






Author's personal copy

of Eubrontes is the base of the Jurassic began with Olsen
and Galton (1984), who advocated this datum because of
the close correspondence between the lowest occurrence
of Eubrontes in the Newark Supergroup and the Passaic
palynofloral event. Thus, use of the lowest occurrence of
Eubrontes to indicate the base of the Jurassic depends
entirely on the palynostratigraphy, not on the strati-
graphic distribution of the footprints themselves. Indeed,
previously, Haubold (1971), in his global review of
footprint ichnotaxa, considered Eubrontes to be both
Late Triassic and Early Jurassic in age.

Subsequent to the correlations advocated by Olsen
and Galton (1984), vertebrate ichnologists considered
most Eubrontes tracks to be of Jurassic age but they did
not equate the lowest occurrence of Eubrontes with the
TJB (e.g., Haubold, 1986; Lockley and Hunt, 1994).
These authors knew that most Eubrontes occurrences are
in rocks generally considered Jurassic in age, though
there was no way to correlate most of the occurrences to
marine strata or, more importantly, they could not
demonstrate a close coincidence of the lowest occur-
rence of Eubrontes and the TJB defined in marine strata.

Olsen et al. (2002a,b) further argued that the sudden
appearance of Eubrontes, made by a Dilophosaurus-
like theropod, in the “earliest Jurassic” strata of the
Newark Supergroup (just above the Passaic palynofloral
event), indicates a dramatic size increase in theropod
dinosaurs at the TJB. They interpreted this as the result
of a rapid (thousands of years) evolutionary response
by the theropod survivors of a mass extinction and
referred to it as “ecological release” (Olsen et al., 2002a,
p. 1307). They admitted, however, that this hypothesis
can be invalidated by the description of Dilophosaurus-
sized theropods or diagnostic Eubrontes tracks in
verifiably Triassic-age strata.

Indeed, tracks of large theropod dinosaurs assigned to
Eubrontes (or its synonym Kayentapus) are known from
the Triassic of Australia, Africa (Lesotho), Europe (Great
Britain, France, Germany, Poland–Slovakia, Scania) and
eastern Greenland, invalidating the “ecological release”
hypothesis (Lucas et al., 2006). A detailed review of these
records indicates Carnian, Norian and Rhaetian occur-
rences of tracks that meet the definition of Eubrontes
established by Olsen et al. (1998). Also, theropods large
enough to have made at least some Eubrontes-size tracks
are known from the Late Triassic body-fossil record and
include Liliensternus from the Norian of Europe (esti-
mated length of∼5 m) andGojirosaurus from the Norian
of the USA (estimated length∼5.5 m). Clearly, theropods
that made Eubrontes-size tracks existed during the Late
Triassic, and the sudden abundance of these tracks in the
Newark Supergroup at the Passaic palynofloral event

cannot be explained simply by rapid evolution of small
theropods to large size following a mass extinction.

Thulborn (2003) argued that the Australian Triassic
record of Eubrontes refutes the notion that its first
occurrence is at the TJB. Olsen et al. (2003), never-
theless, claimed that the Australian Eubrontes tracks are
actually tridactyl underprints of a pentadactyl chirothere
track. However, the footprint of Eubrontes is mesaxonic
(symmetrical around its long axis), as are the Australian
Eubrontes tracks. Tridactyl underprints of chirotheres
are paraxonic (asymmetrical around their long axis).
Therefore, the Eubrontes tracks from the Upper Triassic
of Australia are correctly identified. The concept of a
sudden appearance of Eubrontes tracks due to “ecolog-
ical release” at the TJB thus proposed by Olsen et al.
(2002a,b) can be abandoned. Furthermore, tetrapod
footprints do not provide a basis for precise placement
of the TJB in the Newark Supergroup. Most Eubrontes
tracks are Jurassic, but many are clearly Triassic (Lucas
et al., 2006).

A few body fossil taxa of tetrapods and a few
ichnogenera do seem to be restricted to either Triassic or
Jurassic strata (Lucas and Tanner, 2007). Thus, no
crurotarsan (aetosaur, phytosaur and rauisuchian) body
fossil is demonstrably Jurassic, so the presence of
crurotarsan fossils still can be relied on to indicate a
Triassic age. Therefore, the stratigraphically highest
crurotarsan tracks (usually referred to Brachychirother-
ium) are also apparently of Triassic age. The crocody-
lomorph Protosuchus is the stratigraphically lowest
tetrapod body fossil in Jurassic strata and has not been
demonstrated to occur in Triassic strata. The prosauro-
pod track Otozoum is also apparently restricted to
Jurassic strata (Rainforth, 2003), but given that Late
Triassic prosauropod body fossils are known, this
restriction may be more apparent than real.

The above appear to be the most reliable vertebrate
biostratigraphic criteria for identifying the Triassic–
Jurassic boundary in nonmarine strata, but they are
criteria that have not been directly correlated to the
marine definition of the TJB. Thus, the restriction of
selected taxa to the Triassic or Jurassic is based on
correlations rooted in magnetostratigraphy or palynos-
tratigraphy, not on the co-occurrence of these taxa
in marine strata or in strata that interfinger with or
are otherwise unambiguously correlated to marine
strata.

If the vertebrate fossil criteria listed here are applied
to the Newark Supergroup, the highest occurrence of
crurotarsan body fossils and the Brachychirotherium
highest occurrence is below the lowest CAMP basalt
sheet (Fig. 6). The lowest occurrence of Otozoum is
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above the Newark extrusive zone, and the lowest
occurrence of Protosuchus is above the only CAMP
basalt sheet present in the Fundy basin. This indicates
that the TJB is between the highest occurrence of
crurotarsans (below the oldest CAMP basalt) and the
lowest occurrence of presumed Jurassic tetrapods,
which is in and above the Newark extrusive zone.
Vertebrate biostratigraphy thus suggests that the TJB is
in the Newark extrusive zone.

4. Radioisotopic constraints

Although numerical age estimates of the TJB were
mostly in the 180–200 Ma range before the 1970s
(Menning, 1989), estimates of 200 Ma or older became
increasingly common subsequently. Palynostratigraphic
placement of the TJB below the base of the CAMP
basalts in the Newark Supergroup in the 1970s by
Cornet (1977) then began to figure strongly in numerical
age estimates of the TJB. Thus, numerical ages of
∼201–202 Ma for the Newark CAMP basalts became
the primary basis for advocating TJB ages close to
200 Ma.

In contrast, marine biostratigraphic placement of the
TJB was long tied to older radioisotopic ages of about
208 Ma (see Forster and Warrington, 1985 for a review).
These ages, however, were based primarily on impre-
cisely dated plutons in British Columbia, Canada, that
cut marine strata close in age to the TJB. Based primarily
on the ages of these plutons, Forster and Warrington
(1985) suggested an age of 205±5 Ma for the TJB.

Pálfy et al. (2000) provided a direct numerical tie-
point for marine biostratigraphy across the TJB by
publishing a Pb/U age on an ash bed on Kunga Island
in the Queen Charlotte Islands of British Columbia,
Canada (Fig. 2). This age, 199.6±0.3 Ma, is just below
the stratigraphically highest conodont and several
meters below the lowest occurrence of psiloceratid
ammonites in that section. By current marine biostra-
tigraphy, this is a latest Triassic age (late Rhaetian), and
it indicates a TJB numerical age no older than∼200Ma.
The age of 199.6 Ma has been used by the International
Commission on Stratigraphy in its 2004 compilation as
the best estimate of the age of the TJB (Ogg, 2004a,b;
Gradstein et al., 2004).

Numerical age dating of the CAMP basalts of the
Newark Supergroup has a long and complex history. Since
1990, most workers have applied the ages published by
Dunning and Hodych (1990) on feeder intrusives of the
CAMP basalts, which indicate they are ∼201–202 Ma.
Recent Ar/Ar ages on the basalts in the Carolina piedmont
place the oldest flow (Wachtung flow I) at 201.2±2.1 Ma

(Hames et al., 2000). Indeed, Hames et al. (2000, p. 860),
accepting the idea that the TJB is just below the CAMP
basalts, suggested that this is a “direct, relatively precise
determination of the age of the Triassic–Jurassic bound-
ary.” Recently, Schoene et al. (2006) reported a single
crystal 206Pb/238U age of 201.3±0.3 Ma and a 207Pb/235U
age of 201.5±0.3 Ma for the North Mountain basalt in the
Fundy basin. These represent the most precise age
determinations thus far for the CAMP basalts in the
Newark basins.

Recently published 40Ar/39Ar ages of CAMP basalts
in Morocco range from 200.3±2.6 Ma for the lower
flow unit to 199.8±1.8 Ma for the upper flow unit
(Marzoli et al., 2004; Knight et al., 2004). The weighted
mean age for the lower unit is 200.1±0.6 Ma, whereas
for the upper unit it is 199.4±1.1 Ma (Knight et al.,
2004). Note, though, that because of “systematic errors”
in 40Ar/39Ar geochronology (e.g., Min et al., 2005;
Schoene et al., 2006), these 40Ar/39Ar ages need to be
adjusted by about 1% downward for comparison to U/
Pb ages, so the data actually indicate ages close to
202 Ma. Or, viewed differently, the U/Pb ages indicate
that the basal CAMP basalts of the Newark Supergroup
are older than the TJB, whereas Ar/Ar ages indicate a
younger age for the Moroccan CAMP basalts (Nomade
et al., 2007, Fig. 6).

In Morocco, palynomorphs immediately below the
lower flow unit are mostly vesicate forms (including
Patinasporites densus) that indicate a Late Triassic
age. The simplest interpretation of these data is that the
Moroccan CAMP basalts were extruded during the
latest Triassic and rest directly on latest Triassic
sediments. Indeed, if the sediments beneath the Newark
CAMP basalts are of Triassic age, as we argue here, then
there is no discrepancy between the Newark and
Moroccan CAMP extrusions; they are coeval within
biostratigraphic resolution and both rest on uppermost
Triassic sediments.

Olsen and Kent (1999; also see Kent et al., 1995;
Kent and Olsen, 1999), in their development of a Late
Triassic magnetostratigraphy and astronomically-cali-
brated timescale, have mostly used 202 Ma as the age of
the TJB (Olsen et al., 1996 used 201 Ma), which they
place at the Passaic palynofloral event a few meters
below the base of the oldest CAMP basalt. Based on
cyclostratigraphy, they argue that their palynostratigra-
phically-placed TJB (the Passaic palynofloral event) is
only about 20–25 kyr older than the oldest basalt, and
that the entire Newark extrusive zone encompasses no
more than 600 kyr. If these numerical estimates are
accepted, then the TJB (∼200 Ma) must be younger
than the Newark extrusive zone (∼201–202 Ma).
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In his compilation of Triassic numerical ages, Ogg
(2004a; also see Gradstein et al., 1994, 2004) indicated
that the Newark Passaic palynofloral event is very close
in age to the Norian–Rhaetian boundary. Therefore, his
compilation placed the Norian–Rhaetian boundary at
about 202–203 Ma, as he placed it stratigraphically just
below the oldest CAMP basalt.

If the palynostratigraphically-placed TJB (Passaic
palynofloral event of our terminology) in the Newark
Supergroup has an age of 202 or 201 Ma, and the marine
TJB is ∼200 Ma or younger, then there is an obvious
discrepancy of at least one million years between the
two boundaries. Pálfy et al. (2000) recognized this (also
see Ogg, 2004a,b), and by their estimation, the
discrepancy is at least 700 kyr if the maximum one
sigma error ranges of the then available radioisotopic
ages were used to calibrate their asynchrony. The
important point here is that the radioisotopic ages
indicate that there are two TJB boundaries: a marine
TJB of ∼200 Ma or slightly younger and the “Newark
TJB” of ∼201–202 Ma or slightly older.

However, the radioisotopic age story may not be as
clear as just indicated. In an abstract, Pálfy and Mundil
(2006) report 206Pb/238U ages for an early Sinemurian
horizon in Hungary of 198.0±0.6 and a middle
Hettangian horizon in Alaska of 200.6±0.3 Ma. They
suggest these ages indicate a TJB age older than 201Ma,
but until these new dates are fully published and the
inaccuracy of the published age from Kunga Island is
demonstrated (the other Hettangian–Sinemurian numer-
ical ages published by Pálfy et al., 1999 must also be
inaccurate), this is not certain. Indeed, a marine TJB age
older than 201 Ma creates problems not only for the
palynostratigraphic correlations just advocated, but for
magnetostratigraphic correlations by Hounslow et al.
(2004) and Whiteside et al. (2007) discussed below.

5. Magnetostratigraphic constraints

Magnetostratigraphy of the Newark Supergroup in
New Jersey (Kent et al., 1995) now provides what many
consider the most complete record of magnetic field
behavior for the Late Triassic and earliest Jurassic.
Despite this, attempts to correlate other Late Triassic
magnetostratigraphic columns to the Newark column are
beset with problems that are currently a subject of ongoing
discussion. In the Newark section, the Passaic palyno-
floral event corresponds to a short polarity reversal
labeled E23r (Figs. 1, 7). There is a relatively long normal
chron below the Passaic palynofloral event. The entire
Newark extrusive zone is of normal polarity, and some
sampling (not a complete magnetostratigraphic column)

from sediments above the Newark extrusive zone
indicates the presence of some short reversals.

At present, the only published magnetostratigraphic
column that crosses the TJB in marine strata is at St.
Audrie's Bay, England (Hesselbo et al., 2004; Houn-
slow et al., 2004). There is published magnetostrati-
graphy of marine Hettangian–Sinemurian strata in the
Paris Basin (Yang et al., 1996), and Channell et al.
(2003) assigned a Rhaetian age to some of the marine
strata in Slovakia for which they published a magnetos-
tratigraphy. Some magnetostratigraphy across the TJB
in nonmarine strata of the Colorado Plateau, USA and in
Morocco also has been published (Molina-Garza et al.,
2003; Marzoli et al., 2004).

These magnetostratigraphic columns and other Upper
Triassic columns document that the early–middle Norian
is of mixed polarity, whereas the Rhaetian–Hettangian is
mostly of normal polarity and punctuated by a few short
reversed polarity intervals (e.g., Ogg, 2004a, Fig. 17.1).
Straightforward magnetostratigraphic correlation of
marine sections to the Newark magnetostratigraphic
column has proven impossible (Krystyn et al., 2002;
Channell et al., 2003; Muttoni et al., 2004; Gallet et al.,
2007). For example, the magnetostratigraphy of the
core from the Paris Basin indicates that essentially
all of the Hettangian is of normal polarity with a few
reversed intervals (Yang et al., 1996), but the supposedly
Hettangian interval of the Newark Supergroup (includ-
ing the Newark extrusive zone) is of normal polarity
and lacks any reversals (Fig. 1). Most problematic
have been attempts to correlate magnetostratigraphy
from Upper Triassic marine strata that were deposited
on the northern Tethyan margin (in Italy, Slovakia,
Turkey, etc.) to the Newark magnetostratigraphy. The
marine sections have many fewer reversals than does the
Newark section for the same time interval. Given the
differences in sedimentation rates between the marine
strata and the Newark sections, and disagreement about
biostratigraphic datum points that could be used to
correlate the marine sections to the nonmarine Newark
section, it is unlikely that replicatable correlations are
possible.

Hounslow et al. (2004) presented the latest attempt to
correlate a marine TJB section to the Newark section
using magnetostratigraphy (Fig. 7). Their magnetostrati-
graphy of the section across the TJB at St. Audrie's Bay,
England, indicates a dominantly normal polarity section
from the Rhaetian through Hettangian, with four short
intervals of reversed polarity below the marine TJB.
Hounslow et al. (2004) suggested that either their SA5r
reversal, which is the stratigraphically highest short
reversed interval, or one of the stratigraphically lower
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Fig. 7. Magnetostratigraphic correlations between the Newark basin and St. Audrie's Bay, England (above), and between the Newark basin and the
CAMP basalt interval in the Central High Atlas of Morocco (below). In the correlation Newark to St. Audrie's Bay, the correlations advocated by
Hounslow et al. (2004) and byWhiteside et al. (2007) are shown. Both indicate the base of the CAMP basalts in the Newark is older than the Triassic–
Jurassic boundary. In the correlation Newark to Morocco, the correlations advocated by Marzoli et al. (2004) and by Whiteside et al. (2007) are
shown. LO = lowest occurrence.
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reversals, SA5n.3r or SA5n.2R, correlate to the E23r
reversal that corresponds to the Passaic palynofloral
event in the Newark section (Fig. 8). All three possible
correlations indicate the E23r reversal is older than the
marine definition of the TJB, and correlation of the E23r
reversal to the two lower reversals at St. Audrie's Bay
is a correlation that would make E23r older than
the stratigraphically highest conodonts and thus Late
Triassic by any proposed definition of the TJB.

The problem with these magnetostratigraphic corre-
lations, as Hounslow et al. (2004) conceded, is the lack
of any unambiguous biostratigraphic tie-points between
the Newark and St. Audrie's Bay sections to support
a unique magnetostratigraphic correlation. Hounslow
et al. (2004, p. 349) attempted to support synchrony of
E23r and SA5r by equating the palynological change in
the Newark at E23r to the palynological change in the
upper Penarth Group. Alternatively, we suggest that this
change could simply be a response to the upper Penarth
Group transgression documented by Hesselbo et al.
(2004) and is not a biostratigraphic datum. Indeed,
Whiteside et al. (2007) correlated E23r to SA5n.3r
based on correlating the Passaic palynofloral event to
the pollen change in the Lilstock Formation. Either
magnetostratigraphic correlation of E23r to the St.
Audrie's Bay section indicates that E23r is older than
the LO of P. planorbis (Fig. 7).

Marzoli et al. (2004) published new isotopic ages,
magnetostratigraphy and palynostratigraphy for the
CAMP basalt interval in the High Atlas of Morocco.
Their data indicate a short magnetic reversal in a
limestone bed interbedded with the basalt sheets that
they correlated to E23r in the Newark section (Fig. 8).
Marzoli et al. (2004) concluded that this indicates an onset
of CAMPvolcanism inMorocco demonstrably older than
the oldest CAMP basalt sheet in the Newark basin. An
alternative correlation would equate the basal CAMP
basalts in New Jersey and Morocco and argue that the
short reversal in the Moroccan section is present, but
undetected in the Newark extrusive zone (Whiteside et al.,
2007) (Fig. 7). Significantly, palynomorphs up to the base
of the CAMP basalt sheet in Morocco are a P. densus
assemblage of Late Triassic age. The limestone also yields
some specimens of P. densus, but they may be reworked
(Marzoli et al., 2004).

Marzoli et al. (2004) accepted the conclusion that the
basal CAMP basalt sheet in New Jersey is of Jurassic
age, so they argued for an older onset of CAMP
volcanism in Morocco than in New Jersey. However, as
argued here, there is no biostratigraphic evidence that
the basal CAMP basalt in New Jersey is younger than
latest Triassic, so the basal CAMP basalts in New Jersey

and Morocco are, within biostratigraphic resolution, the
same age.

Most recently, Gallet et al. (2007) presented a
magnetostratigraphy of marine Rhaetian strata in
southwestern Turkey that they correlate to other Tethyan
sections and to the Newark magnetostratigraphic section
of Kent et al. (1995). This section indicates that the
Rhaetian (the “long Rhaetian” used here) is mostly of
normal polarity with two short reversals near the middle.
Gallet et al. (2007) concede the lack of robust data for
much of the middle Norian in Tethyan section.
Nonetheless, they propose two scenarios based on
correlation of a long reversed interval from the end
middle–Norian (Alaunian zone 3) to the Newark (either
to the E17r or to the entire E17r–E20r interval). In both,
the result is a possible sedimentary hiatus that eliminates
much of the Rhaetian in the Newark basin and indicates
the TJB is above the base of the lowest CAMP basalt.
This proposal is consistent with the interpretation of
Kozur and Weems (2005).

6. Chemostratigraphic constraints

6.1. Carbon isotopes

Significant negative excursions in the isotopic com-
position of organic matter occur in close proximity to the
TJB in several marine sections, prompting the suggestion
that isotope stratigraphy may be used to define the position
of the TJB (Hesselbo et al., 2002, 2004). For example, at
the Kennecott Point section in the Queen Charlotte Islands,
Canada (Fig. 2), a pronounced negative δ13C excursion (of
approximately 1.5–2.0‰) spans the TJB, beginning
immediately below the highest occurrence of Triassic
ammonites and radiolarians, and continuing to above the
lowest occurrence of Jurassic radiolarians (Ward et al.,
2001, 2004; Williford et al., 2007). In the New York
Canyon section of Nevada, USA (Fig. 2), a negative δ13C
excursion of similar magnitude (about 2.0‰) also begins
just below the highest occurrence of conodonts, Triassic
ammonites (Choristoceras crickmayi and Arcestes spp.)
and Triassic bivalves (Guex et al., 2003, 2004; Orchard
et al., 2007). The sections at St. Audrie's Bay, southwest
England (Hesselbo et al., 2002, 2004), Csövár, Hungary
(Pálfy et al., 2000), and Tiefengraben, Austria (Kuerschner
et al., 2006) also display negative δ13C excursions of
approximately 2.0 to 3.0‰ that begin below the conodont
HO. Although a similar trend has been claimed for several
other sections based on the carbon-isotope composition of
carbonate (e.g., Galli et al., 2005), the susceptibility of the
isotopic composition of carbonate to diagenetic modifica-
tion renders these data less reliable than that derived from
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organic carbon. In all sections, the lower isotope excursion
is succeeded by an interval of strata in which the isotopic
composition of the organic matter returns to previous
values, or is enriched. This positive excursion is succeeded,
in turn, by an interval again displaying depleted isotopic
values. The widespread nature of the negative isotope
excursion suggests a disruption of the carbon cycle of
global extent. Indeed, a number of non-mutually exclusive
scenarios have been proposed: a collapse of primary
productivity has been suggested for the latest Triassic
(Ward et al., 2001; Guex et al., 2004); the release of
isotopically light volcanogenic CO2 fromCAMP eruptions
also has been considered, but generally rejected on mass
balance considerations (Kump and Arthur, 1999; Beerling
andBerner, 2002); the release ofmethane hydrate from sea-
floor sediments has become a particularly fashionable
hypothesis (Pálfy et al., 2000; Hesselbo et al., 2002;
Beerling and Berner, 2002; Tanner et al., 2004), although
it suffers from a lack of predictive testability at present.

Guex et al. (2004) commented on the fact that the
sections at St. Audrie's Bay and New York Canyon display
a pattern of isotope variation inwhich the negative excursion
described above is reversed by a strongly positive excursion
in the overlying strata for several meters and then succeeded
by a more extended negative excursion. This same trend is
displayed in the recently published data from Kennecott
Point and Tiefengraben (Williford et al., 2007; Kuerschner
et al., 2007). Guex et al. (2004) offered the scenario that the
shorter initial excursion, which they consider Rhaetian,
resulted in part from a productivity collapse triggered by the
adverse effects of CAMP volcanism; this excursion begins
before but encompasses the ammonite, conodont, bivalve,
and radiolarian extinctions.

If this idea is correct, linking the initial negative carbon
isotope excursion to CAMP indicates that the CAMP
must have begun in the Triassic. Recently, Kuerschner
et al. (2007) documented that the initial isotope excur-
sion at the base of the Tiefengraben Member of the
Kendelbach Formation occurs in the Rhaetipolis–Porcel-
lispora palynomorph zone, which they place in the
Rhaetian on the basis of indisputable Triassic foraminif-
era. Additionally, these authors propose a convincing
correlation to the St. Audrie's Bay section, based on the
bifurcate shape of the lower isotopic excursion (also seen
at New York Canyon and Kennecott Point), the highest
occurrence of conodonts, and the lowest occurrence of
Cerebropollenites thiergartii, which clearly places the
initial excursion below the TJB. The succeeding positive
excursion, in their scenario, marks a return to enhanced
bioproductivity during a period of greenhouse warming.

Williford et al. (2007), in explaining a similar pattern
in the Kennecott Point section, interpret a greenhouse-

induced biocalcification crisis to explain the strongly
positive excursion overlying the initial negative excursion.
The later (Hettangian) excursion is more problematic, but
is unlikely to have a catastrophic cause, in the view of the
authors, because it encompasses an interval of evolution-
ary recovery and radiation, not extinction. Furthermore,
the data of Williford et al. (2007) for Kennecott Point
extend the isotope record stratigraphically higher than any
other extant data set and demonstrate that the “main
isotope excursion” is not an excursion at all, but in fact a
prolonged trend of isotopically light organic matter that
extends well into the Sinemurian.

A negative δ13C excursion for organic carbon in
terrestrial environments also has been claimed for
nonmarine strata encompassing the TJB (McElwain
et al., 1999; Hesselbo et al., 2002; Whiteside et al., 2003,
2004). The presumption is that the marine excursion
resulted from a drastic alteration of the δ13C of the global
CO2 reservoir that similarly was recorded by vascular
plants. However, published isotope analyses of plant
macrofossils for TJB sections in Scania fail to exhibit this
excursion (McElwain et al., 1999); data from Greenland
display an apparent trend that appears to correlate with the
marine data, although there is significant intersample δ13C
variability and therefore a lack of the consistency that is
displayed in the marine record (McElwain et al., 1999;
Hesselbo et al., 2002). Notably, terrestrial organic matter
displays significant interspecific variations in isotopic
composition due to variations in the organic composition;
thus, only species-specific or compound-specific analysis
is likely to reveal a genuine change in isotopic composition
(Kuerschner et al., 2007). Even so, variations in the
isotopic composition of plants may result from environ-
mental factors other than the δ13C of the atmosphere, as
proposed by the above authors.

Uppermost Triassic nonmarine strata in the Newark and
Fundy basins contain predominantly redbed sediments that
are not conducive to the preservation of organic matter, so
these sections have yielded only fragmentary carbon
isotope data sets from the analysis of bulk samples
(Whiteside et al., 2003, 2004). These data appear to show
significant carbon isotope excursions coincident with the
Passaic palynofloral event. If the carbon isotope excursion
at the Passaic palynofloral event in theNewark correlates to
that excursion at St. Audrie's Bay and in other marine
sections, then the Passaic palynofloral event is Triassic,
although such an isotope-based correlation is far from
certain based on available data.

Despite the apparent widespread consistency of the
isotope excursion that precedes and coincides with the
final extinction of Triassic ammonites, conodonts, and
other forms, it is essential to note that the isotope record
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for the upper Rhaetian through lower Hettangian displays
complexities that vary from section to section; thus,
application of the isotope excursion as a non-biostrati-
graphic marker is not yet straightforward. Serious
questions regarding the relative contributions of terrestrial
vs. marine organic components in sections that contain
significant changes in sea level and facies have not been
addressed sufficiently. Until these questions are answered,
and until a robust carbon isotope record across the TJB is
documented from nonmarine strata, the carbon isotope
record cannot be used to correlate nonmarine and marine
strata across the TJB with certainty.

6.2. Osmium and strontium isotopes

Cohen and Coe (2002, 2007) attempted to better
constrain the temporal relationship between extinctions
across the TJB and the onset of CAMP volcanism by
analyzing the section at St Audrie’s Bay for the con-
centration of 192Os and for the ratio 187Os/188Os. 192Os is
an unradiogenic isotope, derived from igneous activity,
that has a very short residence time in the ocean and thus
could be a sedimentary indicator of the onset of the
CAMP eruptions. The ratio 187Os/188Os reflects the
relative contributions of radiogenic 187Os from the
weathering of continental crust and unradiogenic 188Os
from the alteration of mantle-derived (mafic) igneous
material. Unfortunately, the Lilstock Formation at St.
Audrie's Bay contains no lithologies suitable for these
analyses, so there is a significant hiatus in the data. The
data for 192Os concentration display an increase simulta-
neous with a decrease in the 187Os/188Os ratio in the lower
pre-planorbis beds, above the top of the Lilstock
Formation and well above the initial carbon isotope
excursion. Therefore, these data either do not demonstrate
a clear connection between the isotope excursion and the
onset of CAMP activity or they could indicate the onset of
CAMP in the Late Triassic.

The Sr isotope ratio of seawater is thought to reflect the
relative contributions of Sr derived from hydrothermal
alteration of ocean crust at the mid-ocean ridges and the
weathering on land of ancient continental crust. Because
the rate of formation and alteration of ocean crust is
considered invariant over shorter time scales (less than a
few million years), the flux of the ratio 87Sr/86Sr primarily
reflects variations in rates of terrestrial chemical weathering
(see McArthur et al., 2001 compilation). Cohen and Coe
(2007, Fig. 4) show marked changes in Sr and Os ratios
beginning before (Os) and at (Sr) the beginning of the
negative carbon isotope excursion at St. Audrie's Bay.
These are Triassic events, and suggest a latest Triassic onset
of CAMP volcanism.

6.3. Iridium enrichment

Olsen et al. (2002a,b) reported an elevated level of
iridium, up to a maximum of 285 pg/g, that correlates
with the Passaic palynofloral event in the upper Passaic
Formation in the Newark basin. This “modest iridium
anomaly,” in a smectitic claystone, is greater by an order
of magnitude than the average crustal abundance,
although it is still one to two orders of magnitude
smaller than the anomaly reported at the K–T boundary
(Alvarez et al., 1980).

Tanner and Kyte (2005) reported a pattern of
enrichment in siderophile elements, including Ir, at
multiple horizons in strata of the Fundy basin coinciding
closely with the Passaic palynofloral event identified by
Fowell and Traverse (1995) in the Partridge Island
section. Concentrations of iridium increase to a maxi-
mum of 355 pg/gm approximately 10 cm below this
horizon, and specifically, Ir enrichment appears to
correlate with the organic content of the host sediments.
Tanner and Kyte (2005) speculated that the observed Ir
enrichment was derived from CAMP volcanism, rather
than an extraterrestrial source, and that the enrichment
was controlled by redox boundary conditions within the
sedimentary succession. Other platinum group elements
co-vary with iridium in the Partridge Island section,
increasing by 50 to 100%between the top of the section to
the palynological boundary. However, the ratios observed
are more typical of igneous processes than of a chondritic
source. There are no reports of iridium enrichment of
similar magnitude at any of the marine TJB sections
(Tanner et al., 2004).

Olsen et al. (2002b) discounted a volcanic source for
the anomaly on the basis of a lack of correlation of iridium
concentration with other trace elements in the Newark
basin section. However, a similar lack of correlation is
observed between iridium and other siderophile elements,
such as cobalt, nickel, or chromium, which are potential
indicators of an extraterrestrial origin (Koeberl, 1998;
Kyte, 2002; Olsen et al., 2002b). No impact-related grains
have been identified at the Passaic palynofloral event in the
Fundy or Newark basins, nor are there any independently
verified reports of impact grains in association with the
TJB at any location (Mossman et al., 1998; Tanner et al.,
2004). At present, the data do not allow discrimination
among possible sources of the iridium, so no correlation
based on iridium anomalies is possible.

7. Conclusion: one Triassic–Jurassic boundary

There can only be one TJB, and this is the boundary
defined in the marine section by marine biostratigraphic
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criteria. At present, this boundary is defined by the lowest
occurrence of the psiloceratid ammonite P. planorbis in
southern England. Palynostratigraphy provides no precise
and broadly correlateable event that corresponds to the
marine TJB. Changes in palynomorph assemblages
across the TJB are diachronous and typically driven by
local/regional marine transgressions and climate changes.
The Passaic palynofloral event in the Newark Supergroup
below the CAMPbasalts does not correlate to the TJB and
is most likely a late Norian or Rhaetian event. In the
Newark Supergroup, all biostratigraphic evidence indi-
cates the TJB is within or just above the Newark extrusive
zone. Furthermore, radioisotopic ages, magnetostratigra-
phy and chemostratigraphic constraints indicate the TJB
is above the lowest CAMP basalt in the Newark
Supergroup. All data converge to place the TJB in the
Newark extrusive zone, and thus indicate that CAMP
volcanism began during the latest Triassic.

Correct placement of the TJB in the Newark Super-
group allows, for the first time, a temporal sequencing
of key nonmarine and marine events across the TJB
(Fig. 8). Consequently, the extinction of crurotarsans,
which is the substantial tetrapod extinction at the end of
the Triassic, is a Late Triassic event that predates the
palynofloral turnover in the Newark (Passaic palynofloral
event) before the onset of CAMP volcanism. The CAMP
eruptions are coincident (within resolution) with a negative
carbon isotope excursion detected in many marine

sections, and this suggests that CAMP disrupted the global
carbon system. However, the actual final extinction of
conodonts and Rhaetian ammonites postdates the begin-
ning of the negative carbon isotope excursion (Guex et al.,
2004), and this suggests that it was not a sudden and
synchronous result of the onset of CAMP volcanism. The
first Jurassic ammonites appear after the conodont and
Rhaetian ammonite extinctions. All of these events took
place in a 1 to 2 myr time-span. Their sequencing suggests
that nonmarine extinctions and marine extinctions across
the TJB were definitely not synchronous.
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