production. This is due to the atmospheric pCO2 increase and coeval increase of
weathering and phosphorus delivery flux, promoting bioproductivity in the ocean. This
is not consistent with data suggesting a decrease in primary production across the TJB.
In order to test the influence of primary production crisis on the isotopic composition of15

the carbon reservoirs, we force a dropdown of the biological activity.
A total shutdown of the oceanic primary productivity is unlikely to have occurred

during the late Rhaetian event but is used as an extreme hypothesis to explore the
consequences on the isotopic composition of the sedimentary carbon across the TJB,
independently from any CAMP degassing. Thus, we forced the production to stop20

for (1) 50 kyr and (2) 500 kyr in order to test the influence of primary production on
the δ13Corg signal (Fig. 7). In both cases, the shutdown is set to occur instanta-
neously while the recovery is exponentially defined so that the primary production level
reaches 2/3 of its pre-crisis intensity within 100 kyr. In the 50 kyr case, the atmospheric
CO2 concentration increases by 200 ppm only as oceanic productivity stops and in the25

500 kyr case, the atmospheric pCO2 increases from its background level to 2200 ppm.
The phase of biological productivity shutdown itself generates a +5 ‰ excursion in

δ13Corg signal. This signal can not be extensively interpreted insofar as virtually no
2089
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oceanic organic matter is produced according to our scenario. However, these δ13Corg

excursions are likely explained by the much lower uptake of 12C by a strongly de-
creased primary production. Both atmosphere and carbonates δ13C compositions de-
crease by 1 ‰. In the 500 kyr scenario, the negative excursions in atmosphere and
carbonates δ13C values last as long as the productivity is stopped.5

As soon as productivity starts to recover, δ13Corg values decrease, due to CO2 con-
centration increase that maximizes the isotopic fractionation between CO2 and biolog-
ical organic matter. This counteracts for the phosphate accumulation and likely lowers
isotopic composition of seawater itself due to 12C relative accumulation. Recovery of
oceanic bioproductivity is associated to a negative excursion in δ13Corg values in both10

cases, but in the 50 kyr scenario, the amplitude is modest (0.5 ‰) while a −2 ‰ neg-
ative excursion is observed in the 500 kyr scenario. According to the present model,
even an almost complete shutdown of the primary production is not sufficient in itself
to reproduce the intensity of the observed first excursion (late Rhaetian) in the δ13Corg
signal.15

6 Discussion

Computing the biological response to volcanic emissions is a challenging issue. We
can not predict continental biosphere response to our scenario, such as direct biomass
poisoning or burning by basalt flooding as previously suggested (van de Schootbrugge
et al., 2009). CAMP emissions are suspected to have contained SO2 and dusts, gener-20

ating aerosols, enhancing seawater acidification and atmosphere darkening (McHone,
2002; Guex et al., 2005). There is also an impact on the continental weathering flux
due to dissolved sulfuric acid (Li et al., 2008). In such a case, continental carbonate
dissolution acts as a positive feedback on atmospheric pCO2, releasing carbon in the
ocean-atmosphere system. These parameters are not taken into account in the model,25
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because of the lack of constraints on the flux and their consequences on the carbon
cycle.

One of the remaining questions about our results is the pelagic carbonate produc-
tivity response to the degassing scenario of the case B. The increase in calcare-
ous pelagic production calculated by the model contrasts with the decrease in size5

and abundance of Prinziosphera observed in the late Rhaetian Austrian section from
Kuhjoch and interpreted as successive acidification events (Clémence et al., 2010b).

The global biological productivity increase, due to an increase in phosphate weath-
ering, is inconsistent with the paleontological observations and shows the limit of com-
puting primary productivity as a function of phosphate delivery together with pelagic10

carbonate production as a function of primary productivity. In a biological crisis situ-
ation, species have different responses and in the case of the TJB crisis, calcareous
organisms in epicontinental seas are affected and are supplanted by picoplankton or
organic-walled organism (Clémence et al., 2010a,b; Paris et al., 2010; van de Schoot-
brugge et al., 2007). As a consequence, calcareous pelagic organisms might be in-15

fluenced by saturation state variations in the same way as reef building organisms,
reinforcing the carbonate production crisis observed in the late Rhaetian. The acidifi-
cation observed in Austria events slightly predates the late Rhaetian carbon isotopes
negative excursion. According to Marzoli et al. (2004), this is also the case for the onset
of the CAMP in Morocco. As a consequence, late Rhaetian acidifications of Austrian20

basin, occurring prior to the first excursion (Clémence et al., 2010b) could be due to
the early CAMP volcanic phase. Our results suggest that 0.15 pH decrease occurring
in less than 200 yr alter reef productivity. The sedimentary record show that plankton is
affected as well, so such peak of degassing and consequent oceanic acidification are
likely to strongly perturb calcareous primary producers. Furthermore, short and strong25

perturbations of seawater chemistry are probably more likely to generate a biological
crisis than moderate perturbation of seawater chemistry due to an evolution of the at-
mospheric CO2 content on a scale of hundred thousand years. Succession of pulses
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could also affect successively different species, potentially explaining the dispersion of
extinctions observed in available sections (Hesselbo et al., 2007).

Indeed, modeling a Gaussian carbon emission does not significantly perturb the car-
bon cycle at the TJB, even if a global atmospheric pCO2 increase is observed in our
model. Over such a time span, oceanic CO2 remains in equilibrium with atmospheric5

CO2 and weathering fluxes counteract for atmospheric pCO2 increase in epicontinen-
tal seas. Indeed, the alkalinity delivered by weathering to epicontinental seas leads
to an increase in the reef production. Due to mixing time, alkalinity cumulates in the
epicontinental sea and counteracts for the pH diminution mirroring the atmospheric
pCO2 increase. The main part of the carbonate production occurs in this epicontinen-10

tal photic zone, neritic production increases as well (Fig. 4a). Epicontinental bottom
waters (Fig. 4b) and open ocean epicontinental zone (Fig. 4c) are not the main place
for carbonate factory in the late Triassic oceans. The only way to decrease the satura-
tion state in the epicontinental photic zone is simulated by scenario B (Fig. 4a).

The simulated pulse-like degassing induces 15 ky lasting diminution of reef produc-15

tion with maximum diminution of 30 %. Nevertheless, the underlying mechanism is
not undersaturation in itself, rather a significant decrease in oceanic saturation state.
Abrupt atmospheric pCO2 increase induces the formation of bicarbonate ion in sea-
water to the detriment of carbonate ions. Previous modeling results had contrasted
conclusions concerning variations of the seawater saturation state, suggesting that20

undersaturation could be reached at the TJB for the entire ocean (Berner and Beer-
ling, 2007). The required conditions to generate an undersaturation are 21 000 Gt C
degassed by the CAMP, emitted onto the atmosphere in 100 kyr and a pre-perturbation
saturation state fixed by the authors at a value of 1.1 (Berner and Beerling, 2007).
The CO2 degassing is associated to huge amount of methane and SO2 delivered to25

the atmosphere. The considered values are lying in the upper range of independent
estimates, as stated by the authors (Berner and Beerling, 2007).

Concerning the pre-crisis saturation state, the value in the present study is calcu-
lated with our geochemical box model. The calculated value is a saturation state of 2.1
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(compared to a modern value of 4), much higher than the 1.1 value (Berner and Beer-
ling, 2007). This reinforces our main conclusion that Gaussian-like degassing is not the
mechanism responsible for the carbonate production crisis and that undersaturation is
not reached. This underlines the influence of pulse-like degassing at the TJB.

7 Conclusions5

A carbonate production decrease is observed in the late Rhaetian, concomitant to a
negative excursion in both δ13Corg and δ13Cmin values and an increase in atmospheric
pCO2. The negative excursion is estimated to last for 200–500 kyr, consistent with es-
timate of the paroxysmal phase of CAMP emplacement duration. Three major points
are taken out of this study. (1) To explore the consequences of LIP degassing on the10

paleoenvironment in a given geological context, not only the degassing scenario but
also the paleogeography play a key role. Different part of the ocean will have differ-
ent response. Paleocirculation in the Panthalassa would help to better constrain the
consequences of atmospheric CO2 increase. (2) The response of biological pump to
such environmental perturbation remains poorly understood at a large scale and is15

more complex than what can be taken into account in the model in its present form.
(3) Clathrates might not be the only source for intense negative carbon isotope excur-
sions in the geological past of Earth.

1. The CAMP emplacement occurred as intense pulses shorter than 400 yr (Knight
et al., 2004). By modeling a degassing of ten pulses of 100 yr, we observe a20

succession of 30 % carbonate production decreases in contrast with the conse-
quences of the traditionally used Gaussian-like degassing over the duration of the
paroxysmal phase. This decrease occurs even if undersaturation is not reached
in the ocean.

2. Break down of biological primary productivity can also account for part of the25

sedimentary carbon isotope excursions and for part of the atmospheric pCO2
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in this model. However, it is hard to quantify and does not allow reaching the
expected level. The results of the present calculations emphasize the role played
by intense volcanism on carbonate production but does not account for expected
sulfur dioxide emissions that could lead to enhanced acidification of seawater,
continental biomass poisoning (van de Schootbrugge et al., 2009) and potential5

cooling (Schoene et al., 2010). It shows however that a progressive degassing of
CO2 to the atmosphere over 500 ky is not able to alter the chemical composition
of epicontinental seas in a way such that calcareous production is perturbed,
in agreement with micropaleontological studies from Austria (Clémence et al.,
2010b).10

3. Nevertheless, this CAMP degassing scenario and associated present modeling
fails to reproduce the observed negative δ13C excursion in the late Rhaetian sed-
iments. At the present level of understanding of the carbon cycle, the most effi-
cient way to mimic carbon isotope excursions linked to volcanic degassing during
major environmental crises is obtained by adding carbon with a very low iso-15

topic signature to the atmosphere. So far, this has been simulated by assuming
methane degassing or a contribution of sedimentary organic carbon in metamor-
phic processes. Deines (2002) and Cartigny (2010) have inferred the existence of
mantellic carbon with low isotopic composition and such marked isotopic signa-
ture may potentially come directly from the mantle. By assuming a −20 ‰ isotopic20

composition for the CO2 released by the CAMP, we reproduce the intensity of the
first negative excursion in δ13Corg values. This is a speculative but interesting hy-
pothesis which should be further explored, particularly to fix the allowed range of
carbon isotope signature of mantle degassed carbon.
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Table 1. Estimations of the CO2 volume emitted by the CAMP.

Basalt volume CO2 content % degassed Gt CO2 Gt C
(km3) % wt CO2

McHone (2002) 2.385×106 0.117 70 % 5200 1420
low hypothesis

Olsen (1999) 8×106 0.6 100 %∗ 128 000 34 910
high hypothesis

∗ Estimation of Beerling and Berner (2002).
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Table 2. Equations describing the carbon cycle used in the model with K0 constant, pCOatm
2

the atmospheric pCO2 (partial pressure of CO2), pCOj
2 the dissolved pCO2 in reservoir j ,

R the perfect gas constant, E silw
a , Ebasw

a and Epw
a the apparent activation energy of granite

(48 200 J mol−1), basalt (42 300 J mol−1) and phosphorite (34 777 J mol−1) weathering, respec-
tively. npixel is the number of continental grid cells, area (i ) is the surface of the continental grid
cell i , T (i ) and run(i ) are respectively the mean annual ground air temperature and the mean
annual runoff for grid cell i . The number of superficial oceanic reservoir is nreservoir and surf(j )
represents the oceanic reservoir surface of the grid j . Hsoil,I is the proton concentration in soil

solution for pixel I, [Ca2+]eq: the calcium concentration within a solution soil calculated for each
time step and for each pixel i . For neritic carbonate production, Aplatform is the shelf plateform
area occupied by platform carbonate, Ωara the aragonite solubility ratio and kcr a calibration
constant.

Air-sea CO2 flux Fatm =
nreservoir∑

j=1
K0 ·

(
pCOatm

2 − pCOj
2

)
· surf(j ). Sarmiento et al. (1992)

CO2 consumption – Fsilw =
npixel∑
i=1

ksilw · run(i ) · area(i ) · exp
[
E silw

a

R

(
1

T (i ) −
1
T0

)]
Oliva et al. (2003)

granite weathering

CO2 consumption – Fbasw =
npixel∑
i=1

kbasw · run(i ) · area(i ) cot exp
[
Ebasw

a

R

(
1

T (i ) −
1
T0

)]
Dessert et al. (2001)

basalt weathering

Phosphate weathering Fpw =
npixel∑
i=1

kpw · run(i) · area(i ) · exp
[

Epw
a

R ·T (i )

]
· H0.27

soil,i Derived from Guidry

and Mackenzie (2003)

Carbonate weathering Fcw =
npixel∑
i=1

kcw · run(i ) · area(i ) ·
[
Ca2+

]
eq

Neritic carbonate flux Fneritic = kcr · Aplatform · (Ωara − 1)1.7 Opdyke and Wilkinson (1993)
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Fig. 1. Synchronicity between the late Rhaetian-early Hettangian sedimentary organic car-
bon isotopic composition negative excursion CAMP floodings from North America and Mor-
rocco, and Triassic-Jurassic boundary. Synchronicity between CAMP flooding and the New-
York Canyon basin δ13Corg signal comes from Schoene et al. (2010) with the TJB being de-
fined as first occurrence of Psiloceras spelae in the Pucara basin (Peru). The TJB position
from Schaller et al. (2011) is based on palynological data from the Newark basin and the TJB
position from Cirilli et al. (2009) is based on palynological assemblages from the Fundy basin.
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Fig. 2. Geometry of oceanic boxes used in the GEOCLIM model.
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Fig. 3. (a) Calculated atmospheric pCO2. The first peak (1) corresponds to the lowest volume of
Table 1 (1440 Gt C) and (2) corresponds to the highest volume possible (34 290 Gt C). An inter-
mediate volume 21 220 Gt C (scenario A) emitted fits the CO2 emission calculated by Beerling
and Berner (2002) and is the total flux used for scenarios A and B (Fig. 3b). (b) Scenario A
is a Gaussian flux, Scenario B consists in ten identical pulses. (c) Atmospheric pCO2 evolu-
tion according to the scenarios A and B. Dotted lines indicate atmospheric pCO2 proportional
increase.
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