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Abstract. Oceanic anoxic events were time intervals in the 1 Introduction

Mesozoic characterized by widespread distribution of marine

organic matter-rich sediments (black shales) and significanfver the past decade, there has been an increased effort to
perturbations in the global carbon cycle. These perturbationsinravel the cause(s) and consequences of the early Toar-
are globally recorded in sediments as carbon isotope excurcian oceanic anoxic event (T-OAE). The presence of a pro-
sions irrespective of lithology and depositional environment.nounced, transient negative carbon isota}é) excursion
During the early Toarcian, black shales were deposited on thé of diagnostic significance. The excursion has been recog-
epi- and pericontinental shelves of Pangaea, and these sedjized in marine inorganic and organic matter (Jenkyns and
mentary rocks are associated with a pronounced (ca. 7 %.§1ayton, 1986; Schouten et al., 2000; Kemp et al., 2005;
negative (organic) carbon isotope excursion (C|E) which iSSuan et aI., 2008), and terrestrial pIant material (Hesselbo
thought to be the result of a major perturbation in the global€t al., 2000, 2007). Associated with the T-OAE is concomi-
carbon cycle. For this reason, the lower Toarcian is thoughtant evidence for: a threefold increase in atmospherig CO
to represent an oceanic anoxic event (the T-OAE). If the T-levels (McElwain et al., 2005), a rise in seawater palaeotem-
OAE was indeed a global event, an isotopic expression ofPeratures (Rosales et al., 2004; van de Schootbrugge et al.,
this event should be found beyond the epi- and pericontinen2005), an increase in silicate weathering rates (Cohen et al.,
tal Pangaean localities. To address this issue, the carbon is@004; Waltham and Grcke, 2006) and a biotic crisis affect-
tope Composition of organic matteﬁflecorg) of lower Toar- |ng marine invertebrates and biocalcifying microorganisms
cian organic matter-rich cherts from Japan, deposited in théLitﬂe and Benton, 1995; Mattioli et al., 2004; Tremolada et
open Panthalassa Ocean, was analysed. The results show thk 2005).

presence of a maior>(6 %0) negative excursion iﬂ13corg The Iithological expression of the T-OAE may be IocaIIy
that, based on radiolarian biostratigraphy, is a correlative ofvery different. The development of anoxic, organic matter-
the lower Toarcian negative CIE known from Pangaean epifich facies was not ubiquitous in the European Neotethyan
and pericontinental strata. A smaller negative excursion in"€alm and, where developed, the petrology and organic mat-
313C0rg (ca. 2%o) is recognized lower in the studied succes-ter richness of the sediments is variable. For instance, certain
sion. This excursion may, within the current biostratigraphic limestones in thedarpoceras falciferunrammonite Zone of
resolution, represent the excursion recorded in European epRorthern Europe (Hallam, 1967) and of the Tethys (Jenkyns,
continental successions close to the Pliensbachian/Toarciak985) are pink/red. These differences illustrate the im-
boundary' These results from the open ocean realm Sug:)ortance of local environmental conditions, which are ulti-
gest, in conjunction with other previously published datasetsmately more important in determining the lithology of de-
that these Early Jurassic carbon cycle perturbations affecteBosits formed during an OAE (Trabucho-Alexandre et al.,
the active global reservoirs of the exchangeable carbon cycl@011). Available biostratigraphic data indicate that the devel-
(deep marine, shallow marine, atmospheric). opment and demise of organic matter-rich facies in Tethyan
and Boreal provinces of Europe are diachronous (Wignall et
al., 2005 and references therein) as is the case for the Ceno-
manian/Turonian boundary OAE 2 (Tsikos et al., 2004).
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Hesselbo et al. (2000) suggested that the cause of the ne@- Geological setting
ative carbon isotope excursion concurrent with the T-OAE
was the dissociation, release and consequent oxidation ofhe studied samples were obtained from Katsuyama in the
methane derived from continental slope hydrates: subseluyama area, Mino Terrane, which is one of the Mesozoic
guently modelled by Beerling et al. (2002). More recently, accretionary complexes presently exposed in Japan, extend-
a high-resolutionSl3COrg record across the T-OAE obtained ing to the north of Tokyo (Ashio Terrane) and lithostrati-
from mudstones exposed in northeast England was generategtaphically corresponding to the Chichibu Terrane (Fig. 2).
by Kemp et al. (2005). These data suggest that the negaFhese Mesozoic complexes consist of seamount-related se-
tive §13C excursion was not a single event but three rapidquences of volcanic rocks, limestones and pelagic sedi-
events, the timing of which was interpreted as having beerments (bedded chert and siliceous mudstone) associated with
paced by astronomically forced climate/ocean cycles. Antrench-fill sediments. The former sediments were deposited
alternative hypothesis recently put forward for the cause ofon the seafloor of the Izanagi Plate from Carboniferous to
the T-OAE is that'?C-enriched thermogenic methane was Early Cretaceous and were subsequently accreted to the mar-
released into the ocean-atmosphere system due to an igneogi of Far East Asia during the Jurassic to Early Cretaceous
intrusion into coaly organic matter-rich facies in the Karoo (Matsuda and Isozaki, 1991).
Basin, South Africa (McElwain et al., 2005; Svensen et al., The sedimentary succession in the Inuyama area mainly
2007). This mechanism has been questioned hyckir et  consists of bedded cherts spanning the Early Triassic—
al. (2009), who showed that both the physical nature of theEarly/Middle Jurassic, which have been well constrained us-
contacts between intrusions and organic matter-rich faciesing conodont and radiolarian biostratigraphy (e.g., Yao et
and the geochemical pattern within these facies suggest littlal., 1982; Hori, 1990, 1993; Matsuoka, 2004). The sedi-
or no thermogenic methane generation in the Karoo Basin. mentary complex of this area was formed by accretionary

Localities where the negativi#3C excursion that defines processes at shallow depths (Kimura and Hori, 1993), and
the T-OAE has been found are chiefly restricted to epicon-underwent low-grade metamorphism (diagenetic zone of il-
tinental sections in Europe. Moreover, the negativéC lite crystallinity index; Otsuka and Watanabe, 1992). There-
excursion is absent in data generated using belemnite cafore, it is considered that the cherts retain a primary record
cite from NW Europe (van de Schootbrugge et al., 2005;0f the Late Triassic and Early Jurassic depositional environ-
Wignall et al., 2006; McArthur et al., 2008). The excur- ments. The studied pelagic sediments in the Inuyama area are
sion is, however, present in bulk calcite; additionally, Suantypical distal, open ocean sediments characterized by sed-
et al. (2008) recently reproduced the nega#vdC excur-  imentation rates of 1m to 7mMy# and long sequences
sion in brachiopod calcite across the T-OAE from a section(>50 Myr) (Hori et al., 1993; Wignall et al., 2010). Al-
in Peniche, Portugal. Nevertheless, the absence of a negéhough such sediments are generally considered analogous to
tive excursion in belemnite calcite prompted speculation thatpresent-day deep-sea radiolarian ooz8 km water depth),
the isotope perturbation affected only the shallow marine ensimilar Meso-Cenozoic sequences were interpreted as having
vironment (i.e.<200 m water depth) and that it was driven been deposited at much shallower water depths (e.g. lijima
by local phenomena (van de Schootbrugge et al., 2005). Reet al., 1979; Wilson et al., 1998; Jenkyns and Wilson, 1999;
cently, however, Al-Suwaidi et al. (2010) documented evi- Robinson et al., 2004).
dence for the lower Toarcian negati#&€*C excursion from Palaeomagnetic studies reveal that the studied cherts of the
strata in the Neucgn Basin, Argentina. This record revealed Inuyama area were deposited at low Southern Hemisphere
the onset of the excursion, although the main excursion intertatitudes during the Middle Triassic and migrated to the
val was not documented owing to the presence of an unconNorthern Hemisphere during the Late Triassic—Early Jurassic
formity that truncates the succession. Caruthers et al. (2011{Shibuya and Samejima, 1986; Ando et al., 2001), crossing
have also documented the lower Toarcian negatV€ ex-  the equatorial regions of the palaeo-Pacific (Fujii et al., 1993;
cursion from strata in the Queen Charlotte Islands, Canadajndo et al., 2001).
where the record is more complete. Although both records
represent deposition in relatively shallow marine environ-2.1 Biostratigraphy of the Katsuyama section
ments, they demonstrate that the carbon isotope excursion
(CIE) associated with the T-OAE is not only present in the The biostratigraphy of the sequence at Katsuyama, located
Neotethyan realm. in the northern part of the Inuyama area, has been well

In this study, the specific issue of the global extent of studied (Hori, 1990, 1992, 1997; Takeuchi, 2001; Mat-
the lower Toarcian negativ&!3C excursion, as well as the suoka, 2004). The studied sequence consists of a contin-
physical expression of the T-OAE in the open ocean, areuous succession of bedded cherts (Fig. 3a—d) which, based
addressed by analysing a chert succession from Katsuyaman radiolarian biostratigraphy (Matsuoka et al., 1995), spans
Japan (Fig. 1), which was located in the middle of the palaeothe upper Lower Triassic (Spathian) to lower Middle Juras-
Pacific (Panthalassic) Ocean during the Early Jurassic. sic (Aalenian). Over the Lower Jurassic part of the suc-

cession, five radiolarian (sub)zones are recognized: the
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Fig. 1. Palaeogeographic map of the Early Jurassic showing the distribution of organic matter-rich facies (filled circles) dated as early
Toarcian (modified from Jenkyns et al., 2002). The star indicates the approximate palaeogeographic location of Japan during the deposition
of the Toarcian succession. The large circle represents the location of the Karoo-Ferrar large igneous province.

- T A
A

38'N

130°E 132°E 134°E

UMH] Mino Terrane
OCEAN [l chichibu Terrane

pACIFIC

Fig. 2. Geographic map of Japan showing the three accretionary complexes presently exposed — Ashio Terrane, Mino Terrane and Chichibu
Terrane — and the position of the Inuyama area.

Parahsuum simplurBubzones | to IV, and th&esosatur-  studied interval is calculated to have lasted a maximum of
nalis hexagonug=Hexasaturnalis hexagonu&one (in as- ca. 3.5Myr (Fig. 4). This equates to the radiolarian zones
cending order) (Hori, 1990, 1997). The samples for thein Carter et al. (2010) oEucyrtidiellum nagaiae — Praepar-
present isotope study were obtained from the interval spanvicingula tlellensisto Elodium pessagnoi — H. hexagonus
ning the upper part of the. simplumlV (Ps IV) Subzone (Fig. 4). The radiolarian zones were constrained by am-
to the lower part of theH. hexagonugHh) Zone, which  monite data from Queen Charlotte Islands, Canada and other
comprises a ca. 340 cm-thick sequence of bedded chert. Oareas from North America (Carter et al., 2010). According
the basis of a 1 mMyr! sedimentation rate for the Lower to their radiolarian zonation, and considering the presence of
Jurassic cherts of the Inuyama area (Hori et al., 1993), thaHsuum exiguumthe base oE. pessagnoi — H. hexagonus
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Fig. 3. (A) Katsuyama section on the Kiso River, Inuyama, Jaf&).View of the Pliensbachian—Toarcian interval showing the organic
matter-rich cherts beneath the continuous white bedded-chert ho(i2pi€lose-up from photograph B of the T-OAE organic matter-rich

cherts above the white bedded-chert horiZ@). Upper interval of the Toarcian section showing the change between red-grey and green and
red-green bedded cherts: the Toarcian Radiolarian Event occurs between the contact of the green to red-green bedded cherts. Note: hamm
in photographs is approximately 30 cm in length and the head of the hammer is in the direction of the base of the stratigraphic section (see
Fig. 4 for stratigraphic positions).

zone(ca. 100 cm level in Fig. 4) is equivalent to the fal- remarkable faunal change at thepessagnoi — H. hexagonus
ciferunmHildoceras bifronammonite Zone boundary of NW  Zone, termed the Toarcian Radiolarian Event (Hori, 1997).
Europe. However, this tie-point in the biostratigraphic frame- Prior to the Toarcian Radiolarian Event, organic matter-rich
work is based on the presence of a single speditsek- black chert beds occur in two distinct intervals (ca. 40-90 cm
iguum). The other two species at ca. 100cm level areand ca. 180-210 cniNapora relica— Eucyrtidiellum dispar-
Parahsuum longiconicurand P. simplum which have lit- ile Zone, Fig. 4) that are separated by a massive white chert
tle stratigraphic significance because they have long agéed and black-white chert beds containing rhodochrosite
ranges. Therefore, we provide two possible biostratigraphianinerals (Fig. 3b, ¢). White chert may be the product of
schemes: Carter et al. (2010) and Carter et al. (2010 senssilicification of volcaniclastic rocks. The lithologies of this
Hori, 2011, unpublished) (Fig. 4). Hereafter, we use the bios4nterval differ from the more predominant red cherts found
tratigraphic scheme of Carter et al. (2010) as shown in Fig. 3upsection. Wignall et al. (2010) analysed samples from Kat-
suyama and suggested anoxic depositional conditions based
A distinct change in lithology is observed within the on the study of pyrite framboids. The correlation with their

upper part of the Lower Jurassic succession (Fig. 3b, cpublished log of the succession with the one presented here is
240-250cm). This interval is further characterized by a
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Fig. 4. Detailed lithostratigraphic log and biostratigraphy of the Katsuyama section, Inuyama, Japan. The stratigraphic positions of the
photographs depicted in Fig. 3 are indicated beside the section. Radiolarian biostratigraphy is from Hori (1997) and modified according to
Carter et al. (2010). There are two possible biostratigraphic zonation schemes used here: Carter et al. (2010) and Carter et al. (2010 sens
Hori, 2011, unpublished). See text for discussion. The major difference between these two zonations is based on the presence of only one
species suum exiguuinto define to the middle Toarcian. On the basis of a 1 mMysedimentation rate for the Lower Jurassic chert
succession at Inuyama, the studied interval is calculated to be ca. 3.5 Myr in duration (see Hori et al., 1993).

ambiguous. The log presented by Wignall et al. (2010; their3 Analytical methodology
figure 7) shows a studied interval spanning 90 cm, whereas

340 cm were studied here (Fig. 4). Wignall et al. (2010) do . - . .
not present biostratigraphic data in their study; however, itBUIk sediment samples were decalcified using 3M HCI in

appears that their studied interval roughly corresponds to th(?0 mi centrifuge whes for 16 h. Stable isotope measurements

interval between 20-120 cm (Fig. 4; Wignall, 2011, personalWere performed at Durham University using a Costech el-
communication) ' ' ' emental analyser (ESC4010) coupled to a ThermoFinnigan

Delta V Advantage isotope ratio mass spectrometer. Car-
bon isotope ratios are corrected fbfO contribution and
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Fig. 5. Organic carbon isotope recorﬁlecorg) of the Katsuyama section, Inuyama, Japan. Total organic carbon (TOC) as weight percent

(wt %) was determined during stable isotope measurements. Note that the scale for TOC is logarithmic. The chert sample at ca. 212 cm has
a813C0rg value of —57 %o0: whilst this value has been replicated, it is possible that this particular sample is somehow contaminated. The
Toarcian Radiolarian Event is also depicted at ca. 240 cm. See Fig. 3 for lithostratigraphic and biostratigraphic details.

reported in standard delta)(notation in per mil (%o) rel-  standards. Analytical uncertainty f6F3Corg measurements
ative to VPDB. Data accuracy is monitored through rou- was typically better thaa-0.1 %o for standards ane0.2 %o

tine analyses of international and in-house standards: then replicate sample analysis. Total organic carbon (TOC)
latter are stringently calibrated against the internationaldata was obtained as part of this method. Because of the low
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Table 1. Isotope and total organic carbon (TOC) results from the The excurs.|onl3between ca. 60cm and ca. 100cm mvplves
Katsuyama section, Inuyama, Japan. a change ind**Corg of ca. 2%o, whereas the excursion
from ca. 180cm to ca. 240cm represents a more pro-
nounced perturbation with values shifting from ea30 %o

to —33 %o. Within this negativé13Corq €xcursion one sam-

Sample ID  Height (cm) §13Corg  TOC (Wt %)

INTO-32 333 —26.58 0.03 ple (at ca. 212 cm) recordss&>Corg value of—57 %o. Whilst
INTO-31 325 —30.22 0.07 this value has been replicated, it is possible that this partic-
INTO-30 304 —26.36 0.01 ular sample is somehow contaminated. For this reason, it is
INTO-29 286 —25.77 0.01 not included in Fig. 5 or discussed hereafter. At ca. 250cm,
INTO-28 277 —24.60 0.02 S . . . - 3
INTO-27 262 2355 0.02 coinciding Wlth the Toarcian Radiolarian Evesit; Corg val_-

0, 0,
INTO-26 249 _o5 39 0.03 ues markedly increase from ca33 %o tq _ca.—25 Ao._ Thl_s
INTO-25 242 —32.60 0.05 increase to less negative values, a positive excursion, is also
INTO-24 207 _29.95 0.48 coincident with a return to lower TOC values (Fig. 5; Ta-
INTO-23 212 —-57.93 1.41 ble 1).
INTO-22 205 —-31.07 1.93 Coupling of the age constraints of the Katsuyama succes-
INTO-21 193 —32.91 1.93 sion (Fig. 4) tas13Corg variations shows that the negative CIE
INTO-20 180 —30.17 2.75 occurring between ca. 180 cm and ca. 250 cm height in the
INTO-19 140 —28.24 0.16 succession (Fig. 5) is the lower Toarcian negative CIE. The
INTO-18 118 —26.64 0.03 Katsuyama succession can be correlated with lower Toar-
INTO-17 99 —26.92 0.20 cian successions in Europe using radiolarian biostratigraphy
INTO-16 92 —29.37 0.31 in combination with the carbon isotope record from various
INTO-15 87 —28.09 0.14 . .
INTO-14 80 28.83 0.22 sites (Fig. 6). _
INTO-13 73 2965 0.19 The data also support the inference that the ca. 2 %0 neg-
INTO-12 66 _28.62 0.09 ative excursion between ca. 60cm and ca. 100cm height
INTO-11 62 —27.43 0.57 (Fig. 5) represents the excursion found in European sec-
INTO-10 58 -27.79 0.21 tions at the Pliensbachian/Toarcian boundary. Evidence for a
INTO-9 53 —28.14 0.13 Pliensbachian/Toarcian negative CIE from Europe has been
INTO-8 50 —28.36 0.16 documented from sections in Yorkshire (Littler et al., 2009)
INTO-7 45 —28.87 177 and Peniche (Hesselbo et al., 2007; Suan et al., 2008) and is
INTO-6 42 —29.00 0.06 also apparent in the Mochras Farm record of Wales (Jenkyns
INTO-5 36 —28.63 0.06 etal., 2001) (Fig. 6). In the Argentineah®Corg record pre-
INTO-4 32 —28.86 0.05 e :
INTO-3 20 9818 007 sented by AI-SUV\_/aldl et al. (_2010), hqwever, cl_ear evidence
INTO-2 12 _2781 0.05 for a negative shift at the Pliensbachian/Toarcian boundary
INTO-1 5 _27.29 0.03 is absent. As such, the data from the Katsuyama succes-

sion potentially represent the first evidence for the Pliens-
bachian/ToarciaaBCorg excursion outside Europe and in an
open ocean setting. In the Katsuyama succession, the rise

TOC contents of the studied chert samples, the tin capsulei.g TOC occurs prior_to the prc_)posec_i PIiensbachia_n/Toarcian
used contained up to 100-120 mg of powdered chert, and th!E» @nd TOC continues to rise (with the exception of one

Costech was set to Macros@ order to deliver more oxygen Sample at ca. 118cm) until thegsecond sequence of organic
and make certain that complete combustion of the silicatd"atter-rich cherts and negatiié’Corg values (ca. 180 cm;

. 13 . .
occurred to liberate all organic carbon. The isotope analy-g'g: 5)- hHowever, whﬂe(;hé Corg vaIuEs remain negaélye;
ses were done in “no dilution mode” so that the maximum 9uring the T-OAE TOC decreases to the Toarcian Radiolar-

amount of CQ gas is delivered to the source of the mass ian Event: thus, it differs from the T-OAE record in NW Eu-

spectrometer and all results produced more than 1000 my, "0P€, which indicates a TOC rise during the most negative
part of the T-OAE CIE (cf. Hesselbo et al., 2000; Jenkyns

et al., 2002; Kemp et al., 2005). In southern Europe, how-

4 Results and discussion ever, the development of organic matter-rich facies during

the early Toarcian, at localities where organic matter enrich-

4.1 Correlation of the Pliensbachian—lower Toarcian ment occurred at all (e.g. Hallam, 1967; Jenkyns, 1985), also
813C curve occurred prior to the CIE (Wignall et al., 2005). These differ-

ences in the timing of organic matter enrichment and carbon
At Katsuyama, théle’COrg record reveals two negative shifts isotope excursions illustrate the importance of local sedimen-
— the first between ca. 60cm to ca. 100cm and the sectary processes, which are largely independent from global
ond between ca. 180cm to ca. 240cm (Fig. 5; Table 1).forcing mechanisms (e.g. Trabucho-Alexandre et al., 2011),
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Fig. 6. Comparison ob13c profiles for the Plienbachian—Toarcian time interval. Bulk-sediment data are compiled from Whitby (dataset

is from both Port Mulgrave and Hawsker Bottoms) (Kemp et al., 2005; Littler et al., 2009), Katsuyama (this study), Peniche (Hesselbo
et al.,, 2007) and Mochras Farm Borehole (Jenkyns et al., 2001).83151‘@ profiles have been correlated using the negative excursion

at the Pliensbachian/Toarcian boundary, positive values in the lower Toarcian, the negative values in the T-OAE, the subsequent positive
excursion after the T-OAE, and finally the negative trend intitions ammonite Zone between Mochras Farm Borehole and Katsuyama.

Note that Peniche is the only carbonate carbon isotope record. This chemostratigraphic correlation of Toarcian successions suggests that th
biostratigraphic scheme using Carter et al. (2010) is more relevant when not considering the prebereeégoiumat ca. 100 cm (sensu

Hori, 2011) and the lack of other key species indicative of the middle Toarcian.

in determining whether and when sediments at a particula#.2 The Katsuyama T-OAE record: global carbon cycle
location become enriched in organic matter. signals and local oceanographic processes

Using the timescale adopted by Hori et al. (1993),
the duration of the negative excursion across the PliensHitherto, an open ocean succession deposited during the T-
bachian/Toarcian can be calculated at ca. 290 kyr, with theDAE had never been studied for its carbon isotope record.
T-OAE covering a period of ca. 535kyr. The latter value is The new chemostratigraphic record of the T-OAE presented
somewhat similar to the recent estimate by Suan et al. (2008)n this study represents the first open ocean expression of
who assigned a value of 600 kyr for the duration of the T-the event. The correlation and comparison of the negative
OAE negative excursion in the Lusitanian Basin. Suan etCIE at different localities shows that the geochemical signa-
al. (2008) further suggested that the entire excursion (negature of this OAE is similar between epi- and pericontinental,
tive and positive excursion) lasted 900 kyr. If the end of theand open ocean localities (Fig. 6). Moreover, because the
T-OAE excursion at Katsuyama is taken to occur betweenKatsuyama succession is truly pelagic and, at the time of de-
ca. 300-325 cm (Fig. 5), then a duration of ca. 1 Myr is esti-position, away from land influence, the negative excursion
mated. is shown to indeed represent a primary global carbon signal.
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Fig. 7. (A) Present-day map of the Pacific region with Early Jurassic plate tectonic elements. The red dashed line shows the position of the
cross-sections shown in panels B and C. Movement of tectonic plates indicated by arrows. The equatorial divergence zone is shown in grey.
Base map modified from Robinson et al. (2004) and plate tectonic elements fiier et al. (2008).(B) Schematic cross-section across

the Early Jurassic Panthalassa showing the abyssal seafloor hypothesis for the formation of organic matter-rich chert. Izanagi Plate on the
left. CCD stands for calcite compensation depth. The dotted pattern represents particulate(@)a8ehematic cross-section across the

Early Jurassic Panthalassa showing the mesopelagic/upper bathyal seamount hypothesis for the formation of organic matter-rich chert. The
seamount is transported by seafloor spreading from right to left in the figure, i.e. towards the northwest in panel A.

The T-OAE is therefore defined (and the sediments depositedt ca. 45-100cm and ca. 180-210 cm, where the colour of
during the T-OAE associated with) by a negative excursionthe cherts changes from grey to black (Fig. 5). The pres-
in the carbon isotope record that is recorded globally regardence of organic matter-rich sediments in the Katsuyama sec-
less of facies (Fig. 1). In the open ocean Katsuyama succegion can be explained by two alternative hypotheses, which
sion, the T-OAE interval is characterized by dysoxic, organicmainly differ from each other in terms of depositional wa-
matter-rich biosiliceous facies, with periodic anoxia and eu-ter depth. The open ocean Katsuyama cherts may be inter-
xinia intervening (Wignall et al., 2010). preted as having been deposited on the abyssal seafloor of

The presence of abundant radiolarian tests, which are théhe Izanagi Plate (Fig. 7b), or as having been deposited on the
precursory sediments for chert, in ooze is mainly limited to mesopelagic to upper bathyal seafloor of a volcanic seamount
zones of high primary productivity. Moreover, higher pro- (Fig. 7). In either case, the seafloor, which was originally
ductivity beyond a critical threshold results in higher propor- created in the Southern Hemisphere (Fuijii et al., 1993; Ando
tions of biosiliceous surface production reaching the seafloogt al., 2001), migrated north-westwards across the equator
(Dewever et al., 1994). After death, the mineral skeletons ardFUijii et al., 1993; Ando et al., 2001) to its current position
exposed to seawater, and dissolution is more pronounced iRY seafloor spreading (cf. Wilson et al., 1998). This is con-
surface seawater. Indeed, contrary to general intuition, biosistent with the idea that the seafloor was covered by pelagic
genic silica dissolution in the water column is greatest within Sediments during its journey and, within the equatorial diver-
the uppermost 500 m due to elevated temperature (e.g. Se@ence zone, biosiliceous black shales were deposited as part
bold and Berger, 1996). Due to these productivity and preserof the pelagic sequence.

vation requirements this would indicate that the sedimen- The longer export paths associated with the abyssal
tary rocks at Katsuyama were probably deposited within theseafloor hypothesis make it unlikely that significant organic
equatorial divergence zone at water depths in excess of 500 fhatter would reach the seafloor in order to be preserved
(Fig. 7a). (Fig. 7b). Anoxia in the open ocean is unlikely due to the
In the Katsuyama succession, TOC contents range belarge mass of subthermocline water (Wignall and Newton,
tween 0.01-2.75%. Two marked increases in TOC occur2001). Overturning circulation, largely driven by extremes
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of surface temperature and salinity, and stirring by wind 4.3 Global forcing mechanisms behind the T-OAE CIE

and tides (e.g. Ledwell et al., 2000), promotes an effective

ventilation of the water column; in combination with the The seemingly localized nature of the lower Toarcian neg-
longer settling times of particulate material from the euphoticative 813C excursion, apparently confined to epicontinen-
zone to the seafloor, preservation of organic matter is venjal successions of the Neotethyan realm (Europe), prompted
low. The seamount hypothesis is the most probable explaa number of workers to question whether a global mecha-
nation since it accounts for the presence of organic matternism is capable of explaining the lower Toarcian excursion
rich sedimentary rocks in the studied succession (Fig. 7c)(€.g. Wignall et al., 2006; McArthur et al., 2008). Moreover,
The seafloor of a seamount would have been closer to théhe lack of a negativé!3C excursion in the belemnite calcite
euphotic zone and would have perhaps protruded the uppéecord has been used by some authors to support the claim
bathya| oxygen minimum |ayer’ which is formed in |ayers of that isotopically |Ight carbon did not dominate the ocean—
minimal advection of oxygen. As a result, export paths for atmosphere system during the T-OAE (van de Schootbrugge
organic matter would have been reduced, and the preserv&t al., 2005; Wignall et al., 2006). An alternative hypothe-
tion of organic matter in the sediment favoured. No volcanicssis for the event has been offered which invokes local over-
can be directly assigned to the chert succession as comprisirigrn of *2C-enriched dissolved COfrom deeper waters to
the basement of the inferred seamount hypothesis. Howevethe surface, where photoautotrophic uptake of this carbon
the volcanics may not have accreted. would consequently lead to a regional negativeC excur-

The presence of black shales in open ocean settings nee@n (Kuspert, 1982; Bhl et al., 2001; van de Schootbrugge
not necessarily to represent a spread of anoxia in the oceanst al., 2005; Wignall et al., 2006). This view is countered by
but rather the passage of an ideal substrate for the preservgvidence for a coeval negative CIE in terrestrial plant mate-
tion of organic matter through a zone in the ocean charactial (Hesselbo et al., 2000, 2007) and by the record presented
terized by enhanced primary productivity in surface waters.in this study, outside of the Neotethyan realm (Europe) and
The model in the seamount hypothesis helps to reconcile thé the open ocean. The overturn hypothesis was also ques-
presence of black shales in open ocean settings with evidendéoned by van Breugel et al. (2006) who analysed isorenier-
for upwelling in the open marine environment, for enhancedatene abundances addC across the record of the event
ocean overturning and with high C/S ratios in pelagic set-in the Paris Basin (France) and concluded that respiregl CO
tings during such events (Kajiwara et al., 1994; Suzuki etCOU'd not have contributed Significantly to the negative CIE.
al., 1998; Trabucho-Alexandre et al., 2010), which cannot bendeed, in light of the data presented here, and those of the
easily explained by ocean anoxia and stable stratification. recent Al-Suwaidi et al. (2010) and Caruthers et al. (2011)

The studied black shales are organic matter-rich radiolarstudies from Argentina and Western Canada, respectively,
ian cherts and, therefore, attest to conditions of high producthe overturn scenario is improbable to have occurred syn-
tivity in the euphotic zone and of low oxygen at the seafloor. chronously at all these sites.

Whereas low oxygen conditions are a characteristic feature The emplacement of the Karoo-Ferrar large igneous
of the g|0ba| oxygen minimum |ayer in the ocean, h|gh pro- province in the latest Pliensbachian is ||k9|y to be of Sig-
ductivity within the equatorial divergence zone would have hificance in the development of the negats®’C excur-
resulted in a higher export of organic matter towards thesion that defines the T-OAE. Long-term injection of volcanic
seafloor. Due to the palaeogeographic setting of the Katgreenhouse gases (primarily @Qnto the atmosphere as-
suyama section in the Early Jurassic, the T-OAE not onlysociated with the emplacement of large igneous provinces
records the excursion in the carbon isotope record that i4S thought to have led to an increase in global mean tem-
characteristic of this time interval from sections worldwide peratures (Blfy and Smith, 2000). Although the Toarcian
(Fig. 1) irrespective of setting (but cf. van de Schootbrugge efPalaeotemperature record in the Neotethys may have been in-
al., 2005), but it is also characterized by organic matter-richfluenced by a reduction in salinity (freshwater input) and/or
open ocean lithologies. If this interpretation is correct, thelatitudinal water flow through the NW European corridor
enrichment in organic matter is largely accidental, i.e. if the (Bjerrum et al., 2001), belemnite-derived Mg/Ca arO
Katsuyama section were not located within the equatorial di-Palaeotemperature calculations show an increase in seawa-
vergence zone during the T-OAE, the lithological expressionter temperature through the latest Pliensbachian and early
of this event (organic matter-rich cherts) would have been abToarcian (McArthur et al., 2000; Rosales et al., 2004). In
sent. The presence of the carbon isotope excursion in thed&rn, rising temperatures would have led to the dissociation
open ocean sedimentary rocks, however, proves univocall@f methane clathrates, increasing atmospheric and seawater

that the T-OAE represents a perturbation in the global carboriemperatures, an enhanced hydrological cycle, and a biotic
cycle. crisis: akin to the PETM (e.g. Cohen et al., 2007; Dickens,

2011 and references therein).
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