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Rift basins of eastern North America and Morocco arguably preserve the temporally most tightly constrained record of
abrupt continental biotic change through the end-Triassic mass-extinction (ETE) based on astrochronology and U-Pb
dates (1). However, two biostratigraphic hypotheses have been proposed for these sections requiring a multi-million-
year hiatus or unconformity spanning most of the Rheatian that we show here are falsified. Van Veen (2) hypothesized a
hiatus based on European records where vesicate pollen (Patinasporites-Enzonalasporites-Vallisporites complex)
disappear in the early Rhaetian while continuing up to the Newarkian ETE, and therefore implying the Newark succession
is very condensed, consistent with a major hiatus. This is falsified by the presence of the vesicate forms in late Rhaetian
strata of the Bristol Channel Basin (3). This pattern is more simply explained by a time-transgressive disappearance (in
present geography) of the low-latitude vesicate pollen group as central Pangae translated north (4) prior to their ETE
extirpation (5).

Similarly, Kozur & Weems (6) hypothesized that the absence of several Germanic basin clam shrimp zones in the Newark
Supergroup indicate a hiatus spanning most of the Rhaetian. Their key observations are, “...the upper Norian faunas were
dominated by very large conchostracans, while the Rhaetian (and Hettangian) conchostracan faunas are everywhere
composed of very small forms.” The lack of these zones and the presence of the large Shipingia just below the ETE in
Newark Supergroup strata led to the hypothesis of a major hiatus. This hypothesis is falsified by our discovery of
abundant large cf. S. olseniin late Rhaetian, largely marine strata in the North Germanic Basin.

Both hypotheses for a significant hiatus are thus falsified; moreover, no physical evidence for a significant hiatus at this
critical level exists. There is instead compelling physical and magnetostratigraphic evidence of completeness at the 20 kyr
level (e.g., chron E23r). The most parsimonious interpretation is that the Newarkian records through the ETE are
continuous.

1, Blackburn+ 2013 Science 340:941; 2, Van Veen 1995 Tectonopysics 245:93; 3, Bonis+ 2010 JGS Lond 167:877; 4, Kent
& Tauxe 2005 Science 307:240; 5, Olsen+2011 EESTRSE 101:201; 6, Kozur & Weems 2011 NMMNHS Bull 53:295.
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sion, the network ties become less correlated
as H increases. In the limit of large /, the
sentially a random graph
(regardless of «) and the scarch algorithm
becomes a random walk. An effective decen-
tralized scarch therefore requires a balance
(albeit a highly forgiving onc) of categorical
flexibility and constraint.

Finally, by introducing paramcter choices
that are consistent with Milgram’s experiment
(N = 10%, p = 025) (), as well as with
subscquent empirical findings (z = 300, / = 2)
(17, 16), we can compare the distribution of
chain lengths in our model with that of Travers
and Milgram (/) for plausible values of a and b.
As Fig. 3 shows, we obtain (L) = 6.7 for a =
1 and b = 10, indicating that our modcl cap-
tures the essence of the real small-world prob-
lem. This agreement is robust with respect to
variations in the branching ratio, showing little
change over the range 5 < b < 50.

Although sociological in origin, our model
is relevant to a broad class of decentralized
search problems, such as peer-to-peer network-
ing, in which centralized servers are excluded
cither by design or by necessity, and where
broadcast-type scarches (i.c., forwarding mes-
sages to all neighbors rather than just onc) are
ruled out because of congestion constraints (6)
In essence, our model applics to any data struc-
ture in which data clements exhibit i
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Ascent of Dinosaurs Linked to
an Iridium Anomaly at the
Triassic-Jurassic Boundary

P. E. Olsen,” D. V. Kent,"? H.-D. Sues,? C. Koeberl,* H. Huber,*
A. Montanari,® E. C. Rainforth,” S. J. Fowell,® M. ). Szajna,”
B. W. Hartline”

Analysis of tetrapod footprints and skeletal material from more than 70 lo-
calities in eastern North America shows that large theropod dinosaurs appeared
less than 10,000 years after the Triassic-Jurassic boundary and less than 30,000
years after the last Triassic taxa, synchronous with a terrestrial mass extinction.
This extraordinary turnover is associated with an iridium anomaly (up to 285
parts per trillion, with an average maximum of 141 parts per trillion) and a fern
spore spike, suggesting that a bolide impact was the cause. Eastern North
American dinosaurian diversity reached a stable maximum less than 100000

years after the boundary, marking the establi:
iled for the next 135 million years.

characteristics analogous to our notion of iden-
tity, and similarity between two clements:
whether people, music files, Web pages, or
rescarch reports—can be judged along more
than one dimension. One of the principal diffi-
culties with designing robust databases (/8) is
the absence of a unique classification scheme
that all users of the databasc can apply consis-
tently to place and locate files. Two musical
songs, for example, can be similar because they
belong to the same genre or because they were
created in the same year. Our model transforms
this difficulty into an asset, allowing all such
classification schemcs to exist simultancously,
and connccting data clements preferentially to
similar clements in multiple dimensions. Effi-
cient decentralized scarches can then be con-
ducted by means of simple, greedy algorithms
) ding only that the characteristics of the
target clement and the current clement’s imme-
diate neighbors arc known.
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One of the most striking cvents in the Mesozoic
was the risc to dominance of dinosaurs in ter-
restrial ecosystems. The cause and timing of
their carly Mesozoic ascent have been debated

1t of dinosaur.

fossils can be placed within a high-resolution
astronomically tuned time scale (6, 7) (Fig. 1).

Here, we focus on material from 80 localities
in four Newark Supergroup basins, consisting of
reptile ¥ (8. 9), skeletal remains (2, 10),

(/-4), with & Itics in global . and
low sampling density limiting the utility of glob-
al compilations and obscuring relations to pos-

and palynological material (/7) keyed into the
astronomically tuned time scale (Figs. 1 and 2).

sible forcing However, 1
vertebrate assemblages in castem North Amer-
ica are temporally better constrained than clse-
where and provide high-resolution biological
and geochemical data bearing on this issuc. This
region was within the tropics during the Triassic
and contained rift valleys, which were formed
during the incipient fragmentation of Pangea

These basins contain kilometer-thick sections of

continental strata, termed the Newark Super-
group, which have recorded the rise of dinosaurs
across 15° of paleolatitude (5). Milankovitch-
type climate cycles permeate the lacustrine stra-
ta of these basins, and in conjunction with

! hy, all of the

reversal

g
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The footprints arc abundant, well-preserved, and
diverse, and they offer a temporal sampling of
terrestrial vertebrate communitics that is better
than the sampling from skeletal material around
the Triassic-Jurassic boundary (4, §). On the
basis of comparisons between the reconstructed
osteology of footprints and known skeletal
remains, the ichnogenus level generally corre-
sponds to an osteological family or higher taxo-
nomic level (Table 1). However, footprints sam-
ple the temestrial communities directly, and
major changes in footprint assemblage compo-
sition probably represent important ecological
changes (/2). Even with uncertainty in the nature
of the trackmakers, well-preserved footprints of-
fer a useful independent proxy of faunal change
(43), and the obscrved stratigraphic changes in
the ichnological assemblages are consistent with
the changes seen in osteological remains (Fig. 1).
On the basis of compiled ranges tied to the
time scale (Fig. 1), Newark Supergroup dino-
saurian ichnotaxa show a slow increase in rela-
tive abundance and a stepped increase in maxi-
mum size below the TnA\uc-Jurmu bounddr\
(9). The ithisch di
Atreipus (14) is the most common dinosaurian

1305 1306

form until its last appearance in the middle
Rhactian. Atreipus, the occurrence of a rare
form (unnamed dinosaurian genus 1), and the
carly Norian first appearance of “Anchisauri-
;rxL\ spp. produce a Norian peak in dinosaurian

ic diversity. Nondi ich-

REPORTS

assic-Jurassic boundary (Fig. 1). The oldest
Newark Supergroup Jurassic assemblages arc
from a variety of fluvial, aquatic, and colian
cnvironments in Nova Scotia, dating to <100
ky after the boundary; Triassic forms, such as

no!oglul diversity tends to increase throughout
the Late Triassic, with no apparent taxonomic
manifestation of the Camian-Norian boundary.
Above the Triassic-Jurassic boundary, non-di-
nosaurian footprint diversity drops, and dinosau-
rian ichnogeneric diversity increases to a maxi-
mum. At the same time, the maximum size of
theropod dinosaur tracks increases by ~20%
with the first appearance of Eubrontes giganteus
(/5). This pattem is also consistent with that
seen at lower temporal resolution at other Tri-
assic-Jurassic sections globally (/6).

Skeletal remains are much less common
than footprints in castem North America, but the
record parallels the ichnological data. Specifi-
cally, the appearance of procolophonids and
phytosaurs and the first appearance of proto-
suchians occur in the youngest known Triassic
osteological assemb! dated at ~800,000
years (~800 ky) before the palynological Tri-

»

age Basins

lophonids and phytosaurs, arc absent (2).

typical Hettangian assemblage, consisting most-
ly of Corollina. Thus, within sampling resolu-
tion, the Ir anomaly and the “fem spike™ arc
synchronous with the Triassic-Jurassic bound-
ary. A few meters below the boundary is a thin
zone of reversed magnetic polarity (chron E23r),

P P
This Jurassic ostcological material is intimately

associated with rich footprint con-

identificd at all three sections from which we
have pal analyses (7) (Fig. 2). Within

taining Eubrontes giganteus but lacking Trias-
sic-type footprints.

We found a modest Ir anomaly in the New-
ark rift basin at the palynologically identified
Triassic-Jurassic boundary at the same sites pro-
ducing much of the new Triassic vertebrate ma-
terial (Fig. 2). The Ir anomaly of up to 285 parts
per trillion (ppt), with an average maximum of
141 ppt (0.285 and 0.141 ng/g), is seen at four
correlative sections; the anomaly is stratigraphi-
cally coincident with a transient, but large, in-
creasc in fem spore abundance and is substan-
tially above background levels of ~50 ppt (9, 17,
18). The increase in Ir and the spike in fem spore
abundance occur in a white ck er that is ~1

15 m above the boundary is the base of the oldest
basalt flow in the Newark basin, the Orange
Mountain Basalt, which is the oldest known
North American part of the voluminous Central
Atlantic Magmatic Province (CAMP) (/9). On
the basis of calibration by Milankovitch lake
level cycles, the Triassic-Jurassic boundary oc-
curs ~20 ky before the extrusion of the oldest
basalt and <20 ky after chron E23r (20).

The westemmost of the four sections exam-
ined for an Ir anomaly allows a test of the
possibility that the apparent Ir anomaly was
caused by diagenetic migration of Ir at a strong
redox boundary such as the carbonaccous hori-
zon present at the other th ections (9). The

m (~1 ky) above the last occurrence of Patinas-
porites densus and other typical Triassic pollen
and spores and is ~5 m (~5 ky) below the first
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Fig. 1. Correlation of four key basins of the Newark Supergroup showing the temporal ranges of footprint
ichnogenera and key osteological taxa binned into 1-My intervals showing the change in maximum
theropod dinosaur footprint length (line drawn through maximum) and percent at each 1-My level of
dinosaur taxa. Short, horizontal lines adjacent to stratigraphic sections show the position of assemblages,
and the attached vertical lines indicate the uncertainty in stratigraphic position. Solid diamonds indicate
samples of footprints, and open diamonds indicate samples with <10 footprints. Horizontal, dashed gray
lines indicate the limits of sampling; thick gray lme mdncatcs trend in maximum size of theropod tracks;
o

2, age uncertain. Ichnotaxa are as follows: 1,

1; 3, Atreipus; 4, Chi
dwolh«:umpm/um 9, new taxon B (8); 10, Riy

epus scambus; and 18, Otozoum moodii.

2, unnamed di ian genus
Lulls; S, P : 6, Guyneddichnium; 7, Apatopus, 8, Brachy-
ides spp: 11, inichnus; 12, “Grallator”; 13,
: 14, deweyii; 15, pus” gracils; 16, Eubrontes giganteus; 17, Anomo-
igraphic and igraphic columns and correlations
are grvcn in supp data (9). Correl

are modified from (5). Details of

with the other nh basin sequences is based on the Ia
0

and basalt h

Sinemurian.

r s<ale netic polarity pattern, Milankovitch cycle
illion years ago; Hett, Hettangian; Sine.,

boundary section consists of red
and minor light gray clastic rocks, lacking black
shales and coals, but docs contain both the fern
spike and thin zone of reversed magnetic polar-
ity characteristic of the boundary interval. De-
spite the absence of a redox boundary, the Ir

Lithologic Avergze Ir & %
Section Spores
- ppt Iridum
- 0 ® M 110
054
0 ~— ‘f_
Z
= osJ
H \
')
1 Highest Triassic
g | Policn & Spores
i
<
Y ° DoGn W
drmin % telew spores
- Coal B Gray chastic rocks

frmm YIS wEIRAIE. — Red clasiz rocks
Fig. 2. Fine-scale correlation between the Ir anom-
aly and fem spike from the Jacksonwald syncline
section of the Newark basin. The average Ir anom-
aly is based on four localities along strike within
the Newark basin, each of which have an Ir anom-
aly in similar positions [details of data and averag-
ing are included as supplemental material (9)]. The
duration of the interval, as based on the linear
extrapolation of accumulation rates, is derived
from an astronomical calibration of the entire
composite Jacsonwald syncline section (9). Percent
spore data are averaged from three sections (17).
Details of vertebrate assemblages and data aver-
aging methods are given in the supplemental data
(9). cly. ; md, ss, sandst.
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Atmospheric Pco, Perturbations
Associated with the Central Atlantic

Magmatic Province

Morgan F. Schaller,’* James D. Wright,* Dennis V. Kent’?

The effects of a large igneous province on the concentration of atmospheric carbon dioxide (Pco,)
are mostly unknown. In this study, we estimate Pco, from stable isotopic values of pedogenic
carbonates interbedded with volcanics of the Central Atlantic Magmatic Province (CAMP) in the
Newark Basin, eastern North America. We find pre-CAMP Pco, values of ~2000 parts per million
(ppm), increasing to ~4400 ppm immediately after the first volcanic unit, followed by a steady
decrease toward pre-eruptive levels over the subsequent 300 thousand years, a pattern that is
repeated after the second and third flow units. We interpret each Pco, increase as a direct response
to magmatic activity (primary outgassing or contact metamorphism). The systematic decreases

in Pco, after each magmatic episode probably reflect consumption of atmospheric CO, by
weathering of silicates, stimulated by fresh CAMP volcanics.

arge igneous provinces (LIPs) are geo-
I logically rapid episodes of extensive vol-
canism, often flooding vast oceanic or
continental regions with several million cubic

gassing on the million-year scale have been con-
sidered inconsequential (6, 7), shorter (10%- to
10°-year)-time scale reconstructions of atmo-
spheric partial pressure of CO, (Pco;) before and

kilometers of lava (/). In particul I
s have the potential to directly perturb
climate system through the emission of
es to the atmosphere: most notably, SO, and

(1- to 10-year) cooling (2, 3), followed by a
longer-term (l(f— to 10°-year) waming (4). Of
these, only CO; has the potential to influence
climate on both short and long time scales be-
cause of its relatively long atmospheric residence
time and effectiveness as a greenhouse gas,
leading some to conclude that CO, is the primary
driver of Phanerozoic climate (5).

If the concentration of atmospheric CO; ex-
erts an influence on climate over such broad time
scales, what are the effects of a LIP on this es-
sential parameter of the carbon cycle? Although
the potential radiative effects of LIP CO, de-

*Department of Earth and Planetary Sciences, Rutgers Uni-
versity, Picatanay, N) 08854, USA. *Lamont-Doherty Earth
Observatory of Cllumbia University, Palisades, NY 10964, USA
*To whom correspondence should be addressed. E-mail
schaller@rci.rutgers.edu

Fig. 1. (A) Stratigraphy and lithology (22, 34, 41) of the upper Newark Basin
stratigraphic section, based on assembly of a series of short cores taken by the
ACE covering the extrusive interval in high resolution (49), with substantial
overlap both intemally and with the Newark Basin Coring Project (NBCP)
Martinsville core (19, 22) and outcrop. Note that the ETE event (red) & several
meters below the equivalent of the Orange Mountain Basalt (OMB, the first flow
unit) in the Jacksonwald section of the Newark Basin (24). Stratigraphic thickness
is scaled arbitrarily from the base of the laterally extensive OMB. ), Jurassic; Tr,
Triassic UU through MM are stratigraphic members. (B) Profile-equilibrated
mean §"°C values of pedogenic carbonate in the Newark stratigraphic section.
Error is +SD of mean (Fig. 2 and table S1) (29). Circles, samples from core;

18 MARCH 2011

after LIP eng; have not been systematically
detes ed because of inadeq ch i

graphic resolution in most settings (8, 9). Con-
sequently, the direct Pco, effect of a LIP remains
untested empirically.

Intriguingly, LIP volcanism is often tempo-
rally associated with mass extinction events
throughout Earth’s history (/0). The three largest
continental LIPs of the Phanerozoic are the
Siberian Traps, the Central Atlantic Magmatic
Province (CAMP), and the Deccan Traps, each
of which is linked to one of the “Big 5"
ic mass extinctions [the end-Pemmian,
¢, and the Cretaceous-Paleogene events,
respectively] (77, /2). Though attempts have
been made to estimate the gaseous emissions at-
tributable to the Deccan (6, /3, 14) and Sibenan
(15, 16) traps, it is difficult to demonstrate cau-
sality because the uncertainties in comelating these
Pco, e ates from afar to the volcanic stratig-
raphy itself are usually no better than the turnover
time of an atmospheric Pco, perturbation (/7).
Of these, only the CAMP is sequenced in high-

luti lly ¢ sediments that

numerical values].
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contain pakeosols appropriate for estimating Ao,
and have a well-established chronology (78, 79)
and extinction level.

Extrusives from the CAMP (20) are preserved
in direct stratigraphic succession with cyclic con-
tinental sediments in the Newark Basin of eastem
North America (Fig. 1). Milankovitch cyclo-
stratigraphy of the primarily lacustrine sediments
interbedded within the CAMP extrusives have
yielded precise age control (to the level of orbital
precession) and an estimated total volcanic du-
ration of ~600 + 20 thousand years (ky) (27, 22).
In this same Newark Basin section, palynofloral
evidence of the end-Trassic extinction (ETE) is
found stratigraphically just below the first of the
CAMP voleanics, preceding the magmatism by
~20ky [(23), see (24) forreview]. Also interspersed
throughout these sediments, and often forming
from CAMP lava flows themselves, are pedogenic
carbonate-bearing  palecsols
which can be used to estimate 3
Pco,(25). Thus, the Newark stratigraphy is ideally
situated to directly test the Pco, effect of a LIP.
Previous attempts at reconstructing the Peo, effect
associated with CAMP extrusives had very sparse
sampling resolution (26) or had to rely on im-
precise long-distance correlation (8, 9).

We use 3"*C measurements of pedogenic car-
bonate nodules from paleosols stratigraphically
distributed before and after each extrusive unit o
generate a high-resolution Pco, record through
the Newark Basin CAMP sequence (Fig. 1). The
extrusion of ~2 to 4 x 10° km* of volcanics
(27, 28)in less than 1 million years (My) implies
a measurable effect on atmospheric Pco,, which
our temporal resolution should allow us to detect.
According to the model of Dessert ef al. (17)
scaled to the Deccan Traps, the transient increase
in Pco, is on the time scale of the eruptions, after
which continental silicate weathening should low-
er Pco; to pre-eruption levels in ~1 My.

imating Pco, from peds ic carb
Organic and inorganic carbon isotope measure-
ments on paleosols from outcrop—and from mul-
tiple, stratigraphically overlapping cores taken by
the Amy Corps of Engineers (ACE) through the
extrusive interval (fig. S1) (29)—are used as in-
puts into the diffusion model of Cerling (30)

100445, — 4.4

1
& -6 W

squares, outcrop. PDB, Pee Dee belemnite. (O Measured 3*°C values of
preserved soil organic matter from clay linings or as close to the paleosol surface
as possible. (D) Results of the pedogenic carbonate paleobarometer based on the
input variables from (8) and (C) at 25°C. The concentration of respired CO, in the
soil [S@)] was estimated to be 3000 + 1000 ppm (error bars), comesponding to a
plausible range for midproductivity tropical soils and probably encompassing the
range of calculated atmospheric Pco, values. Carbon-cycle perturbations are built
into the model because the carbon isotopic ratio of the atmosphere (3,) is
calculated from the measured 5 Cocg by: 8, = (67 Cony + 18.67¥1.10 (32), which
assumes consistent fractionation by photosymhes‘aisee (29) and table S1 for

where
CO;,

Stratigraphic Thickness (m)

C, is the concentration of atmospheric
S(z) is the concentration of CO, due to
respiration of soil organic matter, 3, is the 8"C of
50il CO3, 8, is the §'*C of soil-respired CO, and
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8, is the 8"*C of atmospheric CO,. All  values
are relative to Vienna Pee Dee belemnite (VPDB).
The temperature of calcite precipitation is set at
25°C, relating the carbon isotopic ratio of soil

carbonate (5..) to §; (29). As an independent
objective metric of soil applicability, multiple
(three or more) down-profile &, mea
were made on each paleosol to reproduce the
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Zircon U-Pb Geochronology Links
the End-Triassic Extinction with the
Central Atlantic Magmatic Province

Terrence ). Blackburn, 1t Paul E. Olsen,? Samuel A. Boy

. Noah M. McLean,

Dennis V. Kent,* John Puffer,* Greg McHone,” E. Troy l\asbury, Mohammed Et-Touhami’

The end-Triassic extinction is characterized by major losses in both terrestrial and marine diversity,
setting the stage for dinosaurs to dominate Earth for the next 136 miltion yeavs Despite

the approximate coincidence between this extinction and flood basalt volcanism, existing
geachronologic dates have insufficient resolution to confirm eruptive rates required to induce
major climate perturbations. Here, we present new zircon uranium-lead (U-Pb) geochronologic
constraints on the age and duration of flood basalt volcanism within the Central Atantic Magmatic
Province, This chronology demonstrates synchroneity between the earlest volcanism and extincton,
tests and corroborates the existing astrochronologic time scale, and shows that the release of
magma and associated atmospheric flux occurred in four pulses over about 600,000 years,
indicating expansive volcanism even as the biologic recovery was under way.

¢ approximate temporal coincidence be-
I tween the five major extinction events
over the past 542 million years and the
of large igneous provinces (LIPs) has
led to speculation that environmental pertur-
bations generated by the emplacement of large
volumes of magma and associated outgassing
over short periods of time triggered cach global
biologic erisis (/). Establishing an exact link be-
tween extinctions and LIP eniptions has proved
difficult because of the geographic separation
between LIP volcanic deposits and stratigraphic
sequences preserving evidence of the e
In most cases, uncertainties on rad
used o comelte between geographically sepa-
rated study arcas exceed the duration of both the
extinction interval and LIP volcanism by an or-
der of magnitude. This hinders evaluation of any
relationship between magmatism and extinction
and precludes accurate estimates of volcanic
effusion rates, associated volatile release, and
extinction mechanisms.
end-Triassic extinction (ETE)—marked
within early Mesozoic basins of eastem North
America by a dramatic tumover in fossil pollen,
spores (sporomorphs), and vertebrates (.
one of the largest Phanerozoic mass extinctions,
“ocgartment o
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‘occurring just before the Triassic-Jurassic bound-
ary (3, 4, and has long been thought t be as-
ocised viththe enuptions of the Central Atlantic:
Magnutic Province (CAMP) (5, 6). CAMP is the
‘most aerially extensive LIP on Earth, and with vol-
ume estimates between 2-3 x 10° k', it ranks as.
oncofthe most voluminous (7) (Fig. ). Remnants
of CAMP are found on four continents and con-
sist primarily of continental thoeliitic basalts
emplaced as subuerial flows and intrusive bodies
during rifting of the Pangean supercontinent and
incipient formation of the Atlantic Ocean basin
(Fiy stimates of the timing and duration of
CAMP provided by astrochronology (8, 9) and
“ArAr geochronology (10, 11) differ by an
e, preventing high-precision

tests of the relationship between LIP vokcanism
and mass extinction. Use of the astrochronologic:

time-scale, though potentially precise, refies on ()
recognition of the influence of orbital cycles in the
rock record and (i) the ability o predict orbital
durations i the deep geologic past, both of which
have engenderd douas sbout the gy of
the technique. The lower precision of *

dates (fig. S1) prevents estimation of the i
of magma erupted over unit time, a critical factor
for evaluating extinction mechanisms such as COy-
induced global warming (12, 13) ocean acidifica-
tion (14, 1), or sulfur acrosol-induced *Volcanic
winters” (/6)

U-Pb Geochronology of CAMP Flows
and Intrusives
Here, we present zircon (Z75i0;) U-Pb geochron-
ologic data for CAMP magmatism from seven
sites in eastern North America and one in Mo-
rocco (Fig. 1), integrated with paleobiological,
geochemical, and paleomagnetic data derived
from sedimentary sequences interbedded with and
intruded by the magmatic rocks. These data pro-
vide (i) a precise determination of the onset and
tion of CAMP magmatism and (ii) a test
of the reliabilty of the astronomical time scale
in onder to provide a high-precision age model for
the CAMP-ETE interval (8, 9). Though U-Pb
dating of zircon pemnits an order of magnitude
improvement over previous A Ar studies (fig.
S1), this preferred mineral for U-Pb dating is un-
common in basakic rocks. This foreed our sample

‘grained segregations within gabbroic inrusions and
thick subacrial flows where incompatible element-
envichad residual mlts resulied i the crysaliza-

tal -“’n. ncqutbram (s, 53 md 54 (15).

Stratigraphically constrained basalt flows, such
as the Noth Mountain mnd Preakness basals,
provide the moststightforward means of directly

Fig. 1. Location and extent of CAMP
magmatism within the Pangean
supercontinent. Earliest Jurassic

lnccingthe tetal aes distribu-
tion (pink) and preserved remnants

of CANP (dork ) osed on (),
and the location of the studied ba-
Deep River, North Carolina,

, Culpeper, Virginia, USA; 3,
GettysburgA Pennsylvania, USA; 4,
. USA: 5, Argana,

lfaomr ey Fundy, Nova Scotia,
Canada.
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dating the Triasic and Early Jurssic strtigraphy
(Fig. 2). However, coarsegrained zircor
flows in the CAMP are relaively rare. Therefore,
we also have dated sils that are ether physically
connected 0 flows as foeders o can be

cally linked with swatigraphically constmined
o (15,19 In bot Neeth American d Mo
roccan basins, statigraphic superpasition of basalt
flows combined with trace element mmm
provides a relaive time scale for the.
evolution of CAMP basalts (. ’0-25)(Fg zA)
‘This same geochemical trend is also observed in
the dated stratigraphically unconstrained units (Fig.
3A). The shared geochemical evolution in CAMP
‘magmas permits correlation between units that
share a common trace element signaure, allowing
the U-Pb dite for a strtigraphically unconstrained
intrusion to effectively date the horizon of a geo-
chemically similar and strtigraphically constrained
basalt flow. This composite geochronologically
dated stratigraphic section is used o fest the as-
trochronologic time scale for the Newark basin.

Testing the Astrochronologic Time Scale
for the Late Triassic
‘The quasiperiodic variations in Earth’s orbit, axial
irect own as Milankovitch cycles
ing variations in the amount
and distribution of sunlight reaching Earth. The
resulting forcing on climate and/or ocean circula-
tion can influence the characteristics of sediments
deposited within a basin, which may ulimately
be preserved within the rock record as cyclical
variations in roc Sihology,chomisey, o g
n (26). CAMP lava flows within the
Newrk tusin of caem Norh Amaris (Fi. 2
are interbedded with strkingly cyclical lacustrine
strata that have long been hypathesized to be paced
by orbial forcing (27). Astrochronologic models
for these sequences have been used 0 estimate the
time represented by the sedimentary rocks between
CAMP flows, placing high-precision (20 thou-
sand years (ky) estimates on the total duration of
the CAMP at between 550 and 610 ky (9, 28).
“This proposed “floating” astronomical e scale
(ATS) has been met with scrutin because of the
possibility that Earth experienced a different or-
bital forcing deep in geologic time due to differ-
ok 6 e 5 Bk Mook e
Solar systems dynamics. Further skeptici
cused on whether orbitally forced
are both accurately recorded and recognized in
the geological record. The most straightforward
test of the reliability of the ATS
the time durations between basalt flows esti-
‘mated by orbitally tuning the sedimentary rocks
with differences between the zircon U-Pb dates of
the flows.

The Orange Mountain Basalt flows are the
okdest CAMP lavas in the Newark basin. Although
authigenic zirons were not rcovered from the
Orange Mountain Basalt samples, the flow se-
quence is partly intruded and fed by an exten-
sion of the geochemically identical Palisade sill
[201.520+ 0.034 million years ago (Ma)] (/9).

Based on the ATS for the Newark basin, the over-
flows of the Preakness Basalt should be
250+ 20 ky younger than the Orange Mountain
Basall (and Palisade sill) (9). The U-Pb date of
the Preakness Basalt (201274 +0.032 Ma) re-
sults in a difference of 246 + 47 ky, consistent with
the astrochronological estimate. A second interval
within the Newark ATS, that again uses the Preak-
ness basalt, can be tested by conrlating the Butner
diabase from the Deep River Basin (200,916 +
0,064 Ma) o the stratigraphically highest and geo-
chemically similar Hook Mountain Basalt (Fi
3A). The ATS estimate for the time interval be-

tween the base of the Preakness and the base of
the Hook mountain basalts is 350 + 20ky, a dura-
tion consistent with the difference between U-Pb
dates for the Preakness Basaltand the Butner sheet
of 35872 ky.
A more complete test of the ATS is pro-
led by comparing the astronomical time scale
10 each of the CAMP flows and intrusions dated
here. Using the relative stratigraphy of preserved
CAMP flows and the geochemical comrelations
(Fig. 3A), each stratigraphically unconstrained
AMP intrusive can be comrlated to the astronom-
ically tuned Newark Basin. By comelating to the

U-Pb Dates (Ma) Th-Corrected Astrochronology

IGNEOUS TYPES
SAMPLES ~ CHEMIS

201.274 'NTRUSIVE
B o o

—
EXTRUSIVE

® +0.032

Fig. 2. Zircon U-Pb intercalibration of CAMP
astrochronology. Quasiperiodi i
stratigraphic  and white-hatched

Stratigraphy

TRY

PRECESSION
NEWARK

ARGANA

P KNOWN TEMPORAL
RANGE

volcanism and Early Jurassic Late Triassic
sed 1o generate the ATS (9, 26). Within the
regions mark d hiatuses, and error bars

epositional
next to each basalt mark each unit’s timing and uncertainty calculated from the ATS. Colored vertical bars

(left) represent the ***U-2Pb Th-corrected dates (1.

or
s bkt ity Qg o adewiton

termediate (0, ar

single-aystalzircon analyses at 2o, where color
HTQ, high-ttanium quartz normative, indudes
nd upper (U) unts HFQ, highviron quartz nomative;

Rapidan intrusive;
Predknss Basat; 7, Rosvile ntrusve; 8, Butner intrushe. Reported dates and black horiontal e mark the

weighted mean date, and the outer

horizontal box marks the 20 uncertainty. Tabulated data including

second dated North Mountain Basalt sample, are reported in table S1 (18).
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Long-period Milankovitch cycles from the Late
Triassic and Early Jurassic of eastern North
America and their implications for the
calibration of the Early Mesozoic time-scale and
the long-term behaviour of the planets

By PAuL E. OLSEN! AND DENNIS V. KENT?

! Lamont-Doherty Earth Observatory of Columbia University, Rt 9W, Palisades,
NY 10964, USA (polsen@ldeo.columbia.edu)
2Department of Geological Sciences, Rutgers University, Piscataway, NJ 08854,
USA and Lamont-Doherty Earth Observatory of Columbia University, Rt 9W,
Palisades, NY 10964, USA (dvk@ldeo.columbia.edu)

During the Late Triassic and Early Jurassic, the Newark rift basin of the northeastern
US accumulated in excess of 5 km of continental, mostly lacustrine, strata that show a
profound cyclicity caused by the astronomical forcing of tropical climate. The Newark
record is known virtually in its entirety as a result of scientific and other coring and
provides what is arguably one of the longest records of climate cyclicity available.
Two proxies of water depth, and hence climate, in this record are a classification
of sedimentary structures (depth ranks) and sediment colour. The depth rank and
colour depth series display a full range of climatic precession related cycles. Here, we
tune the depth rank and colour records to the 404 ka astronomical cycle and use this
tuned record to explore the existence and origin of very long-period climate. We find
highly significant periods of climatic precession modulation at periods of ca. 1.75 Ma,
1 Ma and 700 ka in not only the depth rank and colour records, but also in the
sedimentation rate curve derived from the tuning process. We then use the colour
and depth rank time-series to construct an astronomically tuned time-scale for the
Late Triassic. While the Newark higher-frequency eccentricity cycles that modulate
precession are indistinguishable from today, the 1.75 Ma cycle is significantly different
from predictions based on the present day fundamental frequencies of the planets (i.e.
Ma) and provides the first geological evidence of the chaotic behaviour of the inner
planets, otherwise known only from numerical calculations.

Keywords: climate; Milankovitch; chaos; Triassic; cyclicity

1. Introduction

Continental rift basins are unique repositories for long-term palacoclimate records.
First, they are often dominated by lacustrine strata that are sensitive to climate
change. Second, they tend to record comparatively local climate changes, as opposed
to integrated global effects, as in the oceans. Third, they often have very high accu-
mulation rates, which enhances the temporal resolution of their sedimentary records.
Fourth, because rifts tend to be closed basins, deposition is unusually continuous.

Phil. Trans. R. Soc. Lond. A (1999) 357, 1761-1786 © 1999 The Royal Society
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Figure 7. Tuned long cycles from the Newark cores. ' Colour time series smoothed with a moving
average with centred triangular averaging operator with 169 ka half-width to highlight 404 ka
cycle. 2Colour and depth rank time-series filtered with a zero-phase bandpass filter between the
frequencies 2.48 to 0.27 cycles Ma~' to highlight 404 ka cycle. *Colour and depth rank series
filtered with a Gaussian filter at frequency 0.58 to 0.15 cycles Ma™' to highlight ca.1.75 Ma
cycle. Grey bands are placed at 1.75 Ma intervals.

no variation in this interval in colour or depth rank, we require a different proxy of
lake depth for further investigation.

Reynolds (1993) has shown that a number of geophysical logs track depth ranks
very well, most notably the sonic logs. In fact, the sonic logs not only record the cycles
that are recorded in depth ranks, but also show similar detail, of lower amplitude,
where there is no variation in colour or depth ranks (figure 10). The dt sonic log is
particularly sensitive to the Van Houten cycles. The dt sonic log is the sonic travel
time divided by the interval of measurement (ca.0.3m) measured in milliseconds, and
is the inverse of the P-wave velocity (see Goldberg et al. (1994) for a full explanation).

Phil. Trans. R. Soc. Lond. A (1999)
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Two hypotheses for a hiatus:

1) The presence of vessicate pollen and the absence of key
European Rhaetian sporomorphs 1n the latter Triassic of
Eastern North America and Morocco directly below strata
dominated by Classopollis indicates a Norian age in
contact with Jurassic strata and therefore therefore a multi-
million year hiatus must be present (Van Veen, 1995 etc).

2) The presence of large spinocaudatans 1n the latter Triassic
indicates a Norian age and their absence indicate a
Rhaetian age. This along with the absence of two
supposedly latest Norian and early Rhaetian zones that are
present in western US and Europe indicates a major hiatus

in the eastern US where these zones are absent (Kozur,
Weems, Lucas, Tanner, 2005, 2007, 2010, 2011, 2015 etc.).




Two hypotheses for a hiatus:
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Vessicate taxa missing from European Rhaetian

Callialasporites dampieri

Camerosporites secatus

Cerebropollenites macroverrucosus

Cerebropollenites thiergartii
Classopollis meyerianus
Classopollis murphyae
Classopollis torosus
Duplicisporites granulatus
Enzonalasporites vigens
Granuloperculatipollis rudis
Heliosporites reissingeri
"Lueckisporites" cf. L. singhii
Lunatisporites rhaeticus
Paracirculina quadruplicis
Partitisporites novimundanus
Patinasporites densus
Pinuspollenites minimus
Porcellispora longdonensis
Pseudoenzonalasporites summus
Retitriletes semimuris
Rhaetipollis germanicus
Ricciisporites tuberculatus
Samaropollenites speciosus
Trachysporites fuscus
Tsugaepollenites pseudomassulae

Vallasporites ignacii
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Triassic-Jurassic, Bristol Channel Basin, St, Audrie’s Bay, Somerset, UK
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Cirilli, 2014
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Cirilli, 2014

“Typical Rhaetian” taxa missing from Newark Supergroup
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Translation of Central Pangea Northward Through Late Triassic
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Two hypotheses for a hiatus:

2) The presence of large spinocaudatans 1n the latter Triassic
indicates a Norian age and their absence indicate a
Rhaetian age. This along with the absence of two
supposedly latest Norian and early Rhaetian zones that are
present in western US and Europe indicates a major hiatus

in the eastern US where these zones are absent (Kozur,
Weems, Lucas, Tanner, 2005, 2007, 2010, 2011, 2015 etc.).




Two key assertions:

1) The presence of large spinocaudatans 1n the latter
Triassic indicates a Norian age and their absence
indicate a Rhaetian age; therefore, the presence of
large spinocaudatans up to the level of last
spinocaudatan zone of (late Rhaetian age) in the
eastern US indicates a hiatus.

2) The absence of two supposedly latest Norian and early
Rhaetian zones that are present in western US and
Europe indicates a hiatus in the eastern US where
these zones are absent.
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Euestheria brodieana Midland Fm (Kozur & Weems, 2005)
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Two key assertions:

1) The presence of large spinocaudatans 1n the latter
Triassic indicates a Norian age and their absence
indicate a Rhaetian age; therefore, the presence of
large spinocaudatans up to the level of last
spinocaudatan zone of (late Rhaetian age) in the
eastern US indicates a hiatus.




“The beds immediately below a distinct sporomorph
spike, documented a few meters below the oldest lava
flow (Orange Mountain basalt) in the Newark Basin in
Exeter, Pennsylvania and previously assigned to the TJB,
instead belong to the Sevatian (late Norian) rather than
the Rhaetian as previously assumed. This 1s indicated by
the abundant occurrence of Shipingia olseni nov. sp.,

which 1s found throughout the entire Sevatian section of
the Newark Supergroup and in the Sevatian
Stubensandstein 3 of Baden-Wirttemberg in the
Germanic Basin. No species belonging to the Norian
conchostracan genus Shipingia 1s known to range as high
as the Rhaetian anywhere in the world.”

Kozur & Weems, 2005 p. 21




“...the upper Norian faunas were dominated by
very large conchostracans, while the Rhaetian
(and Hettangian) conchostracan faunas are

everywhere composed of very small
forms.” (Kozur & Weems, 2011, p. )

“No species belonging to the Norian
conchostracan genus Shipingia 1s known to
range as high as the Rhaetian anywhere 1n the
world.” (Weems & Lucas, 2015, p. 315)







“Westbury equivalent” Bonenburg, Germany
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Bonenburg (Late Rhaetian) Shipingia cf. S. olseni




Shipingia olseni, Passaic Fm. (Kozur & Weems, 2007)




Two key assertions:

1) The presence of large spinocaudatans in the latter
Triassic indicates a Norian age and their absence
indicate a Rhaetian age; therefore, the presence of
large spinocaudatans up to the level of last
spinocaudatan zone of (late Rhaetian age) in the
eastern US 1ndicates a hiatus.




Two key assertions:

2) The absence of two supposedly latest Norian and early
Rhaetian zones that are present in western US and
Europe indicates a hiatus in the eastern US where
these zones are absent.




Weems & Lucas, 2015
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“The co-occurrence of these two species [S. gerbachmanni nor G.
polonica] 1s characteristic of the uppermost Norian (upper Sevatian).”
(Weems & Lucas, 2015, p. 308)

It remains notable that neither S. gerbachmanni nor G. polonica
have ever shown up in the Newark Supergroup, even though both
species occur abundantly 1in uppermost Norian strata in Europe
(Kozur and Weems, 2011). Conchostracans collected by Paul Olsen
(Lamont-Doherty) from the Bigoudine Formation in Morocco and
provided to us for identification now document the presence and co-
occuence of S. gerbachmanni and G. polonica in northwest Africa.
Therefore, the absence of both of these upper Norian-lower
Rhaetian conchostracans in the Newark Supergroup continues to
support the conclusion that a significant unconformity of 3-5
million years duration separates the Norian strata of the upper
Chatham Group from the upper Rhaetian strata of the basal Meriden
Group.” (Weems & Lucas, 2015, p. 315)
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Shipingia gerbachmani “pper Norian” (Hauschke & Kozur, 201 1)

Gregoriusella polonica Bigoudine Fm §. gerbachmanni Bigoudine Fm
(Weems & Lucas, 2015) (Weems & Lucas, 2015)
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Middle Bigoudine Fm., near Argana




Lower Bigoudine Formation, Hassein Mb., Argana Basin

Near Argana, Morocco
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Two key assertions are falsified:

1) The presence of large spinocaudatans 1n the latter
Triassic indicates a Norian age and their absence
indicate a Rhaetian age; therefore, the presence of
large conchostracans up to the level of last
conchostracan zone of (late Rhaetian age) in the
eastern US indicates a hiatus.

2) The absence of two supposedly latest Norian and early
Rhaetian zones that are present in western US and
Europe indicates a hiatus in the eastern US where
these zones are absent.




Two hypotheses for a hiatus are falsified:

1) The presence of vessicate pollen and the absence of key
European Rhaetian sporomorphs 1n the latter Triassic of
Eastern North America and Morocco directly below strata
dominated by Classopollis indicates a Norian age in
contact with Jurassic strata and therefore therefore a multi-
million year hiatus must be present (Van Veen, 1995 etc).

2) The presence of large spinocaudatans 1n the latter Triassic
indicates a Norian age and their absence indicate a
Rhaetian age. This along with the absence of two
supposedly latest Norian and early Rhaetian zones that are
present in western US and Europe indicates a major hiatus

in the eastern US where these zones are absent (Kozur,
Weems, Lucas, Tanner, 2005, 2007, 2010, 2011, 2015 etc.).






