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Abstract

The Steptoean positive carbon isotope excursion (SPICE) marks a global oceanographic event that confirms
intercontinental correlations between different biogeographic realms based on agnostids and other blue-water trilobites.
The SPICE excursion is documented from sections in Laurentia, Kazakhstan, China, and Australia where it begins
with the mass extinction at the base of the Pterocephaliid Biomere (Steptoean Stage) in Laurentia and at coeval
extinction horizons in Gondwana and periGondwana terranes. The peak of SPICE (+5‰) coincided with a time of
maximum regression in Laurentia. SPICE is similar in this regard to excursions that coincide with glacio-eustatic
falls, such as in the Late Ordovician. A plausible scenario involves the transformation of ocean circulation between
two states, which led to enhanced coastal upwelling and benthic extinctions. The lack of evidence for glaciation
indicates that the coeval sea level fall (Sauk II–Sauk III event) resulted from tectonic or hydrologic changes that
remain poorly understood at this time. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction during the SPICE excursion. An explanation that
accounts for both the mass extinction and the
SPICE excursion must therefore involve a processCarbon isotope ratios of marine limestones
which began swiftly and then continued to operatehover ca. 1–2‰ above the PDB standard value of
on a multimillion year time scale (Saltzmand13C=0‰ for much of the Phanerozoic. Intervals
et al., 1998).of significantly positive carbon isotope ratios

(≥+2‰) are thought to coincide with times of
increased burial of organic matter, either in coal

2. Litho- and biostratigraphy of sampled sectionsbasins (Carboniferous and Permian) or as marine
petroleum source rocks (Jurassic and Cretaceous).

Carbonates analyzed for carbon isotopic ratiosShort-lived positive carbon isotope excursions may
come from two separate passive continental mar-peak at even heavier isotope ratios (≥+5‰),
gins of Late Cambrian (~500 Ma) age (Fig. 1).presumably because the processes that caused them
The Wa’Ergang and Paibi sections, northwesterncannot be sustained for tens of millions of years.
Hunan, China (Peng, 1992); and the Shingle PassSeveral of these extraordinary positive events are
section, Nevada (Saltzman et al., 1998). In addi-known to be associated with mass extinctions
tion, sections were analyzed from an intracratonicof marine invertebrates. These include the
basin: the GSQ Mt. Whelan 1 core in Queensland,Cenomanian–Turonian (C–T, Scholle and Arthur,
Australia (Green and Balfe, 1980), and a section1980; Arthur et al., 1987; Jenkyns et al., 1994),
on the flanks of a seamount: the KyrshabaktyFrasnian–Famennian (Joachimski and Buggisch,
River section, Malyi Karatau region, Kazakhstan1993; Wang et al., 1996), and end-Ordovician
(Ergaliev, 1981; Cook et al., 1991).(Brenchley et al., 1994; Underwood et al., 1997;

Kump et al., 1999) extinction events.
2.1. Malyi Karatau region, KazakhstanHere, we document a large and global positive

excursion in d13C of Late Cambrian carbonates
Upper Cambrian carbonates sampled for d13Cfrom North America (Laurentia), Kazakhstan,

in Kazakhstan were deposited adjacent to (or onSouth China and Australia (Gondwana) that
the flanks of ) a seamount that formed over abegins at a worldwide extinction of trilobites first
structural high (Cook et al., 1991). Deep water

identified in North China by Charles D. Walcott carbonate deposition occurred in structural lows
(1913). This Steptoean positive carbon isotope on the flanks. At the Kyrshabakty River section,
excursion (SPICE) represents a major perturbation carbonates were deposited in a submarine-fan envi-
of the Cambrian carbon cycle (Saltzman et al., ronment adjacent to the Aisha Bibi seamount. The
1998) that lies midway (~500 Ma) between com- section (Fig. 2; Table 2) consists of varying pro-
parable end-Proterozoic (549 Ma; Grotzinger portions of fine-grained, dark-colored, argillaceous
et al., 1995) and end-Ordovician (~446 Ma; limestone and carbonate gravity-flow deposits.
Underwood et al., 1997; Tucker and McKerrow, Cook et al. (1991) interpreted the upward-shallow-
1995) phenomena. The distinguishing feature of ing carbonate sequence in terms of a seaward-
the SPICE excursion is that the accompanying prograding platform margin and submarine fan.
extinction coincides with the onset of the positive The oldest sampled Middle Cambrian sediments
shift, rather than with the rising limb of the include basin-plain facies, which are overlain by
excursion. In fact, peak faunal diversity correlates outer fan and mid-fan distributary channel depos-
with the peak of the SPICE excursion in North its. Inner fan and upper slope facies are ultimately
America (Rowell and Brady, 1976). Thus, in con- capped by uppermost Cambrian shallow water
trast to the C–T extinction event, this Upper seamount margin and interior facies consisting of
Cambrian faunal crisis appears to have resulted Epiphyton bioherms. Numerous submarine slides,
from the cause of the carbon cycle perturbation consisting of lithified segments of the seamount
(e.g. upwelling) rather than a deterioration of margin, occur throughout the Middle and Upper

Cambrian sequence, with a particularly prominentoceanic conditions which may have developed
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Fig. 1. Paleogeographic map for the Late Cambrian (after Scotese and McKerrow, 1990) showing approximate locations of the
regions sampled. The SPICE excursion is also known from Tennessee (Glumac and Walker, 1998).

Fig. 2. Plots of d13C (‰) of limestones from the Wa’ergang and Paibi sections in Hunan, China (Peng, 1992) and the Kyrshabakty
River section, Kazakhstan (Ergaliev, 1981). First occurrences of cosmopolitan trilobite taxa are shown. Data presented in Tables 1–3.
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slide at the boundary between the Sackian and correlation with sections in China are plotted in
Fig. 2 (G. stolidotus and G. reticulatus) and listedMalykaratauian Stages of Ergaliev (1981).

The biostratigraphy of the Kyrshabakty River in Table 1 (also see Peng, 1992).
section has been summarized by Ergaliev (1981).
The documentation of faunal zones and our 2.2. Northwestern Hunan, China
sampling for carbon isotopes starts in the
Ptychagnostus atavus Zone. Key fossil occurrences The Wa’Ergang and Paibi sections are situated

within the Jiangnan Slope Belt, which representsrepresentative of the overlying zones and useful in

Table 1
Stable Isotope Data, Kazakstan

Meters 13C 18O Zone Meters ?13C ?18O Zone Meters 13C 18O Zone

0.00 −0.73 −6.38 ? 180.00 −0.51 −7.32 G. stolidotus 409.00 0.64 −7.71 E. kazachstanicus
0.10 −0.50 −6.23 ? 186.00 0.29 −7.45 G. stolidotus 411.50 0.06 −7.18 E. kazachstanicus

16.00 −0.15 −7.16 ? 194.00 0.22 −6.86 G. stolidotus 420.00 −0.13 −7.61 E. kazachstanicus
16.70 −0.01 −6.65 ? 205.00 1.31 −7.13 G. reticulatus 431.00 0.50 −8.15 E. kazachstanicus
19.80 −1.11 −7.05 ? 207.00 1.64 −6.48 G. reticulatus 437.00 0.34 −8.12 E. kazachstanicus
23.00 0.91 −6.43 ? 209.50 3.17 −6.70 I. inexpectans 442.00 0.36 −8.37 E. ovaliformis
25.20 1.08 −7.40 ? 215.50 3.28 −6.45 I. inexpectans 447.00 0.60 −7.81 E. ovaliformis
30.70 0.26 −7.84 ? 235.00 3.51 −6.60 A. acutatus 448.00 0.33 −8.30 E. ovaliformis
33.50 −0.38 −7.60 P. atavus 243.50 4.82 −6.99 A. acutatus 452.00 0.74 −7.83 E. ovaliformis
35.30 −0.01 −7.95 P. atavus 248.00 3.24 −7.19 A. acutatus 453.00 0.37 −7.87 E. ovaliformis
39.50 0.17 −7.61 P. atavus 250.00 3.81 −7.09 A. acutatus 462.00 0.79 −7.62 E. ovaliformis
45.00 −1.11 −7.50 P. atavus 260.00 3.19 −6.96 A. acutatus 467.00 0.33 −8.87 E. ovaliformis
48.00 −0.70 −7.50 P. atavus 272.00 1.55 −6.59 A. acutatus 478.00 0.69 −7.54 E. ovaliformis
52.00 −0.64 −6.69 P. atavus 274.50 1.88 −8.59 A. acutatus 480.00 0.19 −10.19 E. ovaliformis
57.00 −0.56 −7.55 P. atavus 278.50 1.75 −8.85 A. acutatus 490.00 0.50 −7.79 E. ovaliformis
61.00 −1.69 −8.33 P. atavus 290.50 1.05 −7.06 I. ivshini 496.00 0.42 −7.89 E. ovaliformis
64.00 −0.56 −7.21 P. atavus 296.00 0.62 −7.83 I. ivshini 499.00 0.16 −7.76 E. ovaliformis
71.00 0.40 −7.49 P. punctuosus 304.00 0.78 −7.21 I. ivshini 502.00 0.36 −7.81 E. ovaliformis
76.50 0.11 −6.46 P. punctuosus 311.00 0.67 −7.27 I. ivshini 504.00 0.21 −7.50 E. ovaliformis
81.00 −0.53 −9.15 G. nathorsi 314.00 0.47 −6.90 I. ivshini 510.50 0.64 −8.94 A. scrobicularis
91.00 0.23 −7.75 G. nathorsi 321.00 0.47 −7.27 I. ivshini 514.00 0.93 −7.61 A. scrobicularis
96.00 0.10 −7.11 G. nathorsi 327.00 0.43 −7.17 I. ivshini 521.00 0.69 −7.28 A. scrobicularis
98.50 −0.42 −7.66 G. nathorsi 330.00 0.55 −6.91 P. psuedangustilobus 524.00 1.39 −7.91 A. scrobicularis
91.00 −0.46 −7.24 G. nathorsi 350.00 1.41 −6.72 P. psuedangustilobus 525.50 0.88 −7.66 A. scrobicularis
97.00 −0.76 −7.40 G. nathorsi 355.00 2.15 −6.75 P. psuedangustilobus 535.00 1.29 −8.56 A. scrobicularis
99.00 −0.49 −7.12 G. nathorsi 359.00 0.65 −6.77 P. psuedangustilobus 536.00 1.40 −8.22 A. scrobicularis

105.00 −0.14 −7.18 L. armata 361.00 0.53 −6.98 P. psuedangustilobus 539.00 1.28 −7.95 T. trisulcus
109.00 −0.15 −6.86 L. armata 364.00 −0.19 −7.04 P. psuedangustilobus 549.00 1.23 −7.96 T. trisulcus
116.00 −0.74 −7.27 L. armata 365.00 1.27 −6.61 P. psuedangustilobus 552.00 1.58 −8.46 T. trisulcus
120.00 −1.03 −7.28 L. armata 368.00 1.19 −7.55 P. psuedangustilobus 557.00 1.64 −8.47 T. trisulcus
122.00 −0.71 −6.87 L. armata 369.00 0.98 −7.29 P. psuedangustilobus 561.00 1.51 −8.17 T. trisulcus
124.00 −0.81 −7.07 L. armata 370.00 0.38 −7.13 E. kazachstanicus 564.00 0.75 −8.29 T. trisulcus
136.00 −1.12 −6.99 L. armata 373.00 0.76 −7.68 E. kazachstanicus 570.00 0.03 −8.55 T. trisulcus
140.00 −0.78 −7.09 L. laevigata 376.00 0.51 −7.05 E. kazachstanicus 572.00 1.20 −7.48 T. trisulcus
143.00 −0.22 −6.80 L. laevigata 382.00 −0.30 −7.08 E. kazachstanicus 576.00 1.06 −7.77 T. trisulcus
147.00 −0.76 −7.14 L. laevigata 388.00 −0.14 −7.02 E. kazachstanicus 579.00 1.19 −8.15 T. trisulcus
152.00 −0.43 −6.86 L. laevigata 391.00 0.03 −7.28 E. kazachstanicus 581.00 0.75 −8.27 T. trisulcus
156.00 0.39 −7.37 L. laevigata 394.00 0.26 −7.22 E. kazachstanicus 583.00 0.92 −8.29 T. trisulcus
159.00 0.04 −7.26 K. simplex 399.00 0.42 −7.11 E. kazachstanicus 585.00 0.54 −8.31 T. trisulcus
162.00 −0.06 −7.07 K. simplex 405.00 0.22 −7.78 E. kazachstanicus 587.00 1.07 −8.10 T. trisulcus
172.00 0.21 −7.75 K. simplex
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a transitional facies belt between the shallow water Formation is overlain by the abundantly fossilifer-
ous Huaqiao Formation. The Huaqiao Formationcarbonates of the Yangtze Platform and the deep

basinal deposits of the Jiangnan Basin (Peng, consists of rhythmically bedded argillaceous lime-
stones and calcareous shales, with minor dolomitic1992). The oldest strata sampled for carbon iso-

topes come from the uppermost Aoxi Formation limestone interbeds. Breccia beds occur throughout
the formation and are composed of limestoneat the Paibi section (Fig. 2; Table 2). The Aoxi

Formation is composed of unfossiliferous lami- clasts derived from the Yangtze Platform. These
breccia beds have been interpreted as debris flowsnated dolomites with interbedded black shales near

the top which represent the deepest water deposits reflecting episodic slumping of the upper slope and
platform margin (Peng, 1992). Breccia bedswithin the Jiangnan Slope Belt. The Aoxi
become more common upsection and thus it
appears that sea level was falling during deposition

Table 2 of the Huaqiao Formation (Peng and Robison,
Stable Isotope Data, Paibi, China 2000). At Paibi, the Huaqiao Formation is overlain

by a sparsely fossiliferous massive dolomite, repre-Meters ?13C ?18O Formation Zone
senting progradation of the Yangtze Platform out

−3.00 0.57 −8.19 Aoxi P. atavus onto the Jiangnan Slope Belt. However, facies
20.00 1.47 −10.20 Huaqiao P. atavus

representative of the Jiangnan Slope Belt persist27.50 1.30 −9.16 Huaqiao P. atavus
~120 km to the northeast at the Wa’Ergang sec-30.50 2.55 −6.46 Huaqiao P. atavus

31.00 1.17 −9.55 Huaqiao P. atavus tion (Table 3), where the Huaqiao is overlain by
34.20 1.30 −9.16 Huaqiao P. atavus fossiliferous fine-grained, argillaceous limestones
40.00 1.10 −9.88 Huaqiao P. atavus of the Bitao, Chefu and Shenjiwan Formations.
88.50 0.68 −7.72 Huaqiao P. atavus

The boundaries between the Bitao, Chefu and93.50 1.18 −7.66 Huaqiao P. punctuosus
Shenjiwan Formations were historically chosen to100.80 0.41 −8.45 Huaqiao P. punctuosus

107.00 0.67 −7.78 Huaqiao P. punctuosus coincide with important biostratigraphic bound-
113.00 −0.16 −8.88 Huaqiao P. punctuosus aries rather than lithostratigraphic boundaries
121.40 −0.01 −8.76 Huaqiao P. punctuosus (Peng and Robison, 2000).
128.50 0.07 −8.57 Huaqiao P. punctuosus

The biostratigraphy of the Wa’Ergang section135.00 0.65 −8.84 Huaqiao P. punctuosus
has been studied by Peng (1992) and the agnostid148.00 −0.76 −9.00 Huaqiao L. laevigata

165.00 0.82 −8.25 Huaqiao L. laevigata biostratigraphy of the diverse and abundant faunas
177.00 0.17 −8.78 Huaqiao L. laevigata at Paibi has been documented by Peng and
182.30 −0.19 −8.73 Huaqiao L. laevigata Robison (2000). Agnostid trilobites are widely
200.00 −0.04 −7.88 Huaqiao L. laevigata

distributed in Middle to Upper Cambrian sections208.70 2.02 −8.63 Huaqiao L. laevigata
worldwide and are particularly useful for intercon-218.90 0.30 −8.94 Huaqiao L. laevigata

226.50 0.86 −9.03 Huaqiao L. laevigata tinental correlation. The lowest correlatable agnos-
236.00 0.03 −9.06 Huaqiao L. laevigata tid zone is the Ptychagnostus atavus Zone, which
256.00 0.12 −7.92 Huaqiao L. laevigata occurs at the base of the Huaqiao Formation in
246.00 0.28 −9.00 Huaqiao L. laevigata

both the Wa’Ergang and Paibi sections (Fig. 2;246.50 0.91 −8.53 Huaqiao L. laevigata
Tables 2 and 3). The first occurrence of P. atavus256.00 0.12 −7.92 Huaqiao L. laevigata

266.20 −0.53 −8.02 Huaqiao L. laevigata represents a globally recognized chronostrati-
276.80 −0.13 −7.66 Huaqiao L. laevigata graphic horizon within the Middle Cambrian
286.00 0.32 −8.60 Huaqiao L. laevigata (Rowell et al., 1982). Younger zones include the
296.20 −0.10 −9.41 Huaqiao L. laevigata

Lejopyge armata Zone at Wa’Ergang and the306.10 0.06 −8.36 Chefu L. laevigata
Ptychagnostus punctuosus and Lejopyge laevigata316.00 0.62 −7.28 Chefu L. laevigata

326.30 0.82 −8.77 Chefu L. laevigata Zones at Paibi (Peng and Robison, 2000). The
336.80 0.73 −7.96 Chefu L. laevigata Glyptagnostus stolidotus Zone overlies the Lejopyge
356.00 1.31 −9.14 Chefu L. laevigata zones in the lower part of the Chefu Formation at
366.00 1.20 −6.81 Chefu G. stolidotus

Wa’Ergang and Paibi. The Glyptagnostus reticula-
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Table 3
Stable Isotope Data, Wa’ergang, China

Meters 13C 18O Formation Zone Meters 13C 18O Formation Zone

137.20 0.63 −7.83 Huaqiao not zoned 530.00 1.49 −10.48 Bitao not zoned
147.00 0.38 −6.46 Huaqiao P. atavus 540.00 2.67 −8.27 Bitao not zoned
165.00 −0.28 −10.78 Huaqiao P. atavus 550.00 1.60 −9.51 Bitao not zoned
200.00 0.65 −7.96 Huaqiao P. atavus 560.00 1.78 −9.52 Bitao not zoned
210.00 1.82 −7.23 Huaqiao L. armata 575.00 1.45 −9.77 Bitao not zoned
219.55 0.19 −8.94 Huaqiao L. armata 590.00 1.27 −10.03 Bitao not zoned
266.00 1.08 −7.56 Huaqiao L. armata 600.00 1.26 −10.02 Bitao not zoned
274.00 0.79 −7.52 Huaqiao L. armata 608.70 2.15 −7.53 Bitao not zoned
280.35 0.69 −9.64 Huaqiao L. armata 610.60 2.89 −8.74 Bitao not zoned
282.00 0.69 −9.22 Chefu L. armata 625.30 2.48 −8.00 Bitao not zoned
283.00 1.70 −5.45 Chefu L. armata 660.00 1.47 −10.18 Shenjiawan not zoned
290.00 0.86 −8.61 Chefu L. armata 697.85 2.66 −7.95 Shenjiawan not zoned
300.20 1.63 −8.05 Chefu L. armata 712.10 2.35 −7.80 Shenjiawan not zoned
309.00 2.47 −8.06 Chefu L. armata 721.00 0.88 −9.53 Shenjiawan not zoned
320.30 1.88 −8.16 Chefu G. stolidotus 735.00 1.90 −6.78 not described not zoned
330.00 2.93 −8.31 Chefu G. stolidotus 750.00 1.53 −8.35 not described not zoned
340.00 3.28 −8.27 Chefu G. stolidotus 760.00 2.36 −8.04 not described not zoned
350.00 2.51 −8.84 Chefu G. reticulatus 773.50 1.78 −9.67 not described not zoned
361.00 3.28 −8.34 Chefu not zoned 786.70 1.44 −9.72 not described not zoned
369.75 5.03 −8.98 Bitao not zoned 797.40 0.55 −9.41 not described not zoned
380.10 4.40 −9.84 Bitao not zoned 803.00 1.44 −9.60 not described not zoned
390.00 4.23 −8.44 Bitao not zoned 830.00 0.36 −9.18 not described not zoned
400.00 4.38 −9.09 Bitao not zoned 842.70 1.95 −9.31 not described not zoned
409.70 3.76 −8.64 Bitao not zoned 850.50 1.49 −9.41 not described not zoned
411.00 3.16 −10.83 Bitao not zoned 858.30 1.44 −9.72 not described not zoned
420.00 2.96 −10.34 Bitao not zoned 872.50 1.81 −9.02 not described not zoned
430.00 4.70 −8.74 Bitao not zoned 876.00 1.93 −10.11 not described not zoned
440.00 4.21 −8.98 Bitao not zoned 888.90 1.01 −10.54 not described not zoned
450.00 4.60 −10.56 Bitao not zoned 889.10 1.42 −9.94 not described not zoned
460.00 3.67 −7.17 Bitao not zoned 890.00 1.03 −9.96 not described not zoned
470.00 4.28 −9.23 Bitao not zoned 880.90 1.50 −9.16 not described not zoned
480.00 4.53 −10.31 Bitao not zoned 885.60 1.15 −9.88 not described not zoned
490.00 4.22 −9.20 Bitao not zoned 896.00 0.91 −9.97 not described not zoned
501.00 3.15 −10.44 Bitao not zoned 940.00 1.36 −9.46 not described not zoned
509.00 3.78 −8.54 Bitao not zoned 1000.00 1.94 −9.61 not described not zoned
520.00 2.86 −10.41 Bitao not zoned

tus Zone is the youngest characterized agnostid the Wa’Ergang section was sampled to capture the
G. reticulatus Zone and higher parts of the Upperzone and it is well represented in collections

worldwide. Peng and Robison (2000) have pro- Cambrian.
posed that the first appearance of G. reticulatus at
Paibi be recognized as a potential Global Standard 2.3. Northwestern Queensland, Australia
Stratotype-section and Point (GSSP). Zonally
diagnostic trilobites younger than G. reticulatus The carbonates sampled in the Mt. Whelan core

in Northwestern Queensland were deposited in anare only represented at the Wa’Ergang section and
include: Irvingella, Rhaptagnostus, Westergaardites intracratonic basin formed during faulting of the

Mount Isa block. Deposition in a deep water,and Ivshinaspis (Fig. 2). Sampling for carbon iso-
topes was continuous through the P. atavus to G. stratified portion of the intracratonic basin is indi-

cated by organic-rich, pyritic facies that showstolidotus zones at Paibi and Wa’Ergang, but only
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Fig. 4. The Marjumiid–Pterocephaliid biomere boundary
(Marjuman–Steptoean stage boundary) is located to ±0.5 m
(Thomas, 1993; Saltzman et al., 1998). Irvingella angustilimbata
occurs ~10 m above the base of the Corset Spring Shale. SolidFig. 3. Plots of d13C of limestones from the Mt. Whelan core
pattern is fine-grained limestone, block pattern is coarse-grainedin Queensland, Australia. First occurrence of cosmopolitan tri-
limestone and dashed pattern is shaly-limestone.lobite Glyptagnostus reticulatus is shown (Green and Balfe,

1980). Lithologies are fine-grained limestone and argillaceous
limestone (solid pattern). The Mindyallan–Idamean stage

representing a vast carbonate platform extend forboundary lies at the mass extinction horizon indicated by G.
reticulatus. hundreds of kilometers from northeastern Utah

into southeastern California. The Shingle Pass
section in the southern Egan Range occurs towardsmillimetre-scale laminations and contain in situ

ammonium feldspars (Green and Balfe, 1980) the outer margin of this platform and has been
studied in detail by Saltzman et al. (1998). Faciesindicative of a poorly oxygenated water mass.

Though sparsely fossiliferous, the occurrences of sampled for stable isotope analysis at Shingle Pass
included a variety of shallow water carbonateGlyptagnostus reticulatus and Irvingella (Fig. 3)

provide critical ties to the sections in China and environments: algal boundstone; oolitic grain-
stone; fenestral mudstones; and crinoidal pack-Kazakhstan (Fig. 2).
stones (Johns Wash Limestone) that are interbed-
ded at the meter scale. Variable siliciclastic influx2.4. East-central Nevada, USA
is recorded in the upper quarter of the section by
the Corset Springs Shale (Fig. 4).The Upper Cambrian mixed carbonate–clastic

strata of the eastern Great Basin have been the It is in the Great Basin where the SPICE
excursion was first detected by Brasier (1993)subject of intensive study for over 50 years

(Palmer; 1965; Osleger and Read, 1993; Saltzman within the biostratigraphic unit known as the
Pterocephaliid biomere (Palmer, 1984). Theet al., 1998; and references therein). Facies belts
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Pterocephaliid biomere is now considered the Glyptagnostus reticulatus and peak at +5.0‰. Pre-
excursion d13C values near +1.5‰ are reachedequivalent to the Steptoean Stage (Ludvigsen and

Westrop, 1985; Palmer, 1998). At Shingle Pass, just after the first occurrence of Rhaptagnostus. At
the Wa’Ergang section (Table 3), heavy d13Cthe base of the Steptoean Stage coincides with the

first occurrence of Coosella perplexa (Thomas, values appear in the Glyptagnostus stolidotus Zone
(Fig. 2), although we suspect that this reflects1993) near the top of the Lincoln Peak Shale. This

fauna corresponds to the lowest occurrence of uncertainty in biostratigraphic resolution because
elevated ratios do not appear in the G. stolidotusGlyptagnostus reticulatus in other sections in North

America (Palmer, 1962) and is the basis for global Zone in the better known section at Paibi (Table 2;
Peng and Robison, 2000). In Kazakhstan, d13Ccorrelation. Irvingella occurs near the middle of

the Corset Springs Shale and provides a second values vary between −1.5 and +0.5‰, showing
no clear trend throughout the pre-SPICE stratakey tie point with the sections in China,

Kazakhstan and Australia. that include the Ptychagnostus atavus through G.
stolidotus trilobite zones (Fig. 2; Table 2). d13C
values then rise sharply above +1.5‰ at the first
occurrence of G. reticulatus and peak at +4.8‰3. Carbon isotope stratigraphy
just below the first occurrence of Irvingella
(Psuedagnostus curtare Zone of Ergaliev, 1981). A3.1. Sample selection and methods
steady decline in d13C reaches pre-excursion ratios
mid-way through the local stratigraphic range ofBulk-rock samples were preferentially drilled

from fine-grained lithologies, although the hetero- Irvingella (in the lower Ivshinagnostus ivshini Zone
of Ergaliev; Table 2).geneity of carbonate facies within and between

sections necessitated occasional sampling of In Australia, d13C ratios rise steadily from near
−1 to +1‰ in the interval preceding the SPICEcoarser-grained lithologies (e.g. Johns Wash

Limestone at Shingle Pass). Analytical work was excursion (Fig. 3). The marked rise in d13C to
ratios above +5‰ begins at the level ofcarried out in stable isotope laboratories at the

California Institute of Technology, Oxford Glyptagnostus reticulatus. In Nevada, d13C ratios
are between 0 and +1‰ in the interval precedingUniversity, University of California, Santa Cruz,

and University of Michigan, using standard pro- the SPICE excursion (Fig. 4) and begin to rise at
the first occurrence of Coosella perplexa (equiva-cedures. All values are reported relative to the

PDB standard. Data from Kazakhstan and China lent to the base of the G. reticulatus Zone). The
peak above +5‰ occurs prior to the first occur-are listed in Tables 1–3; data from Nevada are

given in Saltzman et al. (1998). rence of Irvingella angustilimbata.

3.2. d13C profiles and correlation of inflections in
SPICE excursion 4. Discussion

4.1. Connection with extinctionsMiddle to Late Cambrian d13C profiles can be
correlated from Kazakhstan through China to
Australia by plotting the occurrences of cosmopoli- The start of the SPICE excursion coincides with

a worldwide mass extinction of trilobites at thetan trilobite taxa (Fig. 2 and 3). The SPICE excur-
sion reaches peak values between the first base of the Glyptagnostus reticulatus Zone. In

Australia, this extinction event was first recognizedoccurrence of Glyptagnostus reticulatus and the
first occurrence of Irvingella in all four sections. by Öpik (1966), who noted that none of the 80

species of trilobites then known from the precedingIn China, d13C values show small-scale fluctua-
tions between 0 and +1.5‰ in the interval preced- zone of Glyptagnostus stolidotus survived into the

overlying G. reticulatus Zone. In North America,ing the SPICE excursion (Fig. 2). d13C values then
rise steeply near the first occurrence of Palmer (1965) documented a drop in generic diver-
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sity of nearly 50% at the equivalent horizon. Öpik anoxic events (OAE) model of Arthur et al. (1987)
(1966) suggested an extraterrestrial cause (increase and the Monterey model of Vincent and Berger
in solar luminosity) for this global mass extinction (1985) involve enhanced removal of organic matter
but this idea is untested; Orth et al. (1984) found during periods of high productivity and/or anoxia.
no evidence (Ir enrichment) for bolide impact. The OAE model postulates increasing the burial

Throughout the Cambrian, it has been suggested fraction ( forg,) of organic carbon relative to total
that a permanent thermocline segregated provincial, carbon buried in sediments ( Kump, 1991) while
warm-water, platform trilobites from their cool- the Monterey model allows for an increase in total
water cosmopolitan counterparts (Cook and Taylor, carbon buried during the d13C excursion. A third
1975; Babcock, 1994). The latter were able to model — the weathering model — recently put
colonize the shallow, high-latitude, epicontinental forth in Kump et al. (1999) shifts the focus from
seas of Avalonia and Baltica but are also found as changes in forg, to changes in the isotopic composi-
invaders of tropical shelves during times of high tion of riverine runoff (d13Criv). These terms are
sea level. So it is clear that the cool-water trilobites related to the isotopic composition of marine
were able to migrate around the world beneath the carbonates (d13Ccarb) and the fractionation
thermocline. Stitt (1975) and Palmer (1984) noted between carbonate and organic carbon (D13C) by
that early Steptoean trilobites appear to have been the steady-state mass-balance equation ( Kump,
adapted to cold waters typical of continental slope 1991; Kump et al., 1999):
settings and suggested that the sub-Steptoean
extinctions were caused by cooling resulting from

forg=
d13Ccarb−d13Criv

D13C
(1)ocean overturn. However, Pratt (1992, 1998) has

documented a sub-Steptoean mass extinction of
indigenous trilobites in a deep-ramp setting, which Kump et al. (1999) attribute the positive carbon
is inconsistent with Stitt’s hypothesis. isotope excursion associated with the end-

The nature of the pre-SPICE killing mechanism
Ordovician glaciation to increases d13Criv associ-is unknown. The connection between mass extinc-
ated with weathering of carbonate platformstions and positive isotope excursions at other times
during sea level fall, whereas the two older ideas —during the Phanerozoic suggests the possibility of a
OAE and the Monterey model — employ produc-common cause. In the best-studied example, the C–
tivity-driven changes in the burial flux of organicT boundary, extinctions began soon after the onset
carbon caused by nutrients delivered as a result ofof the d13C excursion and continued through its
enhanced coastal upwelling [although see Paul andpeak (Jarvis et al., 1988). In this case, the extinctions
Mitchell (1994), for an alternative explanation forhave been attributed to a disruption of the food
the C–T oceanic anoxic event that involveschain that occurred because essential nutrients were
decreased productivity]. The OAE and thedepleted by the enhanced production that generated
Monterey models require the formation of copiousthe positive excursion (Paul and Mitchell, 1994).
amounts of organic-rich (black) shales near sitesDevelopment of anoxia has also been proposed as
of upwelling, where oxygen minimum zonesa kill mechanism (Arthur et al., 1987). In contrast,
intersect continental margins. All three modelsthe rise of the SPICE excursion was a time of
make testable predictions about fluctuations in seafaunal diversification, at least in Laurentia (Palmer,
level (high in the OAE model ), changes in atmo-1965, 1984; Rowell and Brady, 1976). These funda-
spheric pCO2, and the rates of burial of organicmental differences highlight the importance of fur-
matter during positive carbon isotope excursionsther detailed studies of coupled extinctions and d13
(constant in the weathering model ). Based onC excursions of this type.
evidence for sea level fall and erosion of the
carbonate platform during the time of the SPICE4.2. Models to explain d13C excursions
excursion in North America (Dunderbergia Zone
in Osleger and Read, 1993; Saltzman et al., 1998;Three models have been advanced to explain

positive carbon isotope excursions. The oceanic Glumac and Walker, 1998), SPICE appears to be
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a positive excursion similar to the Late Ordovician timescales, and the consequences of a change of
state are likely to be profound and long-lasting.event of Kump et al. (1999). However, enhanced

organic matter burial during the SPICE excursion For example, modeled hemispheric convection in
the SA state has maximum flow rates two to threeseems likely (e.g. the organic-rich Alum Shale of

Baltica), but can not yet be proven because black times less than those obtained under TH and PP
conditions.shales apparently spanned a considerable portion

of the Late Cambrian (Thickpenny, 1987). By analogy with other greenhouse times, it is
assumed that for most of the Cambrian andThere is no unambiguous evidence for glaciation

during the Late Cambrian, which highlights poten- Ordovician the oceans were operating in the SA
state. We postulate a sudden transformation intial differences between the SPICE excursion and

the larger +7‰ Late Ordovician and smaller oceanic circulation to a north-sinking PP state,
perhaps triggered by the formation of sea ice in+1‰ Miocene events. Though the SPICE may

ultimately prove to display characteristics of both the north polar ocean, and reinforced by the
retention of SA circulation in the land-rich south-the Late Ordovician (enhanced carbonate weather-

ing) and Miocene events (enhanced organic carbon ern hemisphere. Nutrients delivered to southern
continental margins could have stimulated newburial ), it is clearly distinct from the C–T event,

which peaked with the warmest tropical SSTs production, some of which may be sequestered in
widespread, organic-rich, black shales and lime-(~33°C) and highest absolute sea level of the

whole Cretaceous ( Kolodny and Raab, 1988; stones such as the Alum Shales (Baltica;
Thickpenny, 1987) and Elliot Cove FormationSahagian and Holland, 1991; Jenkyns et al., 1994).

General circulation models of Ordovician cli- (Avalonia; Hayes, 1948). The precise timing and
rates of organic matter burial related to thesemate require higher levels of atmospheric CO2 to

compensate for reduced solar luminosity (~95% events are not well known, although they may
ultimately prove to be the tangible legacy of theof present) 400–500 m.y. ago (Crowley and Baum,

1995; Gibbs et al., 1997). However, even with SPICE excursion.
Simulations of the SPICE excursion using theCO2 set as high as 14 PAL, the north polar ocean

remains colder than 0°C throughout the year. This two-box model of Junge et al. (1975) and Brocker
and Peng (1982) as developed by Kump (1991)effect should have been exacerbated by the ~8%

faster rotation of the Earth (Jenkins et al., 1993; show that an instantaneous doubling of the frac-
tion of organic versus carbonate carbon seques-Williams, 1997), but it would also have been

moderated by the low albedo of a largely landless tered in the global oceans could generate the
SPICE excursion in less than a million years [usingnorthern hemisphere (Fig. 1). In such a world, the

formation of perennial sea ice in the north polar values for D, and the fluxes and their isotopic
compositions in Kump (1991)]. A slower rise toocean may have had dramatic effects on ocean

circulation (Brenchley et al., 1994). peak values, consistent with an estimated duration
of ~4 m.y. (Saltzman et al., 1998), implies someThual and McWilliams (1992) and Saravanan

and McWilliams (1995) have identified three stable kind of positive feedback to increase progressively
the burial fraction of organic versus carbonateequilibria obtained from idealized ocean models:

TH — globally symmetric circulation, thermally carbon ( forg) from ca. 0.2 to ca. 0.35. This positive
feedback could have been supplied by CO2 draw-driven by polar downwelling and equatorial

upwelling; SA — globally symmetric circulation down which induced global cooling and eventually
resulted in a sea level minimum at the peak of thedriven by downwelling from the cooler edges of

mid-latitude salinity maxima and equatorial excursion (Sauk II–Sauk III hiatus), which also
should have increased d13Criv. Much of theupwelling; PP — globally asymmetric circulation,

thermally and salinity driven by downwelling at required modest fall in sea level (<25 m) may be
attributed to thermal contraction of the deep oceanone pole and upwelling at the other (two possible

steady states). Transitions from one state to coupled with increased groundwater storage in
terrestrial reservoirs.another may be infrequent, even on geological
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5. Conclusions through and thoughtful reviews; IGPP Publication
No. 5181.
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