and in the absence of salt using only two synthetic surfactants. The
microstructure of these complex aggregates is sketched in Fig. 4.
Self-assembly of icosahedra, owing to defect-free repetition of
strong interactions, is one of the fascinating consequences of the
quasi-equivalence principle”: highly symmetric structures can be
formed with high efficiency by association of identical subunits in
the absence of templates. The self-assembled two-dimensional
nearly crystalline shell is similar in shape to the structure initially
proposed for viruses by Watson and Crick®. In catanionic icosa-
hedra, subunits are combinations of catanionic pairs. Although in
viruses the number of subunits is smaller, the type of aggregates
described here should obey a similar topology control mechanism: a
locally hexagonal lattice folds into 20 equivalent triangles. The
association of anionic and cationic surfactants produces particles
similar in shape but larger than viruses. U
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The Triassic/Jurassic boundary, 208 million years ago, is asso-
ciated with widespread extinctions in both the marine and
terrestrial biota. The cause of these extinctions has been widely
attributed to the eruption of flood basalts of the Central Atlantic
Magmatic Province'™. This volcanic event is thought to have
released significant amounts of CO, into the atmosphere, which
could have led to catastrophic greenhouse warming®”’, but the
evidence for CO,-induced extinction remains equivocal. Here we
present the carbon isotope compositions of pedogenic calcite
from palaeosol formations, spanning a 20-Myr period across the
Triassic/Jurassic boundary. Using a standard diffusion model®’,
we interpret these isotopic data to represent a rise in atmospheric
CO, concentrations of about 250 p.p.m. across the boundary, as
compared with previous estimates of a 2,000—4,000 p.p.m.
increase*’. The relative stability of atmospheric CO, across this
boundary suggests that environmental degradation and extinc-
tions during the Early Jurassic were not caused by volcanic
outgassing of CO,. Other volcanic effects—such as the release
of atmospheric aerosols or tectonically driven sea-level change—
may have been responsible for this event.

The mass extinction at the end of the Triassic claimed about 80%
of all species”, including most non-dinosaurian archosaurs'.
Although extinctions in the terrestrial and marine environments
may be slightly asynchronous, they are closely related temporally
and undoubtedly share causality?. This biotic crisis has been
attributed previously to bolide impact®’ and sea-level change'*".
However, dating of the best-candidate impact structure (the Man-
icouagan crater) places the impact roughly 14 Myr earlier'®, and sea-
level change fails to explain the fern spike in the terrestrial boundary
record’. The prevailing view is that this event resulted from the
eruptions of the Central Atlantic Magmatic Province (CAMP),
which may have produced as much as 7 x 10°km? of flood basalt
in as little as 2 Myr’. CAMP volcanics include the basalts of the
Newark Supergroup of eastern North America whose ages of around
200 Myr and stratigraphical proximity to the Triassic/Jurassic
boundary are well constrained'>". A frequently cited deleterious
effect of these widespread, massive eruptions is a sudden increase in

§ Present address: ExxonMobil Upstream Research Company, Houston 77252, Texas, USA.
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atmospheric CO; (pco,) from outgassing, resulting in intense global
warming*™’.

The estimation of atmospheric palaeo-pco, using 3"C of pedo-
genic carbonate and the diffusion-reaction model is now common
practice®™'®. The carbon isotopic composition of soil carbonate is
controlled by: the C,/C; vegetation ratio; the depth of carbonate
accumulation; the temperature of carbonate precipitation; the
isotopic composition of atmospheric carbon, a value well con-
strained by studies of marine carbonates; and soil productivity
(8(2) = Pcosoil — PcO,atmos)> Which is largely dependent on climatic
regime. Values of palaeo-pco, derived from §'°C are similar to values
from other sources, such as geochemical modelling”®. Elevated
palaeo-pco, for the Late Triassic has been estimated previously
from the isotopic analysis of calcite in palaeosols®”'®, but reliable
data gathered with modern sampling protocols®'® are lacking for the
Early Jurassic.

Our data were generated by sampling micritic calcite of pedo-
genic origin in mature, morphologically similar palaeosols in the rift
basins of the Newark Supergroup of eastern North America and a
continental basin of the southwestern United States (Fig. 1). The 21
samples comprise a data set that is tightly constrained by field and
petrographical criteria to minimize variations in the composition of
soil carbonate that result from differences in the depth of calcite
accumulation and soil productivity. These samples represent dis-
crete, mudstone-hosted, micritic nodules that occur in mature
palaeosol profiles in which the upper part of the profile is char-
acterized by a horizon of coalesced nodules (Bk) or laminar calcite
(K). We selected samples from depths of 30 cm or greater, below the
top of the Bk or K horizon, thereby minimizing the effects of soil
depth®*®. Micritic calcite was selectively removed by microdrilling
from thin section billets. The stratigraphic units sampled are: the
Chatham Group (Carnian) of the Deep River basin, the New Haven
Formation (Norian) of the Hartford basin, the McCoy Brook
Formation (Hettangian) of the Fundy basin, and the Owl Rock
Formation (Norian) of the Chinle group in the Chinle basin (Fig. 1).

#Sﬁ

Figure 1 Location of basins containing the sampled palaeosols. Right, exposed basins of
the Newark Supergroup. Sampled basins: 1, Durham sub-basin of the Deep River basin
(Chatham Group samples from the eastern Durham sub-basin); 2, Hartford basin (New
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These soils all formed on alluvial floodplains at low palaeolatitudes
(= 15°) and most profiles show features such as gradational lower
boundaries, rhizoliths, and circumgranular cracking, which suggest
semi-arid to arid conditions, and so have been inferred to represent
well-drained soils* .

The mean 8"°C values for calcite in palacosols from the Chatham
Group, New Haven Formation, and Owl Rock Formation coincide
within the limits of measurement, averaging —7.4%o relative to
PeeDee Belemnite (PDB) (Table 1). Calcite from McCoy Brook
Formation palaeosols is slightly heavier, with a mean §'"°C of ~7.1%o
PDB (Table 1). This concordance suggests that these palaeosols
formed under similar conditions of atmospheric composition and
climate (warm, semi-arid to arid). The consistent isotopic compo-
sitions of pedogenic calcite is notable because these basins extend
across about 17° of palaeolatitude, from the equatorial Deep River
basin to the Fundy basin at about 15° N (ref. 24). Application of the
diffusion-reaction model to these results requires several assump-
tions that (admittedly) introduce substantial room for variability in
the calculated palaeo-pco, The 8 Cyimos 1s set at —6.5%o PDB’,
although variation in the composition of marine carbonates sug-
gests that this value varied slightly during the early Mesozoic'®. The
3"°C value for organic matter was taken as —24%o PDB, consistent
with direct measurements’ and proxy measurements'® for Upper
Triassic and Lower Jurassic palaeosols. Fractionation of soil CO, by
1%o relative to organic matter is assumed’. The temperature of
carbonate precipitation within the soil is set at 25 °C for these low-
latitude palaeosols.

Potentially, the greatest source of variation in this calculation is
the soil CO, productivity S(z), controlled largely by precipitation
and drainage characteristics of the soil. The morphologies of these
palaeosols suggest formation in well-drained arid to semi-arid soils
in which S(z) may vary from 3,000-7,000 p.p.m (ref. 18). A mean
S(z) value of 5,000 p.p.m. was chosen for these calculations. The
combined mean 8"°C of —7.4%o for Late Triassic pedogenic calcites
(Chatham Group, New Haven Formation and Owl Rock Forma-

(N

Haven Formation); and 3, Fundy basin (McCoy Brook Formation). Left, part of the Chinle
basin with the outcrop pattern of the Chinle Group shown in black. Location of the sample
area of the Owl Rock Formation is indicated (4).
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Table 1 Isotopic data

Sample 5'°C%. PDB
Upper Triassic palaeosols
Chatham Group (Carnian) 94-7-1 7.4
94-7-2 -7.3
94-7-2B -7.4
94-7-7 7.4
94-7-8 -7.3
New Haven Formation (Norian) S-35 -7.5
M17-S12 -7.3
Owl Rock Formation (Norian) OR-1 -7.8
EC-1 -7.6
EC-1B -6.8
EC-2 7.4
EC-2B -6.8
EC-3 -7.3
EC-3B -7.6
EC-4 -7.9
Mean (n=15) -74(0=0.3
Lower Jurassic palaeosols
McCoy Brook Formation (Hettangian) MP1-1 -6.2
MP1-2 7.1
MP1-2B -7.0
MP2-2 -7.6
MP2-2B -7.5
MP2-3 -7.3
Mean (n=96) —7.1(0=0.5)

Analyses performed by Coastal Science Laboratories, Austin, Texas. Values are accurate to 0.2%o.

tion) yields a palaeo-pco, value of 2,250 p.p.m., about eight times
the modern (pre-industrial) level, with a potential range of 1,350—
3,150 p.p.m. (for S(z) values of 3,000 and 7,000). Calculation of
palaeo-pco, using the McCoy Brook Formation data, yields slightly
higher values of 2,480 p.p.m., within a possible range of 1,490—3,470
p.p-m.. Owing to the temperature control on isotope fractionation®,
the difference between the Upper Triassic and Lower Jurassic
palaeosols is eliminated if the mean temperature of pedogenic
calcite precipitation were 2 °C lower in the more northerly Fundy
basin. Our results are similar to previous estimates of palaco-pco,
for the Late Triassic® and the Late Jurassic®’; however, these earlier
estimates lacked the stratigraphical resolution necessary to examine
changes in palaeo-pco, across the Triassic/Jurassic boundary. These
estimates and ours are contained within the range of error for
average palaeo-pco, for the latest Triassic and earliest Jurassic
calculated by carbon-cycle modelling of 3-8 times the modern
level®. Most significantly, our results differ substantially from
previously published analyses for the McCoy Brook Formation
(Lower Jurassic), which were obtained by bulk analyses of samples
collected without the constraint of position within the palaeosol
profile®.

The isotopic composition of oolitic goethite has been cited as
evidence for greatly elevated (possibly 18 times the modern
level) pco, during the Early Jurassic’; however, the age of these data
are not well constrained and are still subject to interpretation.
Within the accuracy of measurement, our data do not indicate a
significant increase in palaeo-pco, across the Triassic/Jurassic
boundary. We do not therefore support an interpretation of
sudden global warming resulting from CO, outgassing during
CAMP volcanism. Suggestions of large increases in Early Jurassic
palaeo-pco, due to CAMP eruptions seem to be made on the basis of
gross overestimates of the CO, contribution from this magmatism.
Recent estimates of the maximum volume of CAMP basalt’ are
comparable to the largest estimates for the Deccan Traps flood
basalts”, the eruptions of which are estimated to have increased
atmospheric CO, by only 200—250 p.p.m.v. (against a Late Cretac-
eous background of about 600 p.p.m.v.)*. This calculation, more-
over, is based on an estimate of 0.5% CO, in the basaltic magma that
may be overgenerous®. Therefore, we conclude that eruptions of the
CAMP flood basalts were unlikely to have greatly increased
palaeo-pco, during the Early Jurassic. Alternative mechanisms for
extinction need to be explored more fully, particularly short-term
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cooling or acidification of the atmosphere and oceans from SO,
aerosols*, and rapid sea-level change driven by plume-driven
thermal doming and collapse’. Although little evidence has been
presented to support the former", the latter hypothesis has the
advantage of explaining the transgressive—regressive couplet that
spans the Triassic/Jurassic boundary''” and the widespread record
of Barly Jurassic marine anoxia'. O
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