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Abstract

The Permian–Triassic boundary at Nhi Tao, Cao Bang Province, Vietnam was sampled in a 7.5-m-thick outcrop

section at high resolution (∼5 cm intervals) for chemostratigraphic and magnetic susceptibility analysis. The section

consists entirely of slightly argillaceous limestone representing shallow-marine facies of the Jinxi Platform, one of

several large carbonate platforms within the Nanpanjiang Basin, located on the southern margin of the South China

Craton. Upper Permian strata (Beds 1–7) are mainly dark-gray, cherty fossiliferous wackestones and packstones

containing a diverse open-marine fauna, whereas uppermost Permian and Lower Triassic strata (Beds 9 and higher) are

medium-gray calcimicrobial framestones containing rare macrofossils. These facies are separated by a 12-cm-thick

oolitic–pisolitic grainstone (Bed 8) that coincides with the disappearance of most Late Permian faunal elements as well

as with the first appearance of various geochemical anomalies that continue into the Lower Triassic part of the section.

This “Late Permian event horizon” is characterized by (1) an abrupt decline in total organic carbon to near-zero values,

(2) the onset of a sustained decline in carbonate δ
13C, and (3) the first of eight concentration peaks in pyrite sulfur.

Significantly, each sulfide peak is associated with lower pyrite δ
34S values as well as with the onset of a negative

carbonate δ
13C excursion (or the acceleration of an excursion already in progress). These chemostratigraphic

relationships are consistent with multiple episodes of upwelling of sulfidic, 34S- and 13C-depleted deep-ocean waters

onto the Jinxi Platform. The first upwelling event was the most intense and caused a drastic reduction in primary

productivity and the demise of the Late Permian fauna; subsequent episodes were less intense but may have contributed

to a delay in recovery of Early Triassic marine ecosystems. A ten-fold increase in magnetic susceptibility in Bed 9 may

record the influx of fine detrital particles following destruction of terrestrial ecosystems and massive soil erosion. The

terrestrial signal of the end-Permian catastrophe thus follows the marine signal with a 12-cm lag, which may reflect the

time-of-transit of soil-derived particles across the Nanpanjiang Basin, suggesting that the marine and terrestrial crises in

the Nhi Tao region occurred more-or-less synchronously. These observations suggest a model in which renewal of
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global-ocean overturn followed a prolonged interval of deep-ocean stagnation during the Late Permian, with upwelling

intensity modulated by short-term (∼20 kyr) climate cyclicity.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Permian–Triassic boundary (PTB) (251.4±

0.3 Ma, Bowring et al., 1998; 252.6±0.2 Ma, Mundil

et al., 2004) is characterized by far-reaching changes in

global climate, ecosystems, and geochemical cycles. The

Late Permianmass extinction, which eliminated∼90%of

marine and ∼70% of terrestrial species, was the single

largest extinction event in the Phanerozoic record and was

followed by the widespread appearance of “disaster taxa”

(Fig. 1; Raup, 1979; Schubert and Bottjer, 1992; Erwin,

1994; Retallack, 1995; Sepkoski, 1996; Baud et al., 1997;

Rampino and Adler, 1998; Bowring et al., 1999; Jin et al.,

2000; Benton and Twitchett, 2003). This event was

associated with the onset of a pronounced negative shift

(from −3 to −8‰) in marine carbonate δ
13C values

(Baud et al., 1989; Holser et al., 1991; Baud et al., 1996;

Jin et al., 2000; Cao et al., 2002; Korte et al., 2004; Payne

et al., 2004; Horacek et al., 2007-this volume-a-b) and a

correlative excursion in the organic carbon δ
13C records

of both marine and terrestrial successions (Fig. 1; Hansen

et al., 2000; Krull and Retallack, 2000; Krull et al., 2000;

Twitchett et al., 2001; de Wit et al., 2002; Sephton et al.,

2002). Further, various types of evidence (e.g., redepos-

ited soils, influx of soil-derived organics to marine

environments, and changes in stream morphology) have

been interpreted to indicate widespread deforestation of

land areas and rapid erosion of destabilized soils fol-

lowing the Late Permian mass extinction event (Sephton

et al., 2005; Wang and Visscher, 2007-this volume).

Collectively, these observations suggest that the Late

Permian event horizon (LPEH) was produced by a major

catastrophic event, for which various mechanisms have

been proposed (see reviews in Ward, 2000; Erwin et al.,

2002; Berner, 2002; Benton, 2003). A case for a bolide

impact was built on the basis of extraterrestrial He ratios,

Fig. 1. Generalized depth-dependent redox conditions in Permian–Triassic oceans; based on Isozaki (1997), Woods and Bottjer (2000), and this study.

Carbonate δ13C data are for South China sections from Chen et al. (1991), Shao et al. (2000), and Payne et al. (2004). Biotic patterns summarized

from Erwin (1994), Erwin et al. (2002) and other sources. Time scale is from Gradstein et al. (2004).
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shocked quartz, and the identification of a potential

impact crater on the northwest Australian continental

margin (Gorter, 1996; Retallack et al., 1998; Becker et al.,

2001; Basu et al., 2003; Becker et al., 2004), but all of

these claims have been contested (Farley and Mukho-

padhyay, 2001; Isozaki, 2001; Koeberl et al., 2002, 2004;

Mundil et al., 2004; Müller et al., 2005). An alternative

hypothesis invokes the eruption of the Siberian Traps

flood basalts, the onset of which at 251.8 Ma is

indistinguishable from the age of the LPEH (Renne and

Basu, 1991; Campbell et al., 1992; Basu et al., 1995;

Renne et al., 1995; Reichow et al., 2002; Kamo et al.,

2003). This mechanism potentially triggered a variety of

secondary effects disrupting global climate and ecosys-

tems, e.g., massive discharge of dust and aerosols to the

atmosphere leading to intense short-term climatic cooling

(the so-called volcanic “nuclear winter” scenario), eustatic

fall and catastrophic release of seafloor methane clath-

rates, longer-term climatic warming caused by a combi-

nation of volcanic CO2 emissions and methane oxidation,

and fallout of sulfate aerosols and acidification of land

areas and, possibly, ocean-surface waters (Krull et al.,

2000; De Wit et al., 2002; Fraiser and Bottjer, 2007-this

volume).

Although a catastrophic event of some type appears

to have occurred at the PTB, long-term changes in

environmental conditions appear to have played a role

as well. There is strong evidence for gradual environ-

mental deterioration throughout the Late Permian,

which may have stressed marine and terrestrial ecosys-

tems prior to the main extinction event, as well as for

persistence of inhospitable environmental conditions

throughout the Early Triassic, which may have delayed

the recovery of post-extinction biotas (Erwin, 1994;

Stanley and Yang, 1994; Knoll et al., 1996; Retallack et

al., 1996; Looy et al., 2001; Erwin et al., 2002; Wignall

and Twitchett, 2002; Wignall and Newton, 2003; Huey

and Ward, 2005; Isozaki et al., 2007-this volume). The

accumulation of thick black shale successions in

deepwater settings has been cited as evidence of long-

term (N10 Myr) deep-ocean anoxia during the Permian–

Triassic transition (Fig. 1; Wignall and Hallam, 1992;

Isozaki, 1997; Suzuki et al., 1998; Hotinski et al., 2001;

Zhang et al., 2001; Kato et al., 2002; Wignall and

Twitchett, 2002). Paleoceanographic modeling of Late

Permian oceans suggests that sluggish circulation was a

likely consequence of changes in the hydrologic cycle,

the locus of deepwater formation, and the pole-to-

equator temperature gradient (Hotinski et al., 2001;

Zhang et al., 2001; Kiehl and Shields, 2005; Winguth

and Maier-Reimer, 2005). Prolonged stagnation and

deeper penetration of organic detritus as a result of

enhanced ballasting resulted in deep-ocean waters that

were strongly oxygen deficient and sulfidic. Subsequent

reinvigoration of global-ocean overturn would have

transferred these toxic waters to shallow-marine environ-

ments, with lethal effects for many shallow-marine

organisms (Kajiwara et al., 1994; Grice et al., 2005;

Winguth and Maier-Reimer, 2005). A related mechanism

is upward chemocline excursion, in which the O2–H2S

boundary gradually rose into ocean-surface waters as a

consequence of stagnant circulation and, possibly, low

atmospheric O2 levels (Kump et al., 2005). One or both of

these mechanisms could account for reports of episodic

anoxia in Early Triassic platform facies as well as for the

delayed recovery of Early Triassic marine ecosystems

(Wignall and Hallam, 1992; Woods et al., 1999; Woods

and Bottjer, 2000; Fig. 1).

In the present study, we investigate proxies for

chemical oceanographic changes within a PTB section

at Nhi Tao, Vietnam. One important feature of the study

section is that its bulk lithology, weakly argillaceous

limestone, is virtually unchanged through the PTB

interval (although a change in microfacies does occur;

see Section 2). This is a favorable circumstance for

evaluation of hydrogenous (seawater-sourced) chemo-

stratigraphic signals, which tend to be obscured in

lithologically heterogeneous sections (e.g., Yang et al.,

1995; Yin et al., 2001; Algeo et al., 2007-this volume).

Although nearly uniform carbonate successions are

known from other PTB locales worldwide (e.g., Holser

et al., 1991; Lehrmann et al., 2001, 2003; Heydari et al.,

2003; Korte et al., 2004; Krull et al., 2004; Lehrmann et

al., 2005; Baud et al., 2005), few if any of these sections

have been sampled at the level of resolution or subjected

to the integrated suite of geochemical analyses applied

in the present study. The present high-resolution

analysis of the Nhi Tao section using multiple

chemostratigraphic proxies provides evidence of large,

high-frequency changes in seawater chemistry during

the latest Permian and Early Triassic, and the signifi-

cance of these changes for understanding the origin of

the PTB will be considered in this contribution.

2. Geologic background

The study section is situated near the cistern of Nhi Tao

village, 13 km northwest of the town of Tra Linh, in Cao

Bang province, Vietnam (Fig. 2A; Doan et al., 2004;

Nguyen et al., 2004). During the Late Permian and Early

Triassic, this area was part of the South China (or Yangtze)

Craton, which was located near the paleoequator in the

eastern half of the PaleotethysOcean (Fig. 2B). This craton

was one of a number of small continental and volcanic arc
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Fig. 2. (A) Regional paleogeography and location map for the Nhi Tao PTB section; note proximity of section to the Vietnam–China border. The Jinxi

Platform was one of several carbonate platforms developed within the Nanpanjiang Basin, on the southern margin of the Late Permian South China

Craton. NA = Nanning Anticline, NB = Nanpanjiang Basin, QFB = Qinling Fold Belt. Modified from Lehrmann et al. (2001, 2003, 2007-this

volume). (B) Permian–Triassic boundary global paleogeography. The star on the northern Gondwana margin shows the location of the Guryul Ravine

section (see Algeo et al., 2007-this volume). Base map courtesy of Ron Blakey (http://jan.ucc.nau.edu/~rcb7/).
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terranes that were beginning to assemble to form present-

day eastern Asia, a process that was largely completed

during the Triassic Indosinian Orogeny (Lepvrier et al.,

2004). Whereas much of the South China Craton was

subaerially exposed or shallowly flooded, its southern

margin was occupied by the deepwater Nanpanjiang

Basin. This basin contained a number of large (N50 km

wide) carbonate platforms on which accumulated shallow-

Fig. 3. (A) Biostratigraphy of the Nhi Tao section (from Nguyen et al. (2004), and Nguyen Thi Kim Thoa, unpubl. data). The “biotic transition

interval” corresponding to Beds 8 to10 marks holdover of some Late Permian faunal elements in much reduced abundances. (B) Outcrop photo of

Beds 5c to 11, representing the latest Permian interval. Inclined numbers give stratigraphic position relative to the PTB in centimeters; red = bed

contacts, black = sample levels. Apparent nonuniformity of scale across the center of photo is an optical illusion produced by the nonplanar surface of

the outcrop. The inferred position of the PTB is within Bed 11, on the left margin of the photo. (C) Detail of the chemostratigraphy of Beds 5c to 11.

The Late Permian event horizon (LPEH) coincides with the base of Bed 8 and the main excursion in the MS record is at the base of Bed 9.
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subtidal and peritidal sediments (Lehrmann, 1999;

Lehrmann et al., 2001, 2003, 2005, 2007-this volume).

The Nhi Tao section was located on the southeastern

margin of the Jinxi Platform, which straddles the present-

day Vietnam–China border (Fig. 2A).

The Nhi Tao PTB section is 7.5 m thick and consists

of slightly argillaceous limestone (Fig. 3A–B; Doan

et al., 2004; Nguyen et al., 2004). Upper Permian strata

(Beds 1–7) are medium gray and contain abundant dark-

gray chert nodules; the dominant microfacies is a

skeletal packstone containing a diverse, open-marine

fauna, including many species of benthic foraminifera.

Bed 8, representing the Late Permian event horizon

(LPEH) at which most Late Permian faunal elements

went extinct, is a 12-cm-thick oolitic–pisolitic grainstone

that coincides with the last appearance of the benthic

foraminifera Hemigordius, Neoendothyra, Baisalina

(Fig. 3A). The overlying uppermost Permian and Lower

Triassic strata (Beds 9 and higher) consist largely of

light-gray calcimicrobial (Renalcis-type) framestones

with rare fossiliferous interbeds. Beds 9 and 10 contain

scattered tests of the benthic foraminifera Reichelina,

Nankinella, Dagmarita, Frondina, and Globivalvulina

sp. 1 that may represent taphonomically reworked shells

or, alternatively, short-term survivors of the environmen-

tal changes associated with the LPEH. In Bed 11 and

higher, new members of a depauperate Early Triassic

biota are found, including microgastropods and the

foraminifers Ammodiscus planus, A. parapriscus, and

Globivalvulina sp. 2 (Fig. 3A).

Biostratigraphic identification of the PTB in the Nhi

Tao section is tentative, in part because no conodont or

palynological studies have been published to date. The

first appearance of the conodont Hindeodus parvus

(Kozur et Pjatakova) in the Permian–Triassic global

stratotype section and point (GSSP) at Meishan D

(Changhsing district, Zhejiang Province, China) is now

recognized as the marker for the base of the Triassic

System (Yang et al., 1995; Yin et al., 2001). Elsewhere,

the PTB is considered to be the equivalent time-

stratigraphic horizon, but the regionally diachronous

first appearance of H. parvus commonly creates

difficulties in narrowly locating the PTB in other

sections. At Nhi Tao, H. parvus has been identified in

a limestone bed about 7 m above Bed 20 (Doan et al.,

2004), but this is unlikely to be correlative with its first

appearance at Meishan D. The Nhi Tao section contains

a low-abundance “transitional” fauna in Beds 9 and 10

and a more characteristically Early Triassic fauna in

Beds 11 and higher (Fig. 3A), suggesting that the PTB is

present within Bed 11, about 40 to 50 cm above the

LPEH (=Bed 8).

3. Methods

Whole-rock major- and trace-element concentrations

were determined using a wavelength-dispersive Rigaku

3040 XRF spectrometer at the University of Cincinnati.

Results were calibrated using both USGS and internal

laboratory standards. A suite of carbonate and marl

laboratory standards was generated for this study, the

compositions of which were determined by XRAL

Incorporated through XRF and INAA. Analytical preci-

sion based on replicate analyses was better than ±2% for

major and minor elements and ±5% for trace elements.

Detection limits were ∼5 ppm for most trace elements.

Carbon and sulfur elemental concentrations were

measured using an Eltra 2000 C–S analyzer. Data qua-

lity was monitored via multiple analyses of the USGS

SDO-1 standard (TC=9.68 wt.%; TS=5.35 wt.%) and a

pure CaCO3 standard (TC=12.00 wt.%), with an

analytical precision (2σ) of ±2.5% of reported values

for carbon and ±5% for sulfur. An aliquot of each

sample was digested in 2 N HCl at 50 °C for 12 h to

dissolve carbonate minerals, and the residue was

analyzed for total organic carbon (TOC) and non-acid-

volatile sulfur (NAVS); total inorganic carbon (TIC) and

acid-volatile sulfur (AVS) were obtained by difference.

XRD analysis showed that illite, dolomite, and

calcite were the only quantitatively important minerals

present in the study samples. The fractions of these

minerals in each sample, as shown in Fig. 4, were

estimated as follows:

Illite ¼ Al=Alillite ð1Þ

Dolomite ¼ ½ðMg−MgdetrÞx24:0=24:3�=TICxð1−IlliteÞ

ð2Þ

Calcite ¼ ½ðCa−CadetrÞ x 12:0=40:1�=TIC x ð1−IlliteÞ

ð3Þ

Because illite is the major Al-bearing mineral in the

study section, its fraction (Eq. (1)) can be calculated as

the ratio of sample Al to the average Al concentration of

pure illite (∼13%; Grim, 1968). The dolomite and

calcite fractions (Eqs. (2) and (3)) are calculated as the

weight ratio of dolomite or calcite C (bracketed

subequations) to total inorganic carbon (TIC) for the

carbonate fraction of the sample (1 — Illite). Dolomite

(calcite) C is calculated as percent nondetrital Mg (Ca)

multiplied by the molar weight ratio of C to Mg (Ca) in

dolomite (calcite), i.e., 24.0/24.3 and 12.0/40.1, respec-

tively. Detrital magnesium and calcium, Mgdetr and

Cadetr, are calculated as the average Mg and Ca
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concentrations of pure illite (∼2.1% and 0.5%,

respectively; Grim, 1968) multiplied by Al/Alillite, the

ratio of sample Al to average illite Al. The sum of the

three fractions above yielded a mean of 101.5±6.3 %

for the 44 study samples as a group, validating the utility

of the procedure above for quantitative estimation of

mineral fractions in the study unit. For each sample, the

sum of the three fractions was normalized to 100% for

graphic display (Fig. 4).

Stable C and O isotopic compositions of carbonates

were analyzed at the University of Kentucky Environmen-

tal Research Training Laboratory using a GasBench—II

peripheral coupled to a DeltaPlusXP isotope ratio mass

spectrometer. Samples (450±50 μg) were equilibrated at

40 °C for 24 h before analysis. Average precision for δ13C

and δ
18O of NBS-19 calcite standard was 0.05‰ and

0.05‰, respectively, for the entire dataset. Average

precision for δ13C and δ
18O of unknowns was 0.02‰

and 0.05‰, respectively. All results are reported relative to

V-PDB.

The limestones examined in this study are dominated

by diamagnetic phases exhibiting weak magnetic suscep-

tibility (MS). Measurement of MS in such samples

requires greater sensitivity than provided by most

commercially available instruments. All measurements

reported in this paper were performed using a high-

sensitivity susceptibility bridge at Louisiana State Uni-

versity (LSU). Instrument calibration uses standard salts

for which values were reported in Swartzendruber (1992)

and the Handbook of Physics and Chemistry (2004); it is

also cross-calibrated against a KLY-3S Kappa Bridge at

LSU. Each sample was measured three times, and the

mean of these measurements is reported. MS values were

initially determined in units of m3 kg−1 but have been

recalculated in SI units here for purposes of comparison

withMS data fromMeishan D (Hansen et al., 2000). This

introduces some error owing to use of an assumed sample

density (2700 kg m−3), but it is not likely to significantly

affect the MS chemostratigraphic trends or comparisons

between sections reported in this study.

Fig. 4. Stratigraphic trends in magnetic susceptibility, mineralogy, carbonate δ18O, and P. Shaded fields MS1 to MS3 represent intervals of high or

rising MS values; D1 to D3 represent more dolomitic and detrital-rich portions of the section; P1 to P3 represent phosphorus-enriched intervals. On

the magnetic susceptibility curve, C to K represent features used in correlation of the Nhi Tao section with the Meishan D MS record (Figs. 7 and 8).

For calculation of percent dolomite, calcite, and illite, see Eqs. (1)–(3) of text. LPEH = Late Permian event horizon; PTB = Permian–Triassic

boundary.
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4. Results

4.1. Chemostratigraphy of the Nhi Tao PTB section

The bulk lithology of the Nhi Tao PTB section is

slightly argillaceous limestone. The carbonate fraction,

mostly composed of calcite, is consistently N75% of

sample weight and averages ∼90% for the section as a

whole (Fig. 4). Dolomite abundance is negligible in the

Upper Permian but increases somewhat in the Lower

Triassic, with local concentrations associated with

detrital horizons D1–D3 (Fig. 4). Although no primary

aragonite remains, moderately elevated Sr concentra-

tions in Upper Permian Beds 1–7 (to 2000 ppm; not

shown) suggest the former presence of aragonitic fossils

or cements comprising∼5 to 25% of the sediment mass.

In contrast, uppermost Permian and overlying Lower

Triassic strata (Beds 8 and higher) exhibit uniformly low

Sr concentrations (300±50 ppm), consistent with a lack

of primary aragonitic skeletal debris and dominance of a

LMC-secreting microbial biota following the Late

Permian mass extinction.

The non-carbonate fraction consists mainly of clay

minerals (with minor authigenic chert in Upper Permian

Beds 1–7), averaging ∼10% of sample weight for the

section as a whole. Vertical trends in clay mineral content

can be evaluated from detrital-fraction proxies, e.g., Al

and Ti (Fig. 4). There is a gradual increase upsection in the

clay fraction commencing ∼50 cm above the PTB,

punctuated by local concentrations at three stratigraphic

levels (detrital horizons D1–D3). These horizons are also

associated with increases in Fe and Mn concentrations

(Fig. 4), although it is uncertain whether the latter are

present as minor constituents of ferrous dolomite, as

structural components of clay minerals, or as adsorbed

phases on detrital-particle surfaces. The close association

of dolomite with the detrital fraction suggests that the

dolomitization process was catalyzed by clay minerals,

owing either to increased availability of Mg or to control

of porefluid mobility. In either case, dolomitization is

likely to have occurred in the burial diagenetic environ-

ment. Phosphorus also generally exhibits a close

association with the detrital fraction (e.g., horizons P2

and P3 correlate with D2 and D3; Fig. 4), although the

largest P peak (P1) is not associated with a shaly interval;

its significance will be considered below.

Carbonate δ
18O values are moderately variable,

ranging from −4.9 to −10.6‰ (Fig. 4). There is a slight

upsection trend towardmore 18O-enriched values, but, in

view of the limited thickness (7.5 m) of the section, this

cannot reflect variation in burial temperatures. Rather,

the most likely control on carbonate δ18O values is the

proportion of dolomite, as the dolomitic horizons (D1–D3;

Fig. 4) exhibit distinct 18O enrichment relative to adjacent,

more purely calcitic horizons. This pattern may reflect the

known ∼3‰ 18O enrichment of dolomite precipitated in

thermodynamic equilibrium with calcite (Vasconcelos

et al., 2005). About half of the variance in the carbonate

δ
18O record can be attributed to variations in dolomite

abundance, with the other half possibly related to

variations in primary porosity or grain size that influenced

the timing of burial diagenetic stabilization. The relation-

ship between carbonate δ18O values and dolomite abun-

dance is consistent with the inference that dolomitization

was a burial diagenetic process.

Whereas the proxies considered above reflect the

bulk geochemistry of the study section, a separate group

of proxies consisting of TOC, trace metals, carbonate

δ
13C, and sulfur provide information about minor

sedimentary constituents. Although total organic carbon

(TOC) is in limited abundance throughout the Nhi Tao

section, Upper Permian Beds 1–7 contain measurable

quantities (N0.5%; Figs. 3C, 5) in comparison with the

near-zero concentrations (b0.1%) found in uppermost

Permian and Lower Triassic Beds 8 and higher. The

abrupt decline in TOC is correlative with the LPEH and

the microfacies transition from fossiliferous packstones

to calcimicrobial framestones. Redox-sensitive trace

metals (e.g., Mo, U and V) exhibit stratigraphic trends

that parallel TOC, i.e., modest enrichment in Beds 1–7

and negligible concentrations higher in the section

(Fig. 5). Limited uptake of trace metals by the sediment

may indicate generally oxic environmental conditions

or, alternatively, simply a lack of organic-matter host

substrates for trace-metal adsorption. The latter expla-

nation may be more likely because (1) small enrich-

ments of Vare associated with some of the sulfidic event

horizons (e.g., S6 and S8; Fig. 5), and V (unlike Mo and

U) does not necessarily require an organic host substrate

(Algeo and Maynard, 2004), and (2) there is indepen-

dent evidence for episodically sulfidic conditions at Nhi

Tao during the latest Permian–Early Triassic (see

Discussion below).

The carbonate δ13C record exhibits a highly distinctive

pattern of chemostratigraphic variation (Figs. 3C, 5).

Upper Permian Beds 1–7 are relatively 13C-enriched,

fluctuating between +1.2 and +2.6‰. The overlying

uppermost Permian strata (Beds 8–11) record a rapid,

monotonic shift toward more 13C-depleted values, from

+2.2 at the LPEH to 0‰ just above the PTB (Fig. 5).

Above the PTB, the carbonate δ13C record exhibits quasi-

cyclic fluctuations between ca.−1.0 and 0‰ at a length

scale of∼50 to 150 cm,with only a small (ca.−0.5‰) shift

in average δ
13C values through the ∼6-m-thick Lower
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Triassic interval. Carbonate δ13C values exhibit no cova-

riation with carbonate δ18O either below or above the PTB

(Fig. 6; cf. Korte et al., 2004), nor do they show any rela-

tionship to bulk lithology (Fig. 4). These observations are

consistent with interpretation of the carbonate C-isotopic

record as a primary depositional signal (i.e., largely

unaltered marine carbonate δ13C values).

Sulfur concentrations, although small in absolute terms

(0.10–0.22 wt.%), exhibit significant chemostratigraphic

variation (Fig. 5). Both total and pyrite [S] are uniformly

low (b0.05%) in Upper Permian Beds 1–7 but increase

abruptly to N0.2% at the LPEH and then rise episodically

to N0.1% in Lower Triassic strata. Eight distinct sulfide

peaks are observed (horizons S1–S8), with a general

upsection trend toward lower maximum values. Although

complete sulfur speciation has not been undertaken, the

main host phase for sulfur is likely to be pyrite: (1) organic

matter is virtually absent in uppermost Permian andLower

Triassic strata (Fig. 5), implying a lack of organic sulfur,

(2) non-acid-volatile sulfur (NAVS) comprises the bulk of

total S (Fig. 5), suggesting a lack of Fe-monosulfides and

carbonate-associated sulfate, and (3) although the Nhi Tao

samples were too small for both thin-section and

geochemical analysis, petrographic study of a PTB section

at Dawen, China (about 350 km to the northeast) revealed

the presence of numerous clusters of small (b10 μ) pyrite

framboids in samples taken from above the LPEH (Algeo,

unpubl. data). A significant observation is the close

Fig. 5. Stratigraphic trends in minor-fraction elemental proxies, carbonate δ13C, and P. The total and pyrite [S] records exhibit eight maxima (S1 to

S8), each of which except S4 correlates with the onset of a negative excursion in the carbonate δ13C record (or with intensification of an excursion in

progress, as for S2). NAVS = non-acid-volatile sulfur. LPEH = Late Permian event horizon; PTB = Permian–Triassic boundary.

Fig. 6. C–O isotopic crossplot. All values are relative to the V-PDB

standard. Lack of any correlation between δ
13C and δ

18O values is

consistent with the inference that the C-isotope record in the Nhi Tao

section is primary (i.e., largely unaltered marine values).
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relationship between sulfide peaks and the onset of

negative excursions in the carbonate δ13C record (dashed

arrows, Fig. 5; see Discussion below).

4.2. Correlation with the Meishan D Permian–Triassic

boundary GSSP

The Nhi Tao PTB section can be correlated with the

Meishan D GSSP on the basis of a combination of

carbonate δ13C and MS chemostratigraphy, event beds,

and biostratigraphy. At Meishan, the carbonate δ
13C

record records a ca.−3‰ shift at the top of bed 24e (Xu

and Yan, 1993; Jin et al., 2000), representing the

negative excursion found in latest Permian strata at

many locales globally (Corsetti et al., 2005). The

sharpness of this shift at Meishan could be interpreted

as evidence of a disconformity at this level (cf. Wang

et al., 1994), but the overall correlation framework

between Meishan and Nhi Tao (Fig. 7) suggests that

little, if any, time is missing. Rather, the Meishan

carbonate δ
13C record appears to be problematic: (1)

significant differences exist between the closely spaced

Meishan B and D sections, and (2) neither Meishan

section exhibits a gradual excursion across the PTB

toward more 13C-depleted values, as commonly seen in

high-resolution records elsewhere (e.g., Holser et al.,

1991; Baud et al., 1996; this study). Nonetheless, the

sharp C-isotopic shift at the top of bed 24e at Meishan

appears to be correlative with the onset of a protracted

negative C-isotopic excursion in Bed 8 at Nhi Tao

(datum B; Fig. 7). Below datum B, a smaller, transient

excursion toward more 13C-depleted values near the

base of bed 24e at Meishan and within Bed 5 at Nhi Tao

also may be correlative (datum A; Fig. 7). Above datum

B, the C-isotopic records of the Meishan D and Nhi Tao

PTB sections bear little similarity. The anomalous

Fig. 7. Correlation of Nhi Tao (Vietnam) and Meishan D (China) Permian–Triassic boundary sections. The stratigraphic column for Meishan D is

from Jin et al. (2000), conodont biozones from Yin et al. (2001), radiometric ages from Mundil et al. (2001), and MS data from Hansen et al. (2000).

Carbonate δ13C records for Meishan D and B are from Xu and Yan (1993; open circle) and Jin et al. (2000; solid circle), respectively. The two large

negative excursions in beds 26 and 27 of the Xu and Yan curve are likely to be artifacts associated with low carbonate content (Bachmann and Kozur,

2004); the Jin et al. curve was confirmed by Cao et al. (2002). Correlation datums A to F levels are based on matching features of the carbonate δ13C

(dashed lines) or MS records (dotted lines); datum E is the Permian–Triassic boundary. The stratigraphic position of sulfur (S1–S5), phosphorus (P1),

and dolomite (D1) anomalies from Figs. 4 and 5) are shown relative to the carbonate δ13C curve. The scale ratio between the Nhi Tao and Meishan D

sections, 2.5:1, is approximately the ratio of sedimentation rates between these sections in stratigraphic proximity to the PTB. LPEH = Late Permian

event horizon; PTB = Permian–Triassic boundary.
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character of the Meishan C-isotopic records is likely to

be due to analysis of carbonate-poor clays, in which

impurities can markedly influence the signal (Bachmann

and Kozur, 2004).

In contrast to the carbonate δ
13C records, the MS

records of the Meishan D and Nhi Tao sections exhibit

striking similarities from which multiple correlation

datums (C to K) can be generated (Figs. 7 and 8). Both

sections exhibit low MS values (b25 SI) below the

LPEH. Slightly above the LPEH (5 cm at Meishan,

15 cm at Nhi Tao), there is a sharp increase in MS values

above the Upper Permian baseline (datum C). From this

point, there is a general upsection increase in MS values,

culminating in a plateau with values of 150–200 SI

between datums I and J (Fig. 8). At Meishan D, there is a

second shift to an even higher MS baseline (250–300

SI) above datum L, but the correlative portion of the Nhi

Tao section has not been sampled.

The detailed correlation framework between Meishan

D and Nhi Tao (Figs. 7 and 8) permits several inferences.

First, within the resolution limits of this framework, the

LPEH (datum B) and the PTB (datum E) were

synchronous events at Meishan and Nhi Tao. Although

not unexpected, this observation provides general valida-

tion of the correlation framework aswell as support for the

tentative location of the PTB within Bed 11 at Nhi Tao

(Fig. 3A;Nguyen et al., 2004). Second, the similar spacing

of datums implies that sedimentation rates were fairly

uniform in both sections, or that they varied largely in

tandem. Third, based on the relative thicknesses of

correlative intervals, average sedimentation rates at Nhi

Tao were ∼2.5 times greater than those at Meishan D.

Only small variations in datum spacing exist, e.g., a slight

condensation of the interval between datums A and D at

Meishan relative to Nhi Tao. Fourth, the Nhi Tao section

extends only through the lowermost∼25% of the isarcica

zone, the complete thickness ofwhich is∼10matMeishan

D. The isarcica zone represents approximately 1/5 of the

∼2-Myr-long Induan Stage, or ∼400 kyr (Kozur, 2003),

and the portion sampled at Nhi Tao thus represents

∼100 kyr. Fifth, sedimentation rates at both Meishan and

Nhi Tao appear to have been low within the PTB interval

sensu stricto and to have accelerated during the Early

Triassic. Based on radiometric dating and cyclostrati-

graphic analysis of the Meishan section, the 18-cm-thick

interval of beds 25–27b (i.e., between the LPEH and

PTB) was deposited at an average rate of∼1.5 mmkyr−1,

and the 10-m-thick interval of the isarcica zone (beds 28

and up) at an average rate of ∼24 mm kyr−1 (Bowring

et al., 1998; Kozur, 2003). Given the greater sedimenta-

tion rates at Nhi Tao (see above), the corresponding

estimates are ∼4.2 mm kyr−1 for Beds 9–11(lower half)

and ∼60 mm kyr−1 for Beds 11(upper half) and higher.

The probable stratigraphic completeness of the Nhi

Tao section is suggested by the gradualness of changes in

its carbonate δ13C record (Fig. 7; cf. Holser et al., 1991;

Kakuwa andMatsumoto, 2006). The comparatively high

stratigraphic resolution afforded by this section is critical

to delineation of closely spaced events within the PTB

interval and, hence, to determination of cause-and-effect

relationships among contemporaneous biotic, oceano-

graphic, and climatic factors. PTB sections in eastern

Greenland and Kashmir may afford even higher

Fig. 8. Complete MS record of the Nhi Tao section, compared with the

stratigraphically equivalent interval at Meishan D. Both records exhibit

a sharp rise from MS values b25 SI in the Late Permian to ∼150–200

SI in the Early Triassic. Within this interval, a series of characteristic

features (C to K) can be correlated between the two sections. At

Meishan D, a sharp shift to a higher plateau (∼300 SI; feature L) is

observed further upsection; the Nhi Tao record does not extend to this

stratigraphic level, indicating that the latter section comprises only the

lowermost ∼25% of the isarcica zone. Data for Meishan D are from

Hansen et al. (2000). Abbreviations: l.-m. = latidentatus–meishanensis

zone, p. = parvus zone. Vertical dashed arrows represent the portions of

the MS records that are shown in Fig. 7.
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stratigraphic resolution (e.g., Looy et al., 2001; Twitchett

et al., 2001; Brookfield et al., 2003; Algeo et al., 2007-

this volume), but these are dominated by paralic

siliciclastics that were not prone to recording the strong

hydrogenous signal necessary for analysis of chemical

paleoceanographic events. Other stratigraphically ex-

panded marine PTB sections (e.g., Holser et al., 1991;

Horacek et al., 2007-this volume-a-b) have not been the

subject of comprehensive chemostratigraphic analyses

to date. For these reasons, the results of the present study

of the Nhi Tao section may assume a special importance

for PTB research.

5. Discussion

5.1. The Late Permian event horizon (LPEH)

The Late Permian event horizon (LPEH), the strati-

graphic level marking the abrupt disappearance of most

Late Permian faunal elements and simultaneous appear-

ance of various chemostratigraphic anomalies, is associ-

ated with a bed of highly distinctive petrographic

character in the Nhi Tao PTB section. This bed (Bed 8)

consists of oolitic–pisolitic grainstone, representing a

transition between underlying cherty fossiliferous wack-

estone–packstones and overlying calcimicrobial frames-

tones (Fig. 3). Visual inspection of the Bed 8 sample prior

to grinding showed that it consisted almost entirely of

large ooids and pisoids (diam. 2–8 mm) exhibiting

moderate sorting. Abiotic carbonate grains and synsedi-

mentary cements are common features of PTB sections

deposited in shallow- to intermediate-depth marine

environments, both at the boundary sensu stricto and in

stratigraphically younger beds within the Lower Triassic

(e.g., Holser et al., 1991; Wignall and Hallam, 1992;

Grotzinger and Knoll, 1995; Woods et al., 1999;

Lehrmann et al., 2001, 2003, 2005; Heydari et al., 2003;

Baud et al., 2005; Lehrmann et al., 2007-this volume).

Such deposits are commonly interpreted as event beds

associated with major chemical oceanographic changes

that led to an increase in the carbonate saturation of ocean-

surface waters. Such changes can occur throughmixing of

watermasses of dissimilar chemistry, especially when the

activities of key ionic species differ (Wigley and

Plummer, 1976; Arp et al., 2003).

The LPEH coincides with the appearance of a number

of chemostratigraphic anomalies in the Nhi Tao section,

all of which persist into the Lower Triassic to varying

degrees. There is an abrupt and sustained decline in

organic matter (OM) burial, as reflected in TOC

concentrations (Fig. 5), which may be evidence of a

near-total collapse of contemporaneous marine primary

productivity at a local or larger scale (cf. Grice et al.,

2005). This is remarkable in view of the paleogeographic

location of the Nhi Tao section along the southernmargin

of the South China Craton (Fig. 2), where nutrient-rich

ocean currents would have been likely to sustain

productivity under normal conditions. Such a produc-

tivity crash may indicate the end-Permian demise not

only of the contemporaneous marine macrofauna but

also of microscopic primary producers (Rhodes and

Thayer, 1991; Erwin et al., 2002; Isozaki et al., 2007-this

volume). Such a complete collapse of the Late Permian

marine ecosystem may have occurred through a general

poisoning of the environment, e.g., as a result of influx of

anoxic (sulfidic) waters onto the Jinxi Platform. The

inference that low TOC values are inconsistent with

anoxia because a lack of dissolved oxygen generally

enhancesOMpreservation (e.g., Krull et al., 2004, p. 311)

overlooks that (1) OM export from surface waters will be

low following a productivity crash, regardless of ambient

redox conditions, and (2) even brief episodes of anoxia, if

sufficiently intense, may have been sufficient to kill off

the Late Permian macrobiota, and newly “sterilized”

shallow-marine environments may have rapidly returned

to oxic conditions (see Section 5.6 for discussion of

delayed Early Triassic biotic recovery).

S concentration data provide some of the most

diagnostic evidence for the character of the environmental

disturbances that affected the Nhi Tao area in the latest

Permian. The eight peaks in total and pyrite [S] (S1 to S8)

at and above the LPEH are anomalous because an almost

complete lack of sedimentary organic matter was

available to drive porewater sulfate reduction in this part

of the section (Fig. 5). Petrographic observations of the

equivalent horizon at Dawen, China (see Section 4.1)

demonstrate the occurrence of pyrite as uniformly small

framboids, suggesting a syngenetic origin (i.e., precipita-

tion from an H2S-bearing water column; cf. Nielsen and

Shen, 2004; Wignall et al., 2005). In view of the absence

of sedimentologic or geochemical evidence for restricted

or stagnant environmental conditions at Nhi Tao, the

occurrence of syngenetic pyrite would be unusual and

imply that the H2S was not sourced within the Nhi Tao

environment but, rather, imported in large quantities.

5.2. Carbonate δ
13C event stratigraphy

The negative shift in carbonate δ
13C values across

the PTB at Nhi Tao (Fig. 5) is similar to, although

perhaps better resolved than, similar shifts in many other

PTB records (Baud et al., 1989; Holser et al., 1991;

Baud et al., 1996; Jin et al., 2000; Twitchett et al., 2001;

Sephton et al., 2002; Krystyn et al., 2003; Krull et al.,
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2004; Payne et al., 2004; Hansen, 2006). Because this

shift is found at many locales worldwide, in both marine

and terrestrial environments, and in both organic C and

carbonate δ
13C records, it is unambiguously a global

signal. Negative δ
13C shifts associated with event and/

or mass extinction horizons have been attributed to (1)

biomass destruction (Erwin, 1994); (2) decreased

primary productivity in surface waters and reduced

export of OM to deep waters (e.g., “Strangelove

oceans,” Hsü and McKenzie, 1985; Kump, 1991); (3)

changes in the fraction of sedimentary carbon buried as

organic carbon (Broecker and Peacock, 1999; Payne

et al., 2004); (4) release and oxidation of methane from

seafloor clathrates or bogs (Krull et al., 2000; de Wit

et al., 2002); (5) upwelling of deep-ocean waters

(Wignall and Twitchett, 1996; Isozaki, 1997); (6)

oceanic eruption (Ryskin, 2003); (7) erosion of organic

matter from continental-shelf sediments following

eustatic regression (Holser and Magaritz, 1987; Faure

et al., 1995; Retallack et al., 1996) or from soils following

terrestrial deforestation (Looy et al., 1999; Sephton et al.,

2005); and (8) volcanic CO2 emissions (Campbell et al.,

1992; Renne et al., 1995; Hansen, 2006) (see reviews in

Berner, 2002; Corsetti et al., 2005). Berner (2002)

concluded that no single source of 13C-depleted carbon

was likely to account for the variable −3 to −8‰ shifts

found in PTB sections globally and that multiple factors

are likely to have operated in tandem.

Patterns of geochemical covariation evident at Nhi

Tao but not generally reported from other PTB sections

place significant constraints on the range of viable

interpretations of its C-isotopic record. Most important

in this regard is the strong negative covariation exhibited

by the carbonate δ
13C and pyrite [S] records: of eight

sulfide peaks (S1 to S8), all but S4 correlate with the

onset of a negative excursion in the carbonate δ
13C

record (or with an increase in the slope of an ongoing

negative excursion, as for S2; Fig. 5). From this pattern,

it can be inferred that (1) multiple chemical perturbations

of similar character (but somewhat variable intensity)

influenced the Nhi Tao environment; and (2) reduced S

and 12C-enriched DIC (dissolved inorganic carbon) were

introduced simultaneously during each of these events.

The first perturbation, in conjunction with the LPEH,

was probably the most intense, as suggested by the

magnitudes of the associated geochemical excursions

and by the concurrent demise of the Late Permian marine

fauna and inferred collapse of marine primary produc-

tivity (Figs. 3, 5; cf. Kakuwa and Matsumoto, 2006).

Subsequent events were of lesser intensity, especially

those above peak S6. The fact that the sulfide peaks in the

Nhi Tao section are found within narrower stratigraphic

intervals (b20 cm) than the associated C-isotope

excursions (∼30–100 cm) reflects differences in the

residence time of DIC in the modern oceanic mixed layer

(∼10 to 15 kyr; Berner and Berner, 1987) is substantially

longer than that for H2S in permanently euxinic water

bodies such as the Black Sea (∼250 yr; Lein and Ivanov,

1991).

5.3. Diagenetic control of chemostratigraphic patterns?

It is necessary to consider the scale (local versus

regional or global) and timing (primary versus diage-

netic) of controls on chemostratigraphic patterns

observed in the Nhi Tao section. Although the −3‰

shift in the carbonate δ
13C record above the LPEH

(Fig. 5) is indisputably a global signal, other geochem-

ical features might potentially represent purely local

influences, possibly of secondary (diagenetic) origin.

However, a number of considerations favor interpreta-

tion of essentially all of chemostratigraphic patterns of

the Nhi Tao section in terms of regional environmental

controls. First, the facies succession, i.e., Late Permian

cherty fossiliferous wackestones–packstones yielding to

Renalcis-type calcimicrobial framestones above the

LPEH (Fig. 3), is nearly identical to that found in

sections across southern China (Kershaw et al., 1999;

Lehrmann et al., 2001; Kershaw et al., 2002; Lehrmann

et al., 2003; Ezaki et al., 2003; Lehrmann et al., 2005,

2007-this volume) as well as at some other locales

globally (Baud et al., 2005). Where analyzed, these

sections have yielded TOC and carbonate δ13C records

similar to those at Nhi Tao (e.g., Cao et al., 2002; Korte

et al., 2004; Krull et al., 2004). Similar changes in

microfacies and sediment geochemistry over wide areas

are evidence of a regional or global environmental

control. Second, the decrease in TOC values from the

intensely bioturbated sediments below the LPEH (Beds

1–7) to the largely unbioturbated microbial framestones

above the LPEH (Beds 9 and higher; Fig. 5) is

anomalous. Microbial mats not uncommonly preserve

significant quantities of OM, in no small part due to a

lack of bioirrigation of the sediment (Walsh and Lowe,

1999; Decho et al., 2005). This consideration suggests

that TOC patterns at Nhi Tao (and across South China)

do not reflect preservational biases but, rather, differ-

ences in the original OM content of the sediment and,

hence, probably also in marine primary productivity.

Third, the abrupt decline in TOC at the LPEH occurred

concurrently with the onset of the −3‰ shift in

carbonate δ
13C values that is indisputably a global

signal (Fig. 5). If the TOC record were controlled by

local (diagenetic) processes, then this correlation would
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be a remarkable coincidence. A simpler explanation is

that the TOC record reflects environmental controls at a

regional or larger scale.

Finally, patterns of covariation among pyrite [S],

pyrite δ
34S, and carbonate δ

13C strongly favor an

environmental control over a diagenetic one. Although

covariation between the pyrite [S] and carbonate δ
13C

records might result from variations in the intensity of

sulfate reduction within the sediment in conjunction

with precipitation of variable amounts of diagenetic

calcite having a 13C-depleted isotopic composition,

there are several problems with this scenario. First, the

negative δ
13C excursions are not stratigraphically

centered around the sulfide peaks, as might be expected

for a process occurring within the sediment (e.g., Taylor

and Macquaker, 2000). The fact that each C-isotope

excursion commences at a sulfide peak and continues

for 20 to N50 cm further upsection suggests that these

records represent environmental signals controlled by

differences in the residence time of DIC and H2S in

seawater (see Section 5.2). Second, it is unclear that

sulfate reduction could have occurred within the

sediment, given the near-total lack of preserved OM

above the LPEH. Complete destruction of OM through

diagenesis would be highly unusual, especially in view

of the preservation of measurable quantities of OM

below the LPEH (Fig. 5). Third, Rayleigh distillation

within a (semi-)closed diagenetic system generally

results in positive covariation between pyrite [S] and

pyrite δ
34S because the more S-rich samples contain

greater quantities of 34S-enriched late-stage sulfide

(Goldhaber and Kaplan, 1974; Chanton et al., 1991;

Mossmann et al., 1991). In contrast, there is strong

negative covariation between pyrite [S] and pyrite δ34S

in the Nhi Tao section (Algeo et al., in review; see

Section 5.4). Collectively, these considerations suggest

that diagenetic processes cannot account for the

chemostratigraphic patterns observed in the Nhi Tao

Fig. 9. Models for concurrent changes in S fluxes and carbonate δ
13C values. (A) Upwelling of 13C-depleted, sulfide-rich deepwaters (e.g.,

Kajiwara et al., 1994). (B) Upward chemocline excursion, flooding shallow-marine areas with 13C-depleted, sulfide-rich deepwaters (Kump et al.,

2005). (C) Volcanism results in S deposition through rainout of sulfate aerosols; surface-water DIC becomes 13C-depleted through deforestation

and erosion of soil organic carbon (Sephton et al., 2005), oxidation of destabilized methane clathrates (Krull et al., 2000), and/or reduced surface-

water productivity (Kump, 1991; Broecker and Peacock, 1999).
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PTB section, and that the main environmental controls

were of regional or larger scale operation.

5.4. Environmental models for PTB events at Nhi Tao

Evidence discussed above suggests that mixing of

watermasses of dissimilar chemistry may have occurred

on the Jinxi carbonate platform during and following the

LPEH. Perhaps the most likely scenario is episodic

mixing of oxic, 13C-enriched surface waters with

sulfidic, 13C-depleted deepwaters (Fig. 9A; cf. Mal-

kowski et al., 1989; Hoffman et al., 1991; Gruszczynski

et al., 1992). Upwelling of sulfidic deep-ocean waters as

a cause of the Late Permian mass extinction of shallow-

marine biota has been invoked in earlier studies based

on evidence of (1) thin pyritic or ferruginous clay layers

at or above the LPEH (Isozaki, 1994; Shukla et al.,

2000; Yin et al., 2001; Wignall et al., 2005; Grasby and

Beauchamp, in review); (2) episodes of 32S enrichment

of both pyrite sulfide and carbonate-associated sulfate

(CAS), interrupting a long-term Late Permian–Early

Triassic trend toward heavier δ34S values (Wignall and

Hallam, 1992; Kajiwara et al., 1994; Knoll et al., 1996;

Wignall and Twitchett, 1996; Wignall et al., 1998;

Kaiho et al., 2001; Newton et al., 2004; Nielsen and

Shen, 2004; Grice et al., 2005; Marenco et al., 2005);

and (3) Ce anomalies (Kato et al., 2002; Kakuwa and

Matsumoto, 2006). Covariation of carbonate δ
13C and

pyrite [S] similar to that documented in the present study

(Fig. 5) appears to be unreported to date, although such

patterns may be manifested in a few published Permian–

Triassic datasets (e.g., Garntnerkofel, Austria, Holser

et al., 1991, their figure 10; and Festningen, Spitsbergen,

Wignall et al., 1998, their Fig. 4 and Paul Wignall, pers.

comm., 2006).

A second hypothesis to account for chemostrati-

graphic patterns at Nhi Tao is upward chemocline

excursion (Fig. 9B; Kump et al., 2005). During such

excursions, the O2–H2S redox boundary rises toward

the ocean surface and, in some cases, H2S is released to

the atmosphere. A massive, short-term influx of deep-

ocean H2S in to the ocean surface and atmosphere might

have had catastrophic consequences while leaving only

a subtle sedimentary signal owing to rapid oxidation of

the released H2S. One factor that may have contributed

to upward chemocline excursion is low atmospheric O2

levels, which have been inferred for the PTB interval on

the basis of geochemical, paleontologic, and modeling

studies (Hoffman et al., 1990; Sheldon and Retallack,

2002; Retallack et al., 2003; Weidlich et al., 2003;

Berner, 2005; Huey and Ward, 2005). Either mechanism

(upwelling or upward chemocline excursion) could

account for the Late Permian mass extinction, as

relatively modest concentrations of H2S are toxic to

both marine and terrestrial life (Bagarinao, 1992).

However, it is unclear whether the depth of the oceanic

chemocline could have fluctuated much at the short

timescales (∼20 kyr) associated with recurrent episodes

of sulfide influx into the Nhi Tao environment.

Alternatively, it is possible that stagnation of the global

ocean led to a general upward chemocline excursion

during the Late Permian, and that this development

facilitated the introduction of sulfidic waters to shallow-

marine environments through episodic short-term up-

welling events triggered by other factors.

A third hypothesis is deposition of sulfur directly from

aerosols following a series of volcanic eruptions (Fig. 9C).

Although such a model might be able to account for

covariation of pyrite [S] and carbonate δ13C values if each

eruptive event triggered renewed deepwater upwelling

(e.g., through volcanically induced climate cooling),

S-isotopic data make a volcanic source for the sulfide

peaks (S1–S8) at Nhi Tao highly unlikely. A subset of Nhi

Tao samples was analyzed for pyrite δ34S, which ranged

from −37.9 to +7.0‰ with 15 of 25 values b−20‰

(Algeo et al., in review). The majority of these values are

inconsistent with volcanic S emissions, which generally

yield sulfide and sulfate δ34S values within a few per mille

of the mantle value of 0‰ (Ripley et al., 2003), although

the S-isotopic composition of magmas can vary somewhat

as a function of oxygen fugacity (Sakai et al., 1982, 1984).

On the other hand, pyrite δ34S values of −40 to −20‰,

which are common in other marine PTB sections also

(e.g., Kajiwara et al., 1994; Nielsen and Shen, 2004), are

consistent with a deepwater source in which H2S was

generated through dissimilatory sulfate reduction in an

open (non-S-limited) system (Goldhaber and Kaplan,

1974; Habicht and Canfield, 2001). Given a Late Permian

seawater sulfate δ
34S of ∼+10‰ (Strauss, 1997), these

values represent fractionations of∼−30 to −50‰ relative

to the source. Algeo et al. (in review) also identified a

significant negative correlation between pyrite [S] and

δ
34S values (r=−0.68; p(α)b0.01). Modeling of this rela-

tionship demonstrated its possible origin through mixing

of a sulfide-poor endmember having δ
34S ∼+5‰ (e.g.,

Late Permian surface-ocean waters) and a sulfide-rich

endmember having δ
34S ∼−45‰ (e.g., Late Permian

deep-ocean waters). In combination with the pattern of

carbonate δ
13C-pyrite [S] documented above, these

observations appear to refute direct volcanic control of

chemostratigraphic variation at Nhi Tao and to favor an

upwelling model.

If upwelling is accepted as the major mechanism

responsible for PTB events recorded in theNhi Tao section,
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then certain other, previously enigmatic chemostratigraphic

patterns can be explained. First, the carbonate δ13C record

exhibits quasi-cyclic fluctuations of 0.5 to 1.0‰ at intervals

of 50 to 150 cm throughout the Lower Triassic part of the

section (Fig. 5). These “meter-scale” cycles can be attri-

buted to episodes of upwelling of 13C-depleted deepwaters

at quasi-regular intervals, with more (less) 13C-depleted

values associatedwith intensified (reduced) upwelling. The

fact that there is some recovery of surface waters toward

more 13C-enriched values between each upwelling episode

indicates that the “biological pump”was still operating and

that the productivity of Early Triassic surface waters had

not been reduced to zero. A simple calculation based on the

“Strangelove ocean”model of Kump (1991) suggests that

the Nhi Tao environment experienced a sustained decrease

in marine primary productivity of ∼50% following the

LPEH, i.e., (+2‰ − (−1‰)) / (+2‰− (−5‰), where

+2‰ is the pre-LPEH baseline for δ13Ccarb, −1‰ the

post-LPEH quasi-equilibrium value, and −5‰ the long-

term equilibrium value for a sterile ocean. This estimate is

consistent both with the inference of reduced primary

productivity based on TOC data as well as with evidence

of continued operation of the “biological pump” provided

by fluctuations in carbonate δ
13C (Fig. 5). Based on

sedimentation rate estimates for Nhi Tao (see Section 4.2),

the ∼6 m of section above the PTB represents ∼100 kyr

and, hence, the five “meter-scale” cycles represent∼20 kyr

each. This timescale may indicate control of upwelling

rates through changes in climate or atmospheric circulation

driven by Earth's ∼20-kyr orbital precession cycle. Thus,

the Nhi Tao section appears to offer a high-resolution

window into earliest Triassic environmental and paleocea-

nographic dynamics.

A second enigmatic feature that may be explained by

an upwelling model is the P1 phosphorus anomaly.

Whereas the P2 and P3 anomalies are clearly associated

with the high-detrital intervals D2 and D3 (Fig. 4) and,

hence, probably owe their genesis to enhanced retention

of reactive P within the sediment as a function of greater

concentrations of ferric Fe (Jarvis et al., 1994; McManus

et al., 1997), the P1 anomaly clearly predates the D1

detrital interval (Fig. 5). The most significant aspect of

the P1 anomaly is its stratigraphic position within the

highly sulfidic interval bracketed by peaks S1 and S6

(but at a gap between sulfide peaks) and at the termi-

nation of the rapid −3‰ decrease in carbonate δ
13C

values across the PTB (Fig. 5). A possible origin for this

anomaly that is consistent with other observations and

inferences pertaining to the Nhi Tao section is: (1)

buildup of large quantities of reactive P in the anoxic

deep-ocean watermass as sinking organic matter was

remineralized and not retained by the sediment (e.g.,

Ingall et al., 1993); (2) introduction of large quantities of

reactive P to surface waters in conjunction with the

deepwater upwelling events that produced sulfide peaks

S1–S6; and (3) transfer of this P to the sediment in the

Nhi Tao environment during a brief interval between the

S2 and S3 sulfide peaks when watermass conditions

became sufficiently oxidizing to convert ferrous Fe to

ferric Fe and allow P retention (e.g., Jarvis et al., 1994).

Thus, the P1 peak may reflect chemical paleoceano-

graphic dynamics at Nhi Tao rather than the influence of

bulk lithology on early diagenetic redox processes, as is

likely for the P2 and P3 anomalies.

5.5. MS event stratigraphy and terrestrial influence

The Nhi Tao magnetic susceptibility (MS) record

may provide important additional insights regarding

processes affecting the Jinxi Platform during the PTB

interval. All mineral grains are susceptible to magneti-

zation in the presence of a magnetic field, and MS

measures the strength of such transient magnetism in a

sample. In applied low-strength inducing magnetic

fields, MS is largely a function of the concentration

and grain morphology of more strongly magnetizable

mineral phases (Ellwood et al., 2000). However, it is

also a directional property that depends on the

distribution of mineral grains and on the MS anisotropy

of individual grains. In sediments, magnetizable phases

include not only the ferrimagnetic and antiferromagnetic

minerals (e.g., Fe-oxide minerals such as magnetite and

maghemite, and Fe-sulfide minerals such as pyrrhotite

and greigite) that may acquire remanent magnetization,

but also other less strongly magnetic (“paramagnetic”)

phases. The latter group includes clay minerals (e.g.,

chlorite, smectite, and illite), ferromagnesian silicates

(e.g., biotite, pyroxene, and amphiboles), Fe-sulfides

(e.g., pyrite and marcasite), Fe-carbonates (e.g., siderite

and ankerite), and other iron- and magnesium-bearing

minerals. Other sedimentary phases, including calcite,

quartz, and organic matter, typically acquire a weak

negative MS when placed in an inducing magnetic field.

Because the MS signal of such “diamagnetic” phases is

opposite that of the applied field, their presence reduces

total sample MS.

An important feature of the Nhi Tao MS record is the

abrupt latest Permian shift from the very low values

characteristic of samples containing high concentrations

of diamagnetic calcite (Beds 1–8) to the much higher

values where the MS signal is dominated by paramag-

netic minerals, here primarily illite (Beds 9 and higher;

Figs. 7 and 8). The source of the increased flux of these

mineral phases at Nhi Tao (and in other PTB sections,
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e.g., Hansen et al., 2000) is probably fine detrital

siliciclastics produced through enhanced subaerial

erosion. Such erosive events have been linked to

eustatic falls or climate/weathering rate changes (e.g.,

Ellwood et al., 1999, 2000, 2001; Crick et al., 2002;

Hassold et al., 2003; Kissel et al., 2003), but for the PTB

a more likely possibility is disturbance of terrestrial

ecosystems and subsequent soil mobilization (Sephton

et al., 2005). Evidence for this process includes (1)

polysaccharide-rich, soil-derived organic matter in

marine deposits (Sephton et al., 2001; Visscher et al.,

2004; Sephton et al., 2005; Watson et al., 2005; Wang

and Visscher, 2007-this volume); (2) pedoliths (rede-

posited soils) (Retallack, 2005); (3) a shift from mean-

dering to braided stream systems (Newell et al., 1999;

Ward et al., 2000; Michaelsen, 2002); and (4) a wide-

spread expansion of herbaceous plants at the expense of

woody vegetation (Retallack et al., 1996; Looy et al.,

1999, 2001). Unlike some other PTB sections, the Nhi

Tao section was sufficiently isolated on the distal margin

of the Nanpanjiang Basin that it received only limited

quantities of fine detrital material through this process,

limiting the change in its bulk lithology through the PTB

interval (n.b., continued accumulation of limestone de-

spite the demise of most metazoan carbonate secreters

reflects the near-saturated condition of tropical ocean-

surface waters with respect to calcium carbonate, which

must be precipitated either biotically or abiotically in

order to maintain the chemical equilibrium of seawater).

The high resolution afforded by the Nhi Tao section

allows the relative sequence of penecontemporaneous

events in the marine and terrestrial environments to be

assessed. The major Late Permian MS shift (base of

MS1; Fig. 4) does not correlate with the LPEH at the base

of Bed 8 but, rather, is found 12 cm higher at the base of

Bed 9 (Fig. 3). If the LPEH and the MS shift were

causally related, as seems likely, then the latter event was

recorded in the Nhi Tao marine environment with a

distinct time lag. Further, lags are also associated with

the MS2 and MS3 horizons, which follow sulfide peaks

S7 and S8 at intervals of ∼10 and 50 cm, respectively

(Figs. 4 and 5). These lags probably represent the time

required for mobilization and transport of (soil-derived?)

clays across the Nanpanjiang Basin to the distal Jinxi

Platform. Based on a section-average sedimentation rate

of 15 mm kyr−1, these lags are equivalent to ∼7 to

30 kyr; however, the 12-cm-thick oolitic–pisolitic

grainstone of Bed 8 (representing the MS1 lag) might

have been deposited much faster, in a matter of years(?)

to centuries(?), if abiotic grain precipitation was a

response to a perturbation that caused strong carbonate

supersaturation of surface waters in the Nhi Tao

environment. On the other hand, the onset of each

high-MS horizon (MS1 to MS3) precedes an increase in

detrital-fraction abundance (horizons D1 to D3) by an

interval of∼20 to 50 cm (Fig. 4). MS records commonly

exhibit a close relationship to detrital grain size (e.g.,

Ellwood et al., 2000; Hassold et al., 2003; Kissel et al.,

2003), so this pattern may reflect more rapid (eolian?)

transport of the fine detrital components carrying the

bulk of the MS signal relative to the slower-moving illite

fraction. These stratigraphic relationships demonstrate

that, during each perturbation of the Nhi Tao environ-

ment, the chemical oceanographic signal was recorded in

advance of the terrestrial signal. Owing to the probable

time lag associated with the latter, however, the most

parsimonious interpretation may be that regional

changes in marine and terrestrial changes were synchro-

nous responses to large-scale oceanic–atmospheric

perturbations.

5.6. Speculations concerning global significance

The evidence discussed above for multiple episodes

of upwelling of sulfidic deep-ocean waters and for

possibly synchronous perturbations of marine and

terrestrial systems imposes significant constraints on

models for the latest Permian catastrophe and mass

extinction. Although the present study is limited to a

single locale, the widespread evidence for upwelling of

sulfidic deepwaters at the PTB (Kajiwara et al., 1994;

Knoll et al., 1996; Wignall and Twitchett, 1996;

Wignall et al., 1998; Kaiho et al., 2001; Kato et al.,

2002; Newton et al., 2004; Nielsen and Shen, 2004;

Grice et al., 2005; Marenco et al., 2005) suggests a

global-scale process. This may imply that such

upwelling events represent transient reinvigoration of

global-ocean overturn following a protracted interval

of near-stagnant conditions during the Late Permian,

during which the deep ocean became widely anoxic

and sulfidic (Malkowski et al., 1989; Hoffman et al.,

1991; Gruszczynski et al., 1992; Wignall and Hallam,

1992; Isozaki, 1994; Kajiwara et al., 1994; Isozaki,

1997; Hotinski et al., 2001). A plausible mechanism to

account for the abrupt initiation of upwelling at the

LPEH is the approximately simultaneous onset of

eruption of the Siberian Traps (Campbell et al., 1992;

Renne et al., 1995; Kamo et al., 2003). However,

volcanic processes are unlikely to have induced sub-

sequent episodes of upwelling at quasi-regular inter-

vals of ∼20 kyr (e.g., Lin and van Keken, 2005), as

recorded in the Nhi Tao PTB section. Rather, a more

likely scenario is that a single massive volcanic

eruption at ∼251 Ma caused strong climatic cooling,
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bringing the global ocean closer to a threshold for

renewed overturn, and that precession-driven climate

cycles modulated subsequent upwelling episodes.

This model has some significant implications with

regard to the extinction and recovery of Permian–

Triassic marine life. First, although the ultimate trigger

for PTB events may have been volcanic, the demise of

the Late Permian marine biota may have been due to

largely internal oceanographic factors, i.e., upwelling of

toxic deepwaters (although climatic cooling might have

been a factor as well). Multiple upwelling events may

account for reports of multiple extinction horizons in

Chinese PTB sections (e.g., Jin et al., 2000; Xie et al.,

2005). Second, recurrent upwelling of toxic deep-ocean

waters may have been an important factor in delaying the

post-extinction recovery of marine ecosystems, which

did not rebound substantially until the early Middle

Triassic, approximately 6 Myr after the PTB event

(Schubert and Bottjer, 1992, 1995; Knoll et al., 1996;

Baud et al., 1997; Sano and Nakashima, 1997; Kershaw

et al., 1999; Lehrmann, 1999; Twitchett, 1999; Kershaw

et al., 2002; Twitchett, 2005; Ezaki et al., 2003;

Lehrmann et al., 2001, 2003; Weidlich et al., 2003;

Fraiser and Bottjer, 2004; Pruss and Bottjer, 2004;

Payne, 2005; Payne et al., 2006). Although originally

attributed to poor Lower Triassic fossil preservation

or to the time needed for reintegration of marine eco-

systems (Erwin, 1994; Erwin et al., 2002), this delay has

more recently been interpreted to reflect persistently

inhospitable conditions in Early Triassic marine envir-

onments (Hallam, 1991; Wignall and Twitchett, 2002;

Twitchett et al., 2004). Continued perturbation of Early

Triassic environments is suggested by evidence of

multiple, large fluctuations in marine carbonate δ
13C

records through the Lower Triassic (Payne et al., 2004;

Korte et al., 2005; Horacek et al., 2007-this volume-a-b).

The multiple δ13C excursions documented in this study

(Fig. 5), although smaller in amplitude and shorter in

duration than these million-year-long Early Triassic

cycles (Fig. 1), are nonetheless significant in demon-

strating that quasi-cyclic carbon-cycle perturbations

were operating at a high (∼20-kyr) frequency following

the LPEH (cf. de Wit et al., 2002). The deepwater up-

welling model discussed herein may provide a mecha-

nism for the protracted Early Triassic marine crisis,

although other factors must be invoked to account for

coeval disturbance of terrestrial ecosystems (Retallack

et al., 1996; Korte et al., 2003, 2005).

Several recent studies have argued that the PTB

negative C-isotopic shift post-dates the end-Permian

mass extinction and, thus, represents a delayed response

to the catastrophe, e.g., associated with release of

methane clathrates owing to volcanically induced

climate warming (Twitchett et al., 2001; Krull et al.,

2004; Sephton et al., 2005). However, the onset of the

negative δ13C shift at Nhi Tao is found in the lower part

of the LPEH event bed (Bed 8), in the first sample above

the mass extinction horizon, with which it was thus

synchronous within the limits of sampling resolution

(Fig. 3). Further, the onset of the negative δ
13C shift

appears to be correlative with the mass extinction

horizon in other PTB sections (e.g., Krull et al., 2004, their

Figs. 6 and 7). Inferences to the contrary seem to reflect a

misperception that the minimum of the C-isotopic

shift should correlate with the mass extinction horizon

(e.g., Krull et al., 2004, their Fig. 8). In fact, the

relatively long residence time of DIC in the oceanic

mixed layer (~10 to 15 kyr; Berner and Berner, 1987)

limits the rate at which its isotopic composition can

adjust to external perturbations, resulting in displace-

ment of the δ
13C minimum upsection relative to the

event horizon recording the perturbation. In simple

geochemical reservoir models, the response time of

the system is similar to the residence time of the

compound of interest (Rodhe, 1992), so the δ
13C

minimum in PTB C-isotope records should follow the

perturbation that initiated the excursion with a lag

approximately equal to the residence time of DIC in

seawater. It is possible, of course, that PTB C-isotopic

curves record responses to multiple influences (e.g.,

Berner, 2002), some instantaneous (or nearly so) and

some with discrete lags.

The results of the present study also raise several

issues concerning a recent model invoking deforestation

and massive soil erosion following large-scale volcanic

eruptions as the cause of the latest Permian marine crisis

(Sephton et al., 2005). Support cited for this model

includes (1) fossil evidence of changes in terrestrial

ecosystems prior to the marine biotic crisis (Looy et al.,

2001; Twitchett et al., 2001), and (2) molecular evidence

of the influx of soil-derived compounds to marine

environments prior to the LPEH (Sephton et al., 2002,

2005; Wang and Visscher, 2007-this volume). The fossil

evidence for the timing of ecosystem changes is difficult

to evaluate, and the possibility of an unrecognized

Signor–Lipps effect must be considered (Rampino and

Adler, 1998). The molecular evidence is intriguing, yet

it is unclear why the signal of soil-derived compounds

appears in the marine record considerably in advance of

the MS signal associated with the influx of fine detrital

(presumably soil-derived) particles, which post-dates

the LPEH at Nhi Tao and Meishan D (Figs. 3, 7).

Although terrestrial-marine coupling undoubtedly oc-

curred, there may be other evidence to support largely
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separate mechanisms for the terrestrial and marine crises

in the latest Permian (even if both had the same volcanic

trigger). For example, sulfide enrichments in terrestrial

PTB sections exhibit δ
34S values of −12 to +3‰

(Maruoka et al., 2003), which are similar to values

reported for Siberian flood basalts (Ripley et al., 2003)

but much higher than penecontemporaneous marine

sulfides (see Section 5.4). This may imply two distinct

sulfide sources, i.e., a largely volcanic one for terrestrial

PTB sections and a largely oceanic one (via upwelling)

for marine PTB sections. These issues will require

further investigation to resolve.

6. Conclusions

The PTB section at Nhi Tao, Vietnam is lithologi-

cally homogeneous, facilitating recognition of changes

in the hydrogenous (i.e., seawater-derived) fraction of

the sediment that may represent contemporaneous

changes in paleocean chemistry. The Late Permian

event horizon (LPEH) at which most Late Permian

faunal elements disappear coincides with a 12-cm-thick

oolitic–pisolitic grainstone layer that also marks the

appearance of several geochemical anomalies that

continue into the Lower Triassic part of the section.

Eight pyrite [S] peaks within a 5-m-thick interval above

the LPEH exhibit a strong negative relationship to both

carbonate δ
13C and pyrite δ

34S (i.e., higher S concen-

trations associated with isotopically more depleted

values). The most likely mechanism to account for

these relationships is episodic upwelling of sulfidic,
12C- and 32S-enriched deep-ocean waters onto the

shallow Jinxi Platform. Such quasi-cyclic episodes of

upwelling may represent multiple attempts at renewed

global-ocean overturn modulated by Earth's 20-kyr

orbital precession cycle following prolonged stagnation

of the deep ocean during the Late Permian. Large-scale

upwelling of deepwaters implies that the end-Permian

marine mass extinction was caused by anoxia and/or

sulfide toxicity, and that recurrent episodes during the

Early Triassic may have been a factor in delaying

significant recovery of marine ecosystems until the start

of the Middle Triassic. The rate and magnitude (−3‰)

of the carbonate δ
13C shift across the PTB at Nhi Tao

are consistent with a “Strangelove ocean” model with a

sustained ∼50% decline in primary productivity. A

major increase in MS values 12 cm above the LPEH

may record an influx of fine soil-derived particles

following destruction of terrestrial ecosystems. The lag

is consistent with the interval required for transport of

fine particles across the Nanpanjiang Basin to the

relatively distal site of the Jinxi Platform. Within

existing limits of uncertainty, the end-Permian marine

and terrestrial crises recorded at Nhi Tao appear to have

occurred synchronously.
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