Timing the end-Triassic mass extinction: First on land, then in the sea?
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ABSTRACT sistent with their volcanic origin. We processed
The end-Triassic marks one of the five biggest mass extinctions, but current geologic time-30 kg of rock. Standard procedures used in
scales are inadequate for understanding its dynamics. A tuff layer in marine sedimentary rocks mineral separation, zircon chemistry, mass spec-
encompassing the Triassic-Jurassic transition yielded a U-Pb zircon age of 199.6 + 0.3 Ma. Theometry, and data reduction were described
dated level is immediately below a prominent change in radiolarian faunas and the last occur-elsewhere (Mortensen et al., 1995). U-Pb zircon
rence of conodonts. Additional recently obtained U-Pb ages integrated with ammonoiddating was carried out in the Geochronology
biochronology confirm that the Triassic Period ended ca. 200 Ma, several million years later Laboratory of the University of British Columbia.
than suggested by previous time scales. Published dating of continental sections suggests that theand Pb laboratory blanks were ~1 and 8 pg
extinction peak of terrestrial plants and vertebrates occurred before 200.6 Ma. The end-Triassic during analysis of the first batch of samples (frac-
biotic crisis on land therefore appears to have preceded that in the sea by at least severaions with suffix 1) and 1 and 2 pg for the second
hundred thousand years. batch (fractions with suffix 2). Analytical results
are summarized in Table 1. Fractions A2, B2, and
Keywords: mass extinction, U-Pb geochronology, biostratigraphy, Triassic-Jurassic boundary, QDéeare concordant and overlapping, and the

Charlotte Islands. others exhibit various degrees of discordance
(Fig. 1). Fraction E2 clearly had an inherited

INTRODUCTION DATING OF A MARINE TRIASSIC- component of older Pb. The remaining four frac-
The Triassic-Jurassic (Tr-J) boundary iSJURASSIC BOUNDARY SECTION tions (B1, C1, C2, and D2), scattered below and

marked by one of the five biggest mass extinction The Sandilands Formation in the Queen Chate the right of the cluster of concordant analyses
events, when an estimated 80% of species wdmgte Islands in western Canada consists of thiron the concordia diagram, were likely affected by
lost (Sepkoski, 1996), but thus far it has been tHeedded alternating shale and siltstone, and rangeor inheritance as well as Pb loss. The three
least studied major extinction (Hallam, 1996a)in age from Rhaetian (Late Triassic) througltoncordant fractions contain 6.2%—6.4% radio-
The preserved marine geologic record is scansarly Pliensbachian (Early Jurassic) (Camerogenic 2°%Ph, whereas all other fractions have
because an exceptionally low sea level resulted amd Tipper, 1985; Desrochers and Orchard, 199¢alues >7%. The highest percentagé®®b is

a dearth of reasonably continuous sedimentaBalfy et al., 1994). It records an apparentlyoted in fraction E2 that clearly carried inherited
successions across the Tr-J transition. In contraghinterrupted Tr-J transition known at twoPb. Thus thé%%Pb content, which reflects the
continental environments, which are often undetecales, Kunga Island and Kennecott PoinTh/U ratio in the zircons, appears to be useful to
represented in the rock record, have a remarkal{lipper et al., 1994). The section at the southeadétect slight geochemical differences between
well documented history across the Tr-J boundshore of Kunga Island is one of the four sitesoncordant and discordant fractions and supports
ary (Olsen et al., 1996a). Studies of mass extinproposed as candidates for the global stratotypiee inference of correlated inheritance and Pb

tions have implicitly assumed synchronousection and point of the base of Jurassic. loss in the discordant ones. We interpret the
events in terrestrial and marine environments. For weighted meaR®Pbf38U age of the three con-
the end-Triassic, dramatic changes in both realnis-Pb Geochronology cordant fractions, 199.6 + 0.3 Ma, as the best esti-

were documented (Olsen et al., 1987; Fowell and Common light colored layers within the mate of the crystallization age of the tuff. The
Olsen, 1993; Hallam, 1990); there is meage®andilands Formation were suggestive of a voérror is quoted at the®level of uncertainty. Un-
independent evidence for precise time correlaanic ash origin (Cameron and Tipper, 1985kertainty in spike calibration is propagated
tion. Accurate timing of marine biotic events issmmediately below the Tr-J boundary on Kungahrough the age calculation, but the decay con-
necessary for understanding the processes lsfand, we located and sampled a 3.5 cm thicstant errors are not included.
mass extinction, but obtaining these data hdsff layer. Its undulatory but sharp base and top,
proved difficult. Recent advances in refininggraded texture, and the presence of crystals aBibchronology
other parts of the geologic time scale employesimall mudstone rip-up clasts indicate a reworked, The Tr-J boundary in the Queen Charlotte
high-precision U-Pb zircon geochronology ofwaterlain volcanic ash bed. Islands is recognized through integrated am-
volcanic ash layers embedded in fossiliferous The sample yielded a homogeneous zircomonoid, radiolarian, and conodont biochronology
sedimentary rocks (e.g., Palfy et al., 1997population that was subdivided into eight multi{Tipper et al., 1994; Carter, 1993; Carter et al.,
Bowring et al., 1998). Using this approach, wegrain fractions for U-Pb geochronology. Zircons1998). New fossil finds from Kunga Island have
present crucial results for the Tr-J boundary. Theeparated from the tuff consisted of colorlessstablished a precise biochronologic age for the
refined time frame provides new insight into thegrains of excellent clarity, without visible coresisotopically dated tuff (Fig. 2). The tuff is very
end-Triassic mass extinction. or zoning, and containing only very rare inclunear the top of the latest Trias&obolaxtorum
sions. Morphologies ranged continuously fromozeri radiolarian zone (equivalent of the am-
" +present address: Hungarian Natural Histor);;mh.edral and slightly.resorbed, oval to eIon.gatmonoid standard Crlickmayi zone), on the basis of
Museum, P.O. Box 137, H-1431, Budapest, Hungang@rains to euhedral, simple, stubby prismatic tan abundant and diverse fauna. The last appear-
E-mail: palfy@paleo.nhmus.hu. elongate needle-like or tabular crystals, conance ofG. tozeris 5 m above the tuff, whereas the
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TABLE 1. U-Pb ZIRCON ANALYTICAL DATA FOR A TUFF FROM KUNGA ISLAND"

- Isotopic ratios$® Isotopic ages®*

Fraction' Weight U  Pb¥ 20pb# pp=28Pb!t (%, +10) (Ma, +20)
(mg) (ppm) (ppm) 209Pb (pg) %  20°Pb/BY  207pp/2BY  207pp0Spp 200238y 207pp 235 207pp2%ph
A2 ccN2p 0050 179 5 5483 3 64 0.03146(0.12) 02174 (020) 0.05011(0.12) 199.7(0.5) 199.7(0.7) 200.1 (5.4)
BlemNle 0058 165 5 2513 8 7.0 0.03127(0.10) 02166 (0.24) 0.05025 (0.18) 1985 (0.4)  199.1 (0.9) 206.7 (8.3)
B2 ¢,N2,p 0.032 180 5 4388 3 62 0.03142(0.13) 02170(0.20) 0.05009 (0.14) 199.4(0.5)  199.4(0.7) 199.3 (6.4)
Cl f,N2,p 0.090 166 5 3181 9 7.1 0.03125(0.10) 0.2166 (0.20) 0.05029 (0.14) 1983 (0.4) 199.1 (0.7) 208.3 (6.5)
C2mN2p 0035 183 6 5847 2 72 0.03137(0.11) 02182(0.18) 0.05045(0.11) 199.1 (0.4)  200.5(0.7) 215.9 (5.0)
Dl cmN2,p 0058 143 4 1639 10 64 0.03144(0.10) 02172(0.25) 0.05011(0.19) 199.6(0.4) 199.6(0.9) 200.0(8.7)
D2 c;mN2pe 0027 165 5 2324 4 73 0.03143(0.13) 02197 (0.24) 0.05070 (0.16) 199.5(0.5) 201.7(0.9) 227.3(74)
E2 fpe 0032 200 6 5361 2 7.5 003219(0.12) 02238(0.20) 0.05042(0.14) 204.3(0.5)  205.1(0.8) 214.6(6.4)

* Sample location: Southeast shore of Kunga Island, Queen Charlotte Islands, British Columbia; 52°4531.4” N; 131°33736.6” W.

T All fractions are air abraded:; grain size, smallest dimension in m: cc =+ 104, ¢ =- 104 + 92, m = - 92 + 74, f = — 74 + 62; magnetic codes: Franz magnetic
separator sideslope at which grains are nonmagnetic, e.g., N2 = nonmagnetic at 2°; field strength for all fractions = 1.8 A; front slope for all fractions = 20°; grain
character codes: e = elongate, p = prismatic.

§ Radiogenic Pb.

# Measured ratio corrected for spike and Pb fractionation of 0.35%/amu (¢ 0.07%) for the analog Daly collector and 0.12%/amu (+ 0.1%) for the Faraday collector.

** Total common Pb in analysis based on blank isotopic composition.
11 Radiogenic Pb.
§§ Corrected for blank Pb, U, and initial common Pb based on the Stacey and Kramers (1975) model Pb composition at 200 Ma.

total thickness of the zone is 27 m. The nexXbssils of the terminal Triassic (Orchard, 1991quoted by published time scales are invariably
higher collection, 1.5 m farther upsection, yieldedipper et al., 1994; Orchard and Tozer, 1997lder by several million years. The two most
abundant radiolarians of a depauperate, marked. J. Orchard, 1998, personal commun.). No Lateridely used estimates are 208.0 + 7.5 Ma
different radiolarian assemblage of the earlieStriassic ammonoid has been found yet in théHarland et al., 1990) and 205.7 + 4.0 Ma
HettangianCanoptum merurnone. This zone is studied sectiorPsilocerassp., the oldest Jurassic (Gradstein et al., 1994). Other time scales list 208
correlated with the Planorbis Zone, the first starammonoid discovered, is from 9 m above the tufivia (Palmer, 1983), 210 Ma (Hagq et al., 1987),
dard chronozone of the Jurassic. Conodonté, specimen close tBsilocerascf. primocosta- and 203 Ma (Odin, 1994) as the best boundary
which went extinct at the end of the Triassic, areum the index species of the second-oldest Jurasstimates. This inconsistency stems from inter-
restricted to the lower part of the section. Conasic ammonoid zone in South America (von Hillepolation between sparse samples that are poorly
dont faunas are of low diversity but diagnostic tdrandt, 1994), occurs 16.5 m above the tuff. =~ constrained stratigraphically. Several better con-
the Rhaetian. The highest collection, 4 m above strained U-Pb dates were recently obtained from
the tuff, yieldedNorigondolellg which at Ken- AGE OF THE TRIASSIC-JURASSIC marine island-arc terranes of the North American
necott Point ranges to slightly above a singlBOUNDARY Cordillera (Table 2). These dates were not con-
occurrence oMisikella posthernsteirand the The U-Pb age reported here provides a direstdered in previous time scales, but they convinc-
ammonoid Choristoceras nobileboth guide estimate for the age of the Tr-J boundary. Agaagly support our conclusion that the true age of
the Tr-J boundary is close to 200 Ma.

0.03275

COMPARISON WITH THE
CONTINENTAL RECORD

Precise U-Pb dates were also published from
three volcanic units within the continental
Newark Supergroup in eastern North America
(Dunning and Hodych, 1990; Hodych and
Dunning, 1992). The North Mountain Basalt was
dated as 201.7 + 1.4/-1.1 Ma, whereas the Pali-
sades and Gettysburg sills yielded ages of 200.9
+ 1.0 Ma and 201.3 + 1.0 Ma, respectively. On
the basis of geochemical and field evidence, the
Palisades sill appears to have fed the lowermost
flows of the Orange Mountain Basalt (Ratcliffe,
1988). The extrusive volcanic rocks postdate the

Kunga Island tuff layer
Interpreted age: 199.6 + 0.3 Ma
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c2 Based on concordant palynologically defined Tr-J boundary (Fowell
fractions D1, A2 and B2 and Olsen, 1993) by only 20-40 k.y., on the basis
of cyclostratigraphic evidence (Olsen et al.,
bR /A%y 1996b). Vertebrate extinction, as deduced from
0.03075 tetrapod remains (Olsen et al., 1987) and their
0.2125 0.2225

trace fossil record (Silvestri and Szajna, 1993), is
coincident with the peak in floral turnover. Con-
sequently, 201 Ma has been suggested as the age

Figure 1. U-Pb concordia diagram of zircons from 3.5 cm thick tuff layer immediately
below Triassic-Jurassic boundary, Sandilands Formation, Kunga Island.
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Figu_re 2._Position t_)f U-Pb dated tuff_layer (heavy black line) and biostratigraphy If the Tr-J boundary is younger than previ-
of Triassic-Jurassic boundary section on Kunga Island. Occurrences of key ously thought, then the duration of the latest

radiolarian (R), conodont (C), and ammonite (A) taxa and section measurements Tri . bably | th timated i

are compiled from published data (Tipper et al., 1994; Carter, 1993; Carter et al., riassic was probably longer than estimated in

1998), complemented by data from new collections. published time scales. The Rhaetian, a time of
protracted decline for many fossil groups includ-

ing the ammonites, bivalves, and conodonts
of the continental Tr-J boundary (Olsen et alterrestial extinction events may eventually béHallam, 1996a), may have lasted several million
1996b). The three overlapping isotopic ages armtovided by magnetostratigraphy. In lacustringears, although no isotopic ages are available to
their respective errors suggest that the terrestrisdiments of the Newark basin, the palynologiaccurately constrain its duration. Timing of the
extinction occurred no later than 200.6 Ma (i.ecally defined boundary occurs immediatelyEarly Jurassic marine biotic recovery is better
the young end of the error range of the oldest above a short reverse interval (coded E23n.1lknown. The early Hettangian (Planorbis Zone) is
the three ages, the North Mountain Basalt). AKent et al., 1995). We predict that in marine se@haracterized by a low-diversity fauna worldwide
demonstrated here, the marine event, constraingdns, the base of Jurassic should be within thend is perhaps best regarded as a postextinction
by the U-Pb age from Kunga Island, did not occunigher part of the protracted normal magnetdag or survival period. True recovery and diversi-
before 199.9 Ma. The crisis of terrestrial biotathron E23n. To date, no paleomagnetic data hafieation started in the middle Hettangian within
preceded that of the marine realm by at least 7@@en reported from fully marine sections thamany clades (Hallam, 1996b). Hettangian U-Pb

k.y. This is the first evidence of such temporaspan the Tr-J boundary. dates from Alaska (Table 2) (Palfy et al., 1999)

dichotomy within a major mass extinction. Demonstrating the asynchrony of terrestriaindicate that recovery was under way within less
and marine mass extinctions has profound implthan 2 m.y. Whether the apparent length of the

DISCUSSION cations. First, it argues against a single sudden abidtic crisis and the delayed rebound are artifacts

Apart from additional isotopic dating, an inde-globally catastrophic cause, such as a bolidaf inadequate sampling (Signor and Lipps, 1982;
pendent test for the asynchrony of marine arichpact. Second, it raises the possibility of distindErwin, 1998) remains to be tested.

TABLE 2. LIST OF RECENTLY PUBLISHED U-Pb ZIRCON DATES RELEVANT TO THE AGE OF THE TRIASSIC-JURASSIC BOUNDARY

Dated rock Locality U-Pb age Biochronologic age Reference
(Ma)
Maximum Minimum

Tuff in Talkeetna Formation Puale Bay, Alaska 197.8+ 1.0 Middle Hettangian Late Hettangian Palfy et al., 1999
Tuff in Talkeetna Formation Puale Bay, Alaska 197.8+1.2/~0.4 Middle Hettangian Late Hettangian Palfy et al., 1999
Tuff in Kamishak Formation Puale Bay, Alaska 200.8+2.8 Middle Hettangian Middle Hettangian Palfy et al., 1999
Goldslide Porphyry (Goldslide Intrusions) Stewart, B.C. 197.6 1.9 Hettangian Hettangian Rhys etal., 1995
Tuff in Hazelton Group Stewart, B.C o 199+2 Hettangian Hettangian Greig and Gehrels, 1995
“Biotite Porphyry” (Goldslide Intrusions)  Stewart, B.C 201.8+0.5 Norian Rhaetian Greig et al., 1995
Griffith Creek volcanics Spatsizi River, B.C. 205.8+0.9 Norian Rhaetian Thorkelson et al., 1995
Griffith Creek volcanics Spatsizi River, B.C. 205.8+1.5/-3.1 Norian Rhaetian Thorkelson et al., 1995

Note: B.C.— British Columbia
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