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[1] The Triassic-Jurassic transition (TJ) is characterized by successive perturbations of the carbon cycle
during a time of biotic disruption as recorded by the carbon isotopic composition of organic matter
(6" Corg). The nitrogen isotopic composition of sedimentary organic matter (615N0rg) constitutes a key
parameter to explore the functioning of the ecosystem during carbon cycle perturbations and biological crises,
because it provide information on seawater redox conditions and/or nutrient cycling. Here we report the
first continuous ¢ 15NOrg record across the TJ transition at the Doniford Bay section (Bristol Channel Basin,
UK), combined with §'3C,,,, kerogen typology and carbon (6 BCmin) and oxygen (6'¥Opmin) isotopic com-
position of bulk carbonates. The end Triassic is characterized by a major negative excursion both in § 13'Corg
and 6"°Cppin, very low TOC (Total Organic Carbon, wt%) and high 6 15 N,y values, associated with a sea
level lowstand. A second ¢ 13COrg negative excursion occurs during the lower Hettangian. This interval is
characterized by phases of carbonate production increase alternated with phases of exceptional accumu-
lations of type I organic matter (up to 12%) associated with lower 615N0rg and 6" Corg This alternation
likely reflects a succession of nutrient input increase to the basin leading to enhanced productivity and
eutrophication, which promoted a primary production driven by organic-walled prokaryotic organisms.
The following OM export increase generates anaerobic conditions within the basin. These events occur
between periods of relatively good seawater column ventilation and nutrient recycling boosting the carbonate
producer recovery. Ecosystems remain perturbed in the Bristol Channel Basin during the aftermath of
the end-Triassic crisis.
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1. Introduction

[2] The late Rhaetian crisis is recognized as one of
the “big five” extinction events [Raup and Sepkoski,
1982] and the early Jurassic is associated with a
time of recovery in an environment that remains
perturbed [Twitchett and Barras, 2004; Mander
et al., 2008; Clémence et al., 2010]. A pronounced
sea level fall during the late Rhaetian followed by
a rapid sea level rise in the earliest Hettangian
(Pre-planorbis beds [Hesselbo et al., 2004] is rec-
ognized across Europe [Hallam and Wignall, 1999].
The Triassic-Jurassic boundary (TJB) is also marked
by the emplacement of the Central Atlantic Mag-
matic Province (CAMP), one of the most important
magmatic provinces of the Phanerozoic [Courtillot,
1994; Marzoli et al., 2004; Nomade et al., 2007].

[3] The carbon isotope record at the Triassic-
Jurassic transition suggests high instability and
successive perturbations of the carbon cycle during
a time of biotic disruption in both marine and ter-
restrial realms [Ward et al., 2001; Hesselbo et al.,
2002; Guex et al., 2004; Hesselbo et al., 2004;
Kiirschner et al., 2007; Hesselbo et al., 2007; Palfy
etal., 2007; Tomasovych and Siblik, 2007; Williford
et al., 2007]. Sea level variations impact the surface
of continental margins where the carbonate factory
is essentially located in the early Mesozoic and have
been suggested as a trigger of the TJ biological
crisis [Hallam, 1992]. Despite this influence of sea
level variations on the carbon cycle, the global §'*C
signal perturbations cannot be interpreted as the
consequence of a mere sea level fall. The CAMP
emplacement together with methane release was
invoked as the main triggers of the crisis [Pdlfy et al.,
2001; Beerling and Berner, 2002; Hesselbo et al.,
2004]. Indeed, the CAMP paroxysmal phase has
been shown to last between 200 ka and 500 ka close
to the end-Triassic mass extinction [Knight et al.,
2004; Cirilli et al., 2009; Schoene et al., 2010].
The consequences of large igneous province activity

on the biosphere and the carbon cycle are thought
to be linked to changes in atmosphere chemical
composition, mainly SO, and CO, input [ Wignall,
2001a; McHone, 2002; Guex et al., 2004; van
de Schootbrugge et al., 2009]. The way CAMP
emplacement impacts carbon cycle and marine
environments is a challenging question investigating
the relationships between atmospheric composition
and ecosystems functioning.

[4] Recent studies focused on the palaco-ecology of
the marine ecosystem combined with geochemical
parameters to try to shed light on the patterns and
mechanisms of the Triassic-Jurassic biotic and
environmental perturbations [Barras and Twitchett,
2007; van de Schootbrugge et al., 2007; Mander
et al., 2008; Clémence et al., 2010; M.-E. Clémence
et al., Bentho-planktonic evidence of end-Triassic
sea-surface carbonate production decline in Austrian
Alps, submitted to Swiss Journal of Geosciences,
2010]. According to micropaleontological data,
Clémence et al. [2010] show that immediately after
the end Triassic crisis, the carbonate pump recovery
in the Bristol Channel Basin seems interrupted by
episodic phases of anoxic events. Nitrogen isotopic
composition of sedimentary organic matter (6'° Norg)
provides information on seawater redox conditions,
nitrogen metabolism in the basin and/or continental
versus marine organic matter (OM) contribution
[Peters et al., 1978; Sephton et al., 2002]. These
data thus constitute a key parameter to explore
the functioning of the ecosystem during carbon
cycle perturbations and biological crises. Hereafter,
we explore the 615NOrg signal from the Rhaetian-
Hettangian transition in the Doniford section
(Somerset, England) at high resolution. We present
a continuous 615Norg record across the Triassic-
Jurassic transition together with Rock-Eval (RE)
data, carbon isotopic composition of organic matter
(613C0rg) oxygen and carbon isotopic composi-
tions of carbonates (6'°Opmi, and 6'°Cpyn), and
micropaleontological data [Clémence et al., 2010].
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[Hounslow et al., 2004].

Together with sedimentological information, this
data set highlights changes in sea level variations,
redox state modifications, changes in nutrient avail-
ability and primary producers, food-chain struc-
ture (or complexity) in the Bristol Channel Basin
across the TJB carbon cycle perturbations.

2. Doniford Section: Lithological
and Sedimentological Information

[5] Late Triassic and Early Jurassic marine strata
are well exposed on the west Somerset coastline
(southern England, Figure 1), between Blue Ben
[ST 110440] and Watchet (Helwell Bay) [ST 083433].
Doniford Bay is located about 1 km eastern of
Watchet harbor and 2 km western of St Audrie’s
Bay [Whittaker and Green, 1983]. The section is
located on the foreshore of the Watchet fault, in
the western part of the Doniford Bay [ST 0765
4362]. The late Triassic and early Jurassic sedi-

Location of the Doniford section with respect to St Audrie’s bay section and Somerset northern coast

ments (nearly 200 m thick) of SW England are
laid down as a succession of east-west extensional
basins (Figure 1b). Rhaetian conditions are essen-
tially marine [Hesselbo et al., 2004]. A sea level rise
is observed, culminating with a Maximum Flooding
Surface during the deposition of the late Rhaetian
Westbury Formation (Figure 2). Dark gray mud-
stones including limestone horizons are deposited
in this offshore setting. The overlying Lilstock Fm
(formation) is marked by a sea level fall during the
time of deposition of the Cotham Member (below
the Langport Member), corresponding to an inner-
shelf tidal environment, and lowstand dominates
during the Langport Member deposition. Litholo-
gies of the sampled part of the stratigraphic suc-
cession, above the Cotham Member, are reported
in Figure 2. A rapid sea level rise occurs during
the early Hettangian and outer-shelf marine environ-
ments are maintained in the area through the early
Jurassic (Lias Group) marked by the alternation of

Figure 2. Stratigraphical and lithological logs of the Doniford section. (a) Mineral carbon content (CaCO3 wt%);
carbon and oxygen isotopic composition (versus PDB %o). (b) Organic carbon content (TOC, wt%); carbon and
nitrogen isotopic composition (versus PDB and AIR, respectively, %o). (c) RE-based redox conditions (column 1); com-
parison with micropaleontological data: nannofossils and organic walled organisms (column 2); benthic foraminifers
abundance peaks (column 3). See auxiliary material. Closed circles (resp. open) are for samples with HI > 650 (resp.

HI < 650) mgHC/gTOC.
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Figure 3. The Van Krevelen HI versus Ol diagram
drawn after RE data. Lilstock Fm samples display
features of continental, altered and/or recycled OM
(Type III or IV). By contrast, Blue Lias Fm samples dis-
play alternation of type II OM (marine organic matter
usually constituted of spores, cuticules and animal
remains) and type I OM (essentially constituted of bacteria
and algae remains, i.e., picoplankton and organic-walled
phytoplankton). Occurrence of type I OM is associated
to exceptional sedimentary organic matter enrichment in
the planorbis subzone (bed 7 to 24, hereafter area Z).

laminated shales, marls and limestones [ Wilson,
1990; Hesselbo et al., 2004].

3. Material and Methods

3.1. Sampling

[] A high resolution sampling was carried out
(about 8 samples per meter), starting in the Lilstock
Fm and ending almost at the top of the Planorbis
subzone of the Blue Lias Fm. The minimum
duration of the Planorbis subzone is estimated to
be 190 ka [Weedon, 1999] or 250 ka [Ruhl et al.,
2010]. The sampling is covering almost 11 m
across the exposed section. The Planorbis subzone
covers about 5 m and sampling spatial resolution
is likely associated to a temporal resolution of 5—
10 ka. The whole data set is reported in Figure 2.

3.2. Isotopic Analysis of Carbonates

[7] Values of §'3Cpy, and 6'%0,,;, from carbonates
were measured with a “Delta V Advantage”
(ThermoScientific) isotope ratio gas mass spec-
trometer directly coupled to a “Kiel IV’ automatic
carbonate preparation device (reaction at 70°C

under vacuum) at the SSMIM (Muséum National
d’Histoire Naturelle of Paris, France). Analyses
were calibrated via NIST 19 to the VPDB (Vienna
Pee Dee Belemnite) scale. The overall precision of
the measurement was better than 0.03 and 0.04%o
for carbon and oxygen isotopic composition, respec-
tively. Reproducibility of replicated standards is
typically better than +/— 0.1%o for §"°Cp, and
580 min-

3.3. Isotopic Analysis of Kerogen

[s] Bulk sediments were rinsed twice with deionized
water and dried before being powdered (20 to 40 g).
Ten g of powdered rocks samples are processed
by successive acid treatments (HCIl and HF) under
inert atmosphere (N,) at 80°C followed by water
washings [Durand and Nicaise, 1980]. Recovered
kerogens are dried at 100°C under nitrogen flow,
ground, weighed, and stored under inert headspace
(Ar or N,) to avoid oxidation. Nitrogen and carbon
isotopic compositions on bulk sedimentary organic
matter were measured on an Elemental Analyzer -
Isotope Ratio Mass Spectrometer (EA-IRMS from
GV Instruments). Accuracy and reproducibility were
checked on laboratory organic standard (¢ 15NOrg =
2.140.2 %o and §"°Cyy = =29.6 = 0.2 %o with n =
87). This laboratory standard was calibrated for
5! Norg Vvalues relative to international standards
IAEA N1 and IAEA N2 and for 6" Corg values rela-
tive to international standard NBS19 [Coplen et al.,
2006]. 6 ]SNorg and 6" Corg are expressed relative to
atmospheric nitrogen (AIR) and PeeDee belemnite
(PDB) respectively.

3.4. Rock-Eval Analyses

[s] Analyses were performed on a Rock-Eval 6
device (IFP, France). The device was calibrated
with the IFP standard 160 000, and the methodol-
ogy described for bulk rocks in [Behar et al., 2001]
is applied. Typology of organic matter (OM) was
determined using hydrogen and oxygen indexes
(respectively HI and OI, reported in Figure 3, a Van-
Krevelen like diagram). Tmax values, ie. tempera-
tures at which the maximum release of hydrocarbons
from cracking of kerogen occurs during pyrolysis,
provide information on the thermal maturation
stage of the organic matter. Ty, values (auxiliary
material) range from 412 to 430°C for the overall
section attesting an excellent preservation of sedi-
mentary organic matter." Rock-Eval analyses pro-
vide both mineral carbon and sedimentary organic

! Auxiliary materials are available at ftp:/ftp.agu.org/apend/gc/
2010gc003161.
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Figure 4. TOC versus CaCOj; diagrams sketch in the redox conditions and the sedimentation controls of the sedi-
mentation realm provided that sedimentation background rate and organic matter content in background component
(TOCpack) are known [Ricken, 1993]. (a) Entire data set; (b) WX, W and Y domains; and (¢) Z domain. A negative
correlation of the TOC versus MINC crossplot indicates a sedimentation dominated by carbonates, ie. a roughly
constant input of siliciclastic (SC) sediments and organic matter and variable CaCO; input. The sedimentation
background rate is the SC sedimentation rate and the TOC,,, is read as the intercept of the correlation trend with the y
axis [Ricken, 1993]. As a consequence (Figure 4b), for the Blue Lias Fm bed 1, TOCy,¢x x is 7.4%. The SC sediment
flux background is 20% of the total flux and the SC sedimentation rate is 4 m/My. For bed 2 to 6, TOCy,,¢x v is 10%
and the SC sedimentation rate is 2m/Ma. The Z domain is dominated by OM deposition (Figure 4c) even though the
samples with a HI < 700 might are deposited within a period of carbonate-dominated sedimentation as the rest of the
Early Hettangian. The “aerobia, dysaerobia, anaerobia” domains reported in Figures 4b and 4c correspond to the “C I”
calibration of Ricken [1993]. This C I case is not valid for Lilstock Formation (W domain, Figure 4a).

matter contents (respectively CaCO5; weight% and
TOC weight%, total organic carbon, reported in
Figure 4). Quantification of two different structural
components of the sedimentary organic matter is
also possible during RE analyses. The first com-
ponent (pyrolysable carbon, PC) can be biologi-

cally or thermally altered, roughly corresponding to
aliphatic carbon chains and the second one (resid-
ual carbon, RC) can be described as a coke-like
organic carbon which remains after biological
and/or thermal degradation. The TOC is the sum
of both components (TOC = RC+PC). Relative
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Figure 5. Crossplots of mineral oxygen and carbon
isotopic compositions and of organic nitrogen and car-
bon isotopic compositions. The Lilstock Fm and the
Blue Lias Fm samples depict two very distinct domains,
suggesting strong sedimentation realm contrasts. A part
of the values measured in pristine oysters by Korte et al.
[2009] is reported.

measurement errors are below 2.5%. TOC versus
CaCO; are also reported in a “Ricken diagram”
[Ricken, 1993]. This statistically calibrated diagram
depicts the sedimentation mode and the oxygenation
level of the bottom waters in a three-component
system: TOC, CaCO; and siliciclastic (SC) fluxes.
Three different sedimentation styles are showed
(Figure 4). The Lilstock Fm samples (domain W),
containing mainly residual coke-like organic car-
bon, cannot be interpreted according to the Ricken
diagram as they are deposited in a tidal environ-
ment, although they stand in the aerobic domain.
Samples from pre-Planorbis beds reflect conditions
of sedimentation where carbonate content fluctuate.
Different domains can be defined for this part of
the section according to OM fraction deposition
(domains WX, X, Y). The Planorbis subzone is
featured by variable deposition of OM (domain Z).
Specific geochemical and environmental features
of these domains will be described hereafter.

4. Definition of TJB and Correlation
of 6°N Record

[10] Although lateral lithological variations exist,
the 6'° Corg values measured in Doniford bay kero-
gens describe an evolution similar in time and
magnitude to the data set presented by Hesselbo
et al. [2004] on the twin section of Saint Audrie’s

bay, as well as with other worldwide sections
[Guex et al., 2004].

[11] To define the TJB position in Doniford section,
we followed the definition based on the first occur-
rence (FO) of Psiloceras spelae, the earliest Jurassic
psiloceratid occurring at New York Canyon, USA
[Guex et al., 2004] and the Kuhjoch section in
Austria, potential candidates for the GSSP (Global
Boundary Stratotype Section and Point) of the TJB
[von Hillebrandt et al., 2007; von Hillebrandt and
Krystyn, 2009]. At New York Canyon, the high-
resolution ammonite biostratigraphy allowed to
calibrate the §"°Cyyy curve [Guex et al., 2004],
showing that the FO of Psiloceras spelae occurs
within the positive CIE (Carbon Isotopic Excursion)
between the two negative CIEs. P. spelae has not
been found at Doniford. However, if we use an
integrated approach that combines ¢ 13C0rg curve
shape and ammonite fauna [Page, 2003; Guex et al.,
2004], the TJB can be placed in the interval including
beds 1 and 2 (Blue Lias Formation; Figure 2), where
the highest values of 6 13 Corg Occur [Clémence et al.,
2010]. Using ammonite horizons, nitrogen isotope
record at Doniford can be correlated with the TJ
transition 615Norg curve from Mingolsheim core
in Germany [Quan et al., 2008] and from Black
Bear Ridge section in British Columbia [Sephton
et al., 2002]. The Mingolsheim core presents a
hiatus for the Planorbis subzone and starts with the
C. johnstoni biohorizon. In Doniford, Planorbis
subzone corresponds roughly to the interval from
bed 2 to bed 29 [Page, 2005]. Absolute §'°N values
are higher in Doniford (from 1.5 to 5 %o compared
to —0.5 to 2 %o in Mingolsheim). This offset is
consistent with a strong influence of local envi-
ronment on the §'°N signals. At Black Bear Ridge
section, after a reinterpretation of biostratigraphy
first presented by Sephton et al. [2002], the entire
Rhaetian and lowermost Jurassic appear to be
extremely condensed (2.3 m of section from 61.1 to
63.4 m) if not represented by hiatus [Hall and
Pitaru, 2003]. Thus, previous data sets are not
directly comparable with those of Doniford where
the early Hettangian 6'°N record of the Triassic-
Jurassic transition is more complete.

5. Depositional Versus Diagenetical
Model

[12] Inthe§"3C i, versus 8 ¥ 0pmin crossplot (Figure 5),
Lilstock and Blue Lias Fm samples fall into two
distinct clusters. A part of this bimodality is due to
lower 8'3C,,,;, values of the Lilstock samples with
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respect to those of Blue Lias Fm. A second part is
due to the low §'%0,,;, values of the Blue Lias Fm
(domain Y). This distribution is interpreted to be
due to the different depositional environments and
early diagenesis. The 8" Coin and 6"%0,min signals
in the Lilstock Fm are consistent with a tidal very
shallow-water environment. Low 6'%0,,;, values
are likely due to meteoric water contamination
[Brand and Veizer, 1981]. Very low ¢ B3¢, values
could be due to OM oxidation releasing carbon
depleted in '*C within the sedimentation realm.
However, lower isotopic composition of 83C, i,
values is observed concomitantly to the negative
613C0rg excursion. At Doniford, early diagenetical
overprinting might have just enlarged the ampli-
tude of carbonate excursion. The lowest §'*Opni,
values in the Blue Lias Fm are found for strati-
graphical beds displaying the highest CaCOj; con-
tent, especially in domain Y. It is likely that, during
the successive transitions from anaerobic/dysaerobic
to aerobic phases, oxidized OM and sulphides pro-
duced carbonic and sulphuric acids causing carbon-
ate dissolution and reprecipitation, as indicated by
low values of 6 lgOmin [Raiswell, 1987, 1988; Bottrell
and Raiswell, 1989]. Such OM oxidation could also
explain the locally lower ¢ 13C i values (Figure 3).
This agrees with a depositional-diagenetical mixed
model, where lithological alternations are probably
driven by primary productivity and redox cycles,
and are emphasized by early diagenesis processes
[Weedon, 1986; Einsele et al., 1991].

[13] All organic matter samples display low ther-
mal maturation indices (T < 430°C), well below
the oil window, therefore excluding a significant
alteration due to burial or thermal diagenesis.
Despite the specific deposition realm, the 613C0rg
signal recorded at Doniford is consistent with
those recorded at Saint Audrie’s bay or in Aus-
trian and German TJ sections, for Tethyan domain
[Hesselbo et al., 2002; Kiirschner et al., 2007,
van de Schootbrugge et al., 2008; Ruhl et al.,
2009], as well as with North-American T-J sec-
tions in Canada [Ward et al., 2001] and Nevada
[Guex et al., 2004]. Furthermore, despite an iso-
topic signal influenced by sedimentation realm and
early diagenetical conditions, the end Triassic
negative 6'°C,, excursion is also observed in
Italian and Hungarian sections [Palfy et al., 2001;
Galli et al., 2005]. Although this first 6"°Cpn
excursion is documented only in western Europe, this
suggests an end Triassic event affecting the global
carbon isotopic record. Conversely, at Doniford the
early Hettangian negative excursion observed in the
(513C0rg signal is not concomitant to a clear parallel

8'3C,.., excursion. The 6'°C,,;, bulk record show
relatively high values that fluctuate around a con-
stant average value, while obvious evidences of
diagenetic alteration are not shown. This result
contrasts with the §'°C,;, values measured on
well-preserved oyster shells from SW Britain sec-
tions [van de Schootbrugge et al., 2007; Korte et
al., 2009]. Their composite record parallels the
early Hettangian bulk ¢ 13COrg negative excursion,
yet with a lesser intensity.

6. Results and Interpretations

[14] Geochemical results combined with lithologi-
cal and micropaleontological observations allow
the definition of three distinct intervals corresponding
to the Lilstock Fm, the pre-Planorbis beds and the
Planorbis subzone. Values are reported in Data
Set S1.

6.1. Upper Triassic Lilstock Fm

[1s] The Lilstock Fm (W, Figure 4a) displays
environmental features of tidal realm. Mudstone
deposits alternate with concretionary limestones
deposits and some sandy marls where ripple-
marks, bioturbations and mud cracks are observed
(beds L1 and L7). The 6" Corg values record a first
negative excursion (from —25.6 to —29.5 back to
—26.6 %o), almost concomitant with the highest
0 15NOrg values of the section (values ranking from
3.4 to 5 %o). According to RE analyses, the organic
matter is mainly residual (RC/TOC > 0.74 with
TOC lower than 0.5%) and as a consequence its
origin cannot be clearly assessed. The sedimentary
OM is predominantly reworked and oxidized. The
range of T, values indicate that this oxidation
occurred by the time of deposition in subaerial
environment. Such environment is not specifically
documented for ¢'°N values and the range and
variations observed in the Lilstock Fm, between
3.5 %o and 5 %o, is not easily interpreted. It does not
appear to be consistent with a mixture of conti-
nental (lower 6'°N and ¢'°C) and marine (higher
8">N and §'C) organic matter in different propor-
tions, deposited under aerobic conditions [Peters
et al., 1978]. In such shallow water tidal environ-
ment under aerobic conditions (according our RE
data), diagenetical degradation of organic matter
could have left the residual biomass enriched in
>N. A laboratory study has directly addressed the
effects of degradation on the isotopic composition
of organic matter [Lehmann et al., 2002]. They
showed that degradation of organic matter under

8 of 15



2
|

~4det Geochemist :
& cggf,h‘;'s?éi ry( < PARIS ET AL.: THE §"Nore RECORD OF THE TJ BOUNDARY, UK 10.1029/2010GC003161
| Geosystems | I

aerobic conditions leaves the residual biomass
enriched in '°N, whereas anoxic decomposition of
organic matter results in depletion of SN, In both
cases, the residual biomass is depleted in 13C. Tidal
deposit conditions might have provided therefore
altered geochemical signals that preclude further
paleo-ecological interpretations. However, despite
these marked local conditions, the 613C0rg signal
remains similar to the one measured in different
worldwide section [Guex et al., 2004].

6.2. TJ Boundary Interval, Pre-Planorbis
Beds

[16] The lower part of bed 1 (WX domain) consists
in a large dark gray laminated shale deposit with
low carbonate content. This interval constitutes the
transition from Penarth Group to Lias Group which
is marked by a rapid increase of OM content,
depicting an evolution from aerobia to dysaerobia
(according to Ricken model, Figure 4b) and the
almost total absence of microbenthos [Clémence
et al., 2010]. Anoxic-euxinic conditions for the
“Paper Shale” at Pinhay Bay (equivalent of bed 1
at Doniford) were suggested on the basis of abun-
dant small framboids, very low Th/U ratio and
generally lack of bioturbation and benthos [ Wignall,
2001b]. This transition occurs together with the
first accumulation of type I OM observed in the
section and relatively high 6 13COrg values. This level
starts with the very sharp increase of ¢ 13 Chin Values
at the Lilstock Fm/Blue Lias Fm transition. The
sharp enrichment of well-preserved marine organic
matter could outline a rapid sea level rise at this
interval [Hallam and Wignall, 1999; Wignall,
2001a]. In the upper part of bed 1, the environ-
mental conditions change (X domain). Dysaerobia
dominates (Figure 4b) and type I OM is identified in
most samples. In this area, two different sedimen-
tation modes are observed in the “Ricken diagram™:
samples with OM characterized by HI < 700 mgHC/
gTOC on the one hand and by HI > 700 on the other
hand (Figure 4b). The §" Corg values display typical
marine signatures (from —27.2 to —25.7 %) and
o ISNOrg values slightly decrease from 3.5 to 3 %eo.
The transition from upper top of bed 1 to base of
bed 2 is marked by a 65N, increase from 3 to 4 %o.

[17] From bed 2 to bed 6, (Y domain), lithologies
are characterized by higher CaCO; content. RE
data indicate a dysaerobic environment with some
anaerobic incursions (Figures 2 and 4c). As for
bed 1, the type I OM is observed independently of
TOC contents. Occasional lower values are observed
in the §"*Cppin signal (minimal in bed 4) and during

the deposition time of these beds the § 13C0rg values
decrease from —25.7 to —29.6 %o. Concomitantly to
the ¢ 13C0rg value decrease, 0 15NOrg values slowly
decrease from 4 to 3 %o. The onset of this second
ot Core negative excursion coincides with increasing
oxic level inferred from our TOC-CaCO3; model and
the first high abundance peak of Schizosphaerellids
[Clémence et al., 2010]. The next anaerobic/
dysaerobic phase is concomitant with the first devel-
opment of benthic foraminifera (Figure 2).

6.3. Lowermost Jurassic Blue Lias
Formation Planorbis Subzone

[18] This zone (Z) corresponds to the second car-
bon isotope negative anomaly (or “main excursion”
according to Hesselbo et al. [2002]) following the
T/J boundary and the sedimentation realm is
described as outer-shelf marine water [Hesselbo
et al., 2004]. The alternation of limestone, mud-
stone, and shale deposition is observed together with
a parallel alternation of aerobic, dysaerobic and
anaerobic conditions defined after Rock-Eval data in
the “Ricken diagram.”

[19] A short wave rhythmic pattern is established
for all measured geochemical signals (Figure 2).
Both 6 13COrg and 6 '° Norg Vvalues fluctuate in a 2%o
range, respectively from —30 to —28 %o, and from
1.7 to 3.2 %o. 6 13COrg and 6" Norg values are rela-
tively higher as aerobic to dysaerobic conditions
occur while TOC content and HI are lower, i.e.,
type I OM is produced when more oxygenated
conditions exists in the water column. Type I OM
occurs only when TOC contents are higher than
3.5% and is characterized by lower ¢!3C,,, and
615Norg values when dysaerobic to anaerobic
conditions are depicted in the “Ricken diagram.”
The RE-defined dysaerobic-aerobic conditions
are consistent with dysoxic events defined from
micropaleontological data [Clémence et al., 2010].
Abundance peaks of calcareous phytoplankton
and development of opportunist calcareous ben-
thic foraminifers, combined with decrease of OM
might indicate dysoxic phases and transient recov-
ery of the carbonate biological pump. Anoxic con-
ditions are highlighted by absence of benthic
foraminifers together with higher contents in OM.
It is possible to draw a comparison between our
data and the early Jurassic succession (Blue Lias
Fm) of organic-walled phytoplankton in Saint
Audrie’s bay [van de Schootbrugge et al., 2007]
for the early Jurassic (Figure 2) based on 613C0rg
stratigraphy. However, the correlation is not trivial
because of lateral variations of the beds between
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the two sections. There is a clear alternation of
aerobic and anaerobic/dysaerobic conditions in the
water column reflected by calcareous and organic-
walled microorganisms alternation in the Bristol
Channel Basin at the base of the early Hettangian
[van de Schootbrugge et al., 2007; Clémence et al.,
2010]. In interval Y, a high abundance peak of
organic-walled dinoflagellate cysts occurs during
anaerobic conditions. In domain Z, the compari-
son between both sections reveal that anaerobic
and dysaerobic conditions are characterized by
higher values of TOC and HI together with abun-
dance peaks of prasinophytes and organic-walled
dinocysts.

7. Aftermath in the Bristol Channel

Basin

7.1. Interpretation of the §"°N,,, Signal

[20] Sedimentological, paleontolongical and geo-
chemical data depict variations in redox conditions
for sedimentation realm during deposition time of
the Blue Lias Fm. Short-lasting 6!5N,,, decreases
are observed during anaerobic phases, as type | OM
exceptional accumulations occur.

[21] In modern environments, the 615N0rg values
are controlled by nitrate concentration, availability
and isotopic composition in seawater. Modern 6'°N
average signature of deep nitrates is ca. +6 %o and
sinking organic matter below well ventilated sur-
face waters roughly records this isotopic composi-
tion [Thunell et al., 2004]. Variations of this isotopic
average value depend on redox conditions and
reported modern values in organic matter mainly
range from —2 to +10 %o [Wada et al., 1975; Peters
et al., 1978; Wada and Hattori, 1978; Altabet,
1996; Thunell and Kepple, 2004]. The 615Norg
values recorded in the Z domain, ranging from
1.7 to 3.2 %o, are low compared to average modern
values. There is no constrains on the average 6'°N
of deep nitrates in the Bristol Chanel basin at that
time. However, the low ISNOrg values suggest that
this average value is lower than the modern one.
There is no evidence that the average §'°N of the
global ocean deep nitrates significantly evolved
during Phanerozoic times at equivalent global redox
conditions [Beaumont and Robert, 1999], thus
suggesting a relative isolation of the Bristol Chanel
basin. The 1.5 %o shortwave variations can be
interpreted as reflecting seawater column oxygen
level variations because of (1) low availability of
dissolved nitrates and switch from nitrate assimi-

lation to diazotrophy followed by ammonium
assimilation during primary production (2) high
availability of dissolved nitrates, and/or (3) organic
matter degradation.

[22] Regarding hypothesis (1), in recent sediments,
conditions of suboxic subsurface water environ-
ments are reflected by N enrichments of the
organic matter, induced by denitrification that
enriches the nitrate pool in '°N and decreases its
availability [Altabet et al., 1995; Ganeshram et al.,
1995; Ganeshram et al., 2002]. No such "°N
enrichments are observed in the Bristol Channel
Basin concomitantly with anaerobic events based
on RE data. On the opposite, these events are
associated with a decrease of 615N0rg values. If
hypoxic conditions are envisioned, the nitrate pool
is entirely used and another source of inorganic
nitrogen, namely atmospheric N, or ammonium,
is required to fuel primary production in the basin.
In the modern ocean, nitrogen fixation is promoted
in the absence of other inorganic nitrogen source
because of the high energetic cost of N, fixation
[Fay, 1992]. N,-fixer organisms are prokaryotes
including cyanobacteria, purple and green bacteria.
They characterize environments poor in nutrient
or with strong redox gradients, mainly in O,-poor
environments [Berman-Frank et al., 2003]. The
switch from nitrate assimilation to N,-fixation has
been highlighted in different Cretaceous oceanic
anoxic event gOAE) records, for which negative
excursions of ¢ 5NOrg values are reported [Rau et al.,
1987; Jenkyns et al., 2002; Dumitrescu and Brassell,
2006; Meyers, 2006; Meyers et al., 2009]. Using
biomarkers to investigate the nature of organic
matter deposited during early Aptian OAE-1a and
late Cenomanian OAE-2 of the middle Cretaceous,
Kuypers et al. [2004] give evidence that nitrogen-
fixers are the main primary producers. N, fixation
leads to nitrogen isotopic composition in organic
matter closer to that of atmospheric nitrogen for
which 65N = 0 %o [Wada et al., 1975; Minagawa
and Wada, 1986; Beaumont et al., 2000]. In the
Bristol Channel Basin, the accumulation of type I
OM supports the “blooming” of prokaryotic
organic-walled organisms as main primary produ-
cers. Additionally to N,-fixation, the occurrence of
lower & ISNOrg values could be explained by the use
of ammonium as inorganic nitrogen supplier for
non N,-fixers organisms, as ammonium assimila-
tion may lead to '“N enriched organic matter rela-
tive to source [Beaumont et al., 2000]. However,
this first hypothesis appears to be hardly recon-
ciled with the recorded 615N0rg value range that
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remains clearly higher than atmospheric N, iso-
topic composition.

[23] Alternatively, this OM accumulation could be
interpreted as (2) the settling of eutrophic condi-
tions due to the increase of nutrient inputs within
the basin. Calvert et al. [1992] documented 6 15NOrg
values in the 0 to 4 %o range associated with
relatively low 613C0rg values during formation of
sapropel horizons in the eastern Mediterranean.
This range of values has been interpreted as re-
flecting enhanced productivity during eutrophic
conditions associated with high dissolved inorganic
nitrogen (nitrate and/or ammonia) contents [Wada
and Hattori, 1978; Calvert et al., 1992]. Eutro-
phic conditions promote organic-walled organism
“blooming” in modern environments. During the
early Hettangian recovery (Z), while organic-walled
organism high abundance peaks occur, higher
organic productivity is depicted according to “Ricken
diagram” (Figures 2 and 4). These high abun-
dances are likely to “poison” surface waters and to
generate a large export of organic matter. This
export generates anaerobic/dysaerobic conditions
in bottom waters and spectacular type I OM
accumulation.

[24] In the third case (3), the ¢ 15N0rg signal would
be the result of organic matter degradation during
the exportation through seawater column. Aerobic
waters could tend to promote organic matter oxi-
dation and to increase & 15NOrg values of the sinking
OM [Sachs and Repeta, 1999]. However, this
interpretation has been challenged since [Higgins
et al, 2010]. Higgins et al. showed that the
1) ISNOrg variations are not due to OM alteration and
that sedimentary OM faithfully records the seawater
nitrate 6'°N in coastal settings [Altabet et al., 1999;
Thunell and Kepple, 2004].

[25] According to these three hypotheses, the signal
reveals the different conditions of water column
oxygenation. The higher 6 15NOrg values then reflect
higher oxygen content in the seawater column
which is consistent with the lower TOC measured
in the sediments and the lower §'°C,;, values that
could reflect this organic matter degradation.
These phases correspond to periods of more
ventilated water column and more efficient re-
cycling of nutrients, favoring calcareous phyto-
plankton surface production (high abundance peaks
of Schizosphaerellids) generally coupled with the
development of calcareous benthic fauna [Clémence
et al., 2010]. However, these benthic foraminifer
assemblages are characterized by a very low diver-
sity and are dominated by opportunist species tol-

erant with low oxygen conditions, witnessing stressful
conditions in bottom waters.

7.2. Scenarios

[26] Two scenarios are likely. The first one, or
hypothesis (1), consists in invoking periods of
stagnant waters leading to a lower recycling of
nutrients within the seawater column, generating
oligotrophic conditions at the surface. This leads to
development of N,-fixers and accumulation of OM
at the seafloor. These events occur in alternation
with aerobic/dysaerobic conditions linked to a better
ventilation of seawater column. Abundance peaks
of calcareous phytoplankton coupled with develop-
ment of opportunist calcareous benthic foraminifers
represented transient phases of reventilation of
column water and of carbonate pump recovery. The
second scenario or hypothesis (2) consists in sug-
gesting an orbital control of climate leading to
variations of continental runoff that delivers more
nutrients to the photic zone of the epicontinental
basin of Doniford. This increase in nutrient input
allows a higher production that leads to a more
important OM export, leading to anaerobic condi-
tions of bottom waters and OM accumulation. The
investigation of Early Bajocian calcareous produc-
tion crisis shows that this increase in primary pro-
duction could inhibit calcareous production [Paris
et al., 2010]. Calcareous phytoplankton communi-
ties are thus disfavored. During times of lower
runoff, surface production and OM accumulation
decrease. The decrease of eutrophic conditions in
the basin and re-oxygenation of bottom waters allow
the establishment of benthic and pelagic calcareous
communities. However, environmental conditions
remain stressful as indicated by the low diversity of
micropaleontological assemblages [Clémence et al.,
2010]. In conclusion, OM accumulation events are
associated with stressed bottom water conditions
and no calcareous surface productivity while peri-
ods of lower OM accumulation reflect relatively
elaborated food webs including calcareous phyto-
plankton and microbenthos [Clémence et al., 2010].
The exact cause of these oscillations is not clear.
The marly limestone alternations of the Blue Lias
Fm. have been interpreted has reflecting Milanko-
vitch cycles [Weedon, 1999]. This oscillating trend
indicates that environmental recovery is not achieved
and that ecosystems are not robust and very sensitive
to any external perturbation. To discriminate between
scenarios 1 and 2, further proxies are needed, as for
example the sedimentary [Mo], to better understand
the degree of restriction and temporal changes of
deep-water renewal of the basin [4lgeo and Lyons,
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2006] and biomarkers to ensure the potential occur-
rence of N,-fixers.

8. Conclusion

[27] This study provides new information on the
end Triassic crisis aftermath. In the Bristol Channel
Basin, at Doniford, the organic matter of Lilstock
Formation was deeply altered because of deposi-
tion in subaerial tidal conditions during a sealevel
lowstand. The only clue of the global crisis is the
negative isotopic composition of ¢ 13C0rg values
and, likely, that of 6 13 Chin values which have been
reported for deeper environments. We cannot
exclude that, at Doniford, due to very tidal shallow
environment conditions of Lilstock Formation, the
high input of continental organic matter and its
recycling have amplified both §'*Cyre and 6"°Cpyin
negative signal during the late Rhaetian.

[28] The aftermath is characterized by a three-step
environmental recovery during sea level rise. The
first step is described as a period of dysaerobic/
anaerobic conditions and less negative (513C0rg
values. Accumulation of type I OM is observed
(3-5%) probably issued from organic-walled
phytoplankton. The second step is marked by the
first exceptional accumulation of type [ OM (>7%)
with the onset of the second 6'*C,, negative
excursion. The third step is characterized by a
succession of type I OM accumulation with rela-
tively lower 6'°N,,, values. These OM accumula-
tions are probably due to high abundances of
organic-walled prokaryotic organisms generating
dysaerobic/anaerobic conditions in bottom waters.
The different groups of organisms, organic-walled
phytoplankton, calcareous nannoplankton and fora-
minifera are affected by the environmental oscilla-
tions during the “recovery” phase in the early
Jurassic. Ecosystems developing during the early
Hettangian recovery phase are not robust and be
very sensitive to any climatic variations such as
induced by Milankovitch cycles, indicating an
environment that remain perturbed after the end
Triassic mass extinction.
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