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Changes in marine primary productivity following the latest Permian mass extinction (LPME) have been de-
bated at length, with little resolution to date owing to a paucity of quantitative data. Herein, we report total
organic carbon (TOC) concentrations and organic carbon accumulation rates (OCAR) for 40 Permian–Triassic
boundary (PTB) sections with a near-global distribution and consider their implications for changes in ma-
rine productivity during the boundary crisis. Many sections in South China exhibit abrupt declines in TOC
and OCAR from the Changhsingian (latest Permian) to the Griesbachian (earliest Triassic), a pattern not
observed for sections in other regions. This pattern cannot be explained through secular changes in sedimen-
tation rates, sedimentary facies, or redox conditions, all of which would have favored higher (rather than
lower) TOCs and OCARs during the Griesbachian. Further, back-calculation of OC fluxes demonstrate that
this pattern cannot be attributed to diagenetic loss of OC in the sediment or, possibly, to OC remineralization
in the water column. The most likely explanation is a collapse of marine primary productivity across
the South China region concurrently with the LPME and continuing for an extended interval into the Early
Triassic. The productivity crash as well as the coeval decimation of benthic marine fauna coincided with de-
position of the “boundary clay” at Meishan D, suggesting that both events were related to a large explosive
volcanic eruption of uncertain provenance. In other PTB sections having a wide geographic distribution,
OCARs increased on average by a factor of ~4× across the LPME, largely owing to a concurrent increase in
bulk accumulation rates (BARs). Radiometric dating uncertainties can account at most for only a fraction of
the secular change in BARs, which are likely to reflect an increase in subaerial weathering rates and elevated
fluxes of detrital material to Early Triassic marine systems. Intensification of chemical weathering relative to
physical weathering may have increased the flux of nutrients to the Early Triassic ocean, enhancing marine
productivity and contributing to the widespread development of marine dysoxia–anoxia.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The latest Permian mass extinction (LPME), just prior to the ~252-
million-year-old Permian–Triassic boundary (PTB), represents the
largest mass extinction in the Phanerozoic record, during which
~90% of marine invertebrate and ~80% of terrestrial vertebrate
species disappeared (Erwin et al., 2002; Irmis and Whiteside, 2011).
While the ultimate causes of this event remain under discussion
(Wignall, 2007), recent work has demonstrated unambiguously that
the effects of this event extended to the base of the trophic web in
marine ecosystems (Fig. 1). The end-Permian crisis coincided with
an abrupt decline in eukaryotic marine phytoplankton (Knoll et al.,
2007; Luo et al., this volume), proliferation of prasinophyte and
rights reserved.
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acritarch “disaster taxa” (Payne and van de Schootbrugge, 2007),
and a general increase in the abundance of green sulfur and
N-fixing cyanobacteria (Grice et al., 2005; Xie et al., 2005, 2007;
Hays et al., 2007; Cao et al., 2009; Luo et al., 2011). Cyanobacterial
autotrophs may have flourished in the aftermath of the crisis owing
to their greater resistance to harsh environmental conditions and a
competitive advantage over eukaryotic phytoplankton in anoxic
waters rich in ammonium (Knoll et al., 2007). Further, changes in
phytoplanktic community (Fig. 1) may have been detrimental to
organisms at higher trophic levels in that cyanobacteria generate
harmful toxins and do not synthesize the sterols needed by marine
invertebrates, as do eukaryotic phytoplankton (Knoll et al., 2007).

Changes in taxonomic diversity and community structure, however,
do not necessarily equate with changes in primary productivity rates,
which might have been sustained at pre-crisis levels or even have in-
creased following the LPME. At present, no consensus exists concerning
changes in nutrient inventories and energy flows in marine ecosystems
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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Fig. 1. Interpretative changes in planktic community composition, nutrient fluxes, and primary productivity rates in conjunction with the latest Permian mass extinction (LPME):
(A) Changhsingian (i.e., pre-LPME Late Permian only), and (B) Griesbachian (i.e., including the post-LPME latest Permian). Note that this study evaluates changes in OC fluxes across
the LPME rather than the PTB.
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as a result of the LPME. Martin (1996) claimed that nutrient-poor condi-
tions led to a general collapse of marine primary productivity during the
Early Triassic, a view seconded by Rampino and Caldeira (2005) on the
basis of the ubiquitous ~3‰ decline in δ13Ccarb at the LPME. However,
this C-isotopic shift has multiple potential causes (Berner, 2002; Payne
and Kump, 2007), and other considerations do not favor Martin's
hypothesis. First, global starvation during the Early Triassic is hard to
reconcilewith the observation that taxawith high rates of basal and exer-
cise metabolism, e.g., many mollusks, disproportionately survived the
crisis relative to those with lesser oxygen demands (Rhodes and Thayer,
1991; Knoll et al., 2007). Second, the widespread dysoxia and anoxia in
Early Triassic oceans (subsequently “anoxia” for brevity) (Fig. 1; Isozaki,
1997; Meyer et al., 2008; Brennecka et al., 2011) may have been caused
in part by higher sinking fluxes of organic matter (Meyer et al., 2011;
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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Winguth and Winguth, 2012). While these considerations argue against
strongly diminished rates of marine primary productivity following the
LPME, quantitative data bearing on this issue have been lacking to date.
The goal of the present study is to assess changes in organic carbon fluxes
in conjunction with the LPME, in order to determine the relationship of
the end-Permian crisis to changes in marine primary productivity.

Qualitative changes in primary production are commonly inferred in
paleoceanographic studies (e.g., Caplan and Bustin, 1999; Cramer and
Saltzman, 2005). In contrast, quantitative estimation of primary
production in paleomarine systems is inherently difficult owing to
large losses of organic carbon (OC) within both the water and sediment
columns prior to final preservation. In one early attempt of this type,
Bralower and Thierstein (1984) estimated primary production assum-
ing a fixed preservation factor of 2% for organic matter in Cretaceous
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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black shales. Most later studies have estimated primary production by
applying corrections tomeasured total organic carbon (TOC) concentra-
tions based on various sediment parameters, e.g., S and Mn concentra-
tions (Vetö et al., 1997), excess Ba fluxes (Thompson, 2000), or
amino-acid compositions (Gupta and Kawahata, 2006). Statistical ap-
proaches based on microfossil assemblages have been used as well
(Lopes et al., 2010). In some cases, the estimates of these studies repre-
sent the OC flux to the sediment–water interface rather than primary
production in the surface watermass. Similar sequential approaches to
the analysis of OC fluxes have been applied to sub-Recent marine sedi-
ments (Dunne et al., 2007).

In the present study of marine primary productivity during the
LPME crisis, we have undertaken a sequential approach to analysis of
OC fluxes. First, we calculated organic carbon accumulation rates
(OCAR) for each study section based onmeasured TOC values and linear
sedimentation rates (LSR) determined from an updated Permian–
Triassic timescale. Second, we back-calculated OC fluxes at four earlier
stages in the depositional history of each study section, prior to
(1) late diagenetic OC loss through thermal maturation, (2) early diage-
netic OC loss through bacterial sulfate reduction, (3) early diagenetic OC
loss through aerobic decay, and (4) OC remineralization in the water
column. The estimate derived at step three represents the “sinking
flux” of OC (i.e., the flux arriving at the sediment–water interface, or
SWI), and the ratio of OCAR to this flux is termed the “burial efficiency”
(BE) (Henrichs and Reeburgh, 1987; Tyson, 2005). The estimate derived
at step four represents the primary productivity rate (PPR), and the
ratio of OCAR to this flux is termed the “preservation factor” (PF)
(Bralower and Thierstein, 1984; Tyson, 2005). As discussed below, the
OC sinking flux and BE can be estimated with a fair degree of accuracy,
making these parameters useful in the analysis of paleomarine systems,
but estimates of PPR and PF have large uncertainties and should be
regarded as potentially exemplary rather than accurate.

We analyzed OC fluxes for 40 marine PTB sections having a near-
global distribution. For each section, we calculated separate fluxes
for the Late Permian Changhsingian Stage and the Early Triassic
Griesbachian substage (n.b., the latter includes post-LPME beds of lat-
est Permian age because we are evaluating changes in OC fluxes at the
LPME rather than the PTB). Although the data presented here do not
fully resolve the question of changes in primary productivity rates in
conjunction with the LPME, they do provide insights regarding this
issue. First, our analysis shows that OCARs and PPRs increased on av-
erage globally by a factor of ~4× from the Changhsingian to the
Griesbachian. Such a large increase in the organic carbon burial flux
implies commensurate increases in the flux of nutrients to the marine
photic zone, yet climatic warming following the LPME (Retallack,
1999; Retallack and Jahren, 2008) is likely to have reduced rates of
vertical mixing in the global ocean (Hotinski et al., 2001). Instead, in-
creased nutrient availability in shallow-marine environments may
have been due to enhanced rates of continental weathering (Fig. 1;
Algeo and Twitchett, 2010; Algeo et al., 2011a). Second, our analysis
shows that almost all sections from the South China craton record
abrupt decreases in OCARs and PPRs in conjunction with the LPME,
a pattern not found in any other region globally.We infer that this pat-
tern reflects a collapse of marine primary productivity related to ma-
rine environmental changes following the LPME that were specific to
the South China region. Such regional patterns may record the spatial-
ly variable interplay of changes in nutrient availability, marine prima-
ry productivity, and environmental conditions and their attendant
consequences for the vitality of contemporaneous marine ecosystems.

2. Methods

2.1. Study sections

The present study makes use of data from 40 independent studies
of marine PTB sections (henceforth just “sections”), arranged into
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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four regional groupings: (1) the South China region, with 10 sections;
(2) the non-Chinese Tethyan region, with 13 sections; (3) the N&W
Pangean region, with 11 sections; and (4) the Panthalassic region,
with 6 sections (Fig. 2; Supplement Table 1). The dominant litholo-
gies vary by region, e.g., mainly carbonates in the Tethyan region
andmainly siliciclastics in the N&W Pangean and Panthalassic regions
(Supplement Table 2), but these lithologic differences are not corre-
lated with variations in bulk accumulation rates (Algeo and
Twitchett, 2010, their Fig. 2). Data were drawn from published
sources for 24 sections and are original to this study for 16 sections.
A few sections (specifically Meishan, China and Bulla, Italy) have
been investigated multiple times, with each study treated as an inde-
pendent record.

2.2. Permian–Triassic timescale

Calculation of OCARs for paleomarine systems (Section 2.3) re-
quires good radiometric age control. The Permian–Triassic timescale
has undergone major revisions in recent years (Fig. 3) based on ID-
TIMS dating of zircons in volcanic ash layers, mainly from South
China (Bowring et al., 1998; Mundil et al., 2004; Ovtcharova et al.,
2006), narrowing the age of the PTB to 252.3±0.1 Ma (Mundil et
al., 2010) or 252.17±0.06 Ma (Shen et al., 2010, 2011). These studies
provide age constraints for key stratigraphic horizons of the present
study: (1) 254.14±0.07 Ma for the Wuchiapingian–Changhsingian
boundary, (2) 252.28±0.08 Ma for the LPME (Shen et al., 2010,
2011), and (3) 251.2 or 251.3±0.1 Ma for the Induan–Olenekian
boundary (Galfetti et al., 2007; Mundil et al., 2010). The substages
of the Early Triassic Induan Stage have not been radiometrically
dated, but the durations of the Griesbachian and Dienerian have
been estimated at 0.731 Myr and 0.270 Myr, respectively, based on
spectral analysis of a magnetic susceptibility profile from the West
Pingdingshan section near Chaohu, China (Guo et al., 2008). Based
on these results, we adopted estimated durations of 1.9±0.1 Myr
for the Changhsingian Stage and 0.7±0.1 Myr for the Griesbachian
substage (Fig. 3). Note that these durations supersede the estimates
of 3.4±1.2 Myr and 0.7±0.4 Myr used by Algeo and Twitchett
(2010) in their study of changes in sediment mass fluxes at the PTB.

For sections that have not been dated radiometrically, biostrati-
graphic correlations provide essential age constraints. In the present
study, we have used updated biostratigraphic zonation schemes for
hindeodid and gondolellid conodonts (Fig. 3). The Wuchiapingian–
Changhsingian boundary in the Tethyan region is defined at Meishan,
China by the first appearance datum (FAD) of Clarkina wangi within a
chronomorphocline from C. longicuspidata to C. wangi (Jin et al.,
2006). The FAD of Hindeodus parvus at Meishan defines the PTB (Yin
et al., 2001). The boundary between the Griesbachian and Dienerian
substages of the Early Triassic Induan Stage corresponds to the con-
tact between the Neoclarkina discreta and Sweetospathodus kummeli
zones (the latter referred to the genus Neospathodus by Chinese
workers, e.g., Zhao et al., 2007; Guo et al., 2008). A taxonomic revision
of Late Permian–Early Triassic conodont faunas of the boreal region
by C. Henderson is in progress, but existing data (Henderson, 1997;
Mei and Henderson, 2001; Henderson and Mei, 2007; Nakrem et al.,
2008; Algeo et al., 2012) are sufficient for accurate correlations with
Tethyan region faunas. See Supplement Section 1 for a fuller discus-
sion of the biostratigraphic framework used in the present study.

2.3. TOC concentrations and organic petrography

For PTB sections original to this study, sample aliquots were digested
in 2 NHCl at 50 °C for 6 h to dissolve carbonateminerals, and the residue
wasfiltered, rinsed, and dried. TOCwasmeasured using an Eltra 2000 C-
S analyzer at the University of Cincinnati. Data quality was monitored
via multiple analyses of USGS SDO-1 as well as internal lab standards,
yielding analytical precisions (2σ) of ±2.5% of reported values. Mean
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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Fig. 2. Paleogeographyof (A) theworld and (B) SouthChina at the PTB (~252Ma).Numberingof study sites conforms to Supplement Table1 andFig. 6. Abbreviations inA: I–IV=SiberianTraps
volcanic centers (in order, Maymecha-Kotuy, Noril'sk, Putorana, and Nizhnyaya Tunguska; Czamanske et al., 1998), Am=Amuria, In=Indonesia, Kz=Kazakhstan, NC=North China,
Q=Qinling Ocean, SC=South China, Tm=Tarim. Abbreviations in B: Em=Emeishan flood basalts, J=Jiangnan Uplift, K=Khamdian Uplift, N=Nanpanjiang Basin, Y–Z=Yunkai–Zhemin
Uplifts. Note: 70° counterclockwise of South China craton relative to its modern orientation (Nie, 1991).
Basemap courtesy of RonBlakey (http://jan.ucc.nau.edu/~rcb7/); plate boundaries adapted fromScotese and Langford (1995) and Stampfli and Borel (2001); approximate locations of Japanese
terranes fromMizutani (1987) and Ando et al. (2001); and facies patterns from Bao (1998).

Fig. 3. Late Permian–Early Triassic timescale and biostratigraphic zonation. The present study adopts durations for the Changhsingian (green field) and Griesbachian (blue field) of
1.9±0.1 Myr and 0.7±0.1 Myr, respectively. Radiolarian genera: A.= Albaillella, E.= Eptingium, Fa.= Foremanhelena, Fs.= Follicucullus, N.=Neoalbaillella, P.= Parentactinia (from
Sugiyama, 1997; Kuwahara et al., 1998; Xia et al., 2005). Conodont genera: C. = Clarkina, Ch. = Chiosella, H. = Hindeodus, I. = Isarcicella, M. = Mesogondolella, N. = Neoclarkina,
Ng. = Neogondolella, Nv. = Novispathodus, P. = Paulella, S. = Sweetospathodus, Sy. = Scythogondolella, T. = Triassospathodus; note that p. postbitteri and p. hongshuiensis are subspe-
cies of Clarkina postbitteri. The enlargement at right shows biozones around the Permian–Triassic boundary (PTB) and latest Permian event (LPME); C. h. = C. hauschkei, H. chx. =
H. changxingensis. Conodont biozonation was updated for the present study by C. M. Henderson. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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TOC values were based on all measurements for the Changhsingian and
Griesbachian in a given study section.

For sections original to this study, a subset of sampleswas examined
petrographically to evaluate organic matter sources. In all sections, the
majority of samples contained primarily (>90%) amorphous organic
matter derived from marine phytoplankton or bacteria. Only a few
samples, located mostly at or just above the LPME, contained high
concentrations (>50%) of terrestrial organic matter. Published studies
for some PTB sections provided additional petrographic or organic geo-
chemical documentation of organic carbon sources—see Supplement
Section 2.1 for further discussion.

2.4. Sedimentation rate and burial flux calculations

TOC concentration generally is not a good proxy for OC fluxes
because of variable dilution by non-organic components of the
sediment:

TOC %ð Þ ¼ fOC= fOC þ f DILð Þ � 100% ð1Þ

where fOC is the burial flux of OC (n.b., the non-carbon fraction of
organic matter has been disregarded) and fDIL is the diluent flux of
non-organic materials to the sediment (cf. Tyson, 2001). Use of
OCARs (=OC burial flux, or fOC) allows assessment of the production
and preservation of organic matter independently of the flux of non-
organic materials (Fig. 4A). Calculation of OCARs in paleomarine sys-
tems requires knowledge of sedimentation rates for the stratigraphic
interval of interest. For each study site, we calculated a linear sedi-
mentation rate (LSR) for each of the two time-stratigraphic units of
interest (i.e., the Changhsingian and Griesbachian) as the full thick-
ness of the time-stratigraphic unit divided by its duration (see
Section 2.2). For a few sections, LSRs were determined from age
models based on time-series analysis (e.g., Algeo et al., 2010,
2011b). Bulk accumulation rates (BAR) and organic carbon accumula-
tion rates (OCAR) were calculated as:

BAR ¼ LSR� ρ ð2Þ

OCAR ¼ TOC � LSR� ρ ð3Þ

where both BAR and OCAR have units of g m−2 yr−1, LSR has units of
mMyr−1, and ρ is sediment bulk density in units of g cm−3 (Fig. 4A).
Bulk densities were not available for most study units and, for conve-
nience, were assumed to be 2.5 g cm−3 for all samples. None of the
study samples exhibited any visible porosity, although shales
Fig. 4. (A) Model of relationships among total organic carbon (TOC), linear sedimentation ra
OCAR is a function of both TOC, the ratio of organic carbon to total sediment mass, and BAR, a
sediment density (ρ); see Eqs. (2) and (3). (B) Model of back-calculated pre-burial OC fluxes
the OC flux prior to late diagenetic thermal loss, fOC″ is the OC flux prior to early diagenetic ba
(=OC sinking flux), and fOC″″ is the primary productivity rate (PPR). The burial efficiency (BE
factor (PF) by fOC/PPR, the ratio of preserved OC to primary production. SWI=sediment–w

Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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commonly contain ~3–20% microporosity that is not evident petro-
graphically but results in slightly lower densities than for other litholo-
gies (Rowan et al., 2003). However, suites of cogenetic samples rarely
exhibit >10% variation in bulk density (e.g., Schmoker, 1977), and this
level of uncertainty is too small to have much influence on the patterns
of variation in BARs and OCARs documented in the present study.

2.5. Pre-burial organic carbon flux estimates

OCAR is a measure of the burial flux of OC based on the preserved
quantity of TOC in marine sediments (Fig. 4A). However, only a
small fraction of primary production survives remineralization in the
water column and destruction through diagenetic processes in the
sediment. The degree of OC loss varies among the study sections as a
function of differences in burial temperatures, organic matter types,
redox conditions, porewater chemistry, water depths, and other fac-
tors. We estimated the stepwise loss of OC in each study section by
using a series of transfer functions based on quantitative studies
of OC fluxes in modern marine systems (Fig. 5). Beginning with
the burial flux of organic carbon (OCAR, or fOC), we sequentially
back-calculated OC fluxes at four earlier stages in the depositional/
diagenetic history of each section, prior to (1) late diagenetic OC loss
through thermalmaturation, (2) early diagenetic OC loss through bac-
terial sulfate reduction, (3) early diagenetic OC loss through aerobic
decay, and (4) OC remineralization in the water column (Fig. 4B).
These reconstructed fluxes are designated fOC′, fOC″, fOC‴ (=OC sinking
flux), and fOC″″ (=PPR), respectively. This is a useful approach be-
cause it allows estimation of OC fluxes at several stages prior to final
burial as well as the compounding of uncertainties associated with
successive calculation steps in order to reflect the more tenuous na-
ture of flux estimates at earlier stages. As discussed below, estimates
of fOC‴ and BE are probably reliable with an uncertainty of a factor of
~2.5×, but estimates of fOC″″ and PF are likely to have substantially
higher levels of uncertainty. Thus, the results of this approach are nec-
essarily tentative and should be viewed only as a rough guide to large-
scale changes in OC fluxes during the Permian–Triassic transition.

In the first step of the back-calculation process, we estimated fOC′
based on a transfer function developed from Raiswell and Berner's
(1987) study of OC loss due to thermal maturation of sediments
(Fig. 5A). Relative to the average Corg/S ratio (2.8) of modern marine
muds, they noted that ancient shales exhibit progressively lower
Corg/S ratios with increasing thermal maturation. OC loss is ca. 40–
50% for shales having vitrinite reflectance (Ro) values of 0.8 to 1.0%
(corresponding to the peak of the “oil window,” or 80–100 °C; Hunt,
te (LSR), bulk accumulation rate (BAR), and organic carbon accumulation rate (OCAR).
measurement of bulk sediment flux based on time–thickness relationships and average
in paleomarine systems. fOC (=OCAR) is based on preserved TOC in the sediment, fOC′ is
cterial sulfate reduction (BSR), fOC‴ is the OC flux prior to early diagenetic aerobic decay
) is given by fOC/fOC‴, the ratio of preserved OC to the sinking flux, and the preservation
ater interface.

ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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Fig. 5. Transfer functions for back-calculation of pre-burial OC fluxes in paleomarine systems: (A) fOC′ (Eq. (4)), (B) fOC″ (Eqs. (5)–(7)), (C) fOC‴ (Eq. (8); =OC sinking flux), and
(D) fOC″″ (Eq. (9); =PPR). Note that thermal maturity (as proxied by %Ro; Eq. (4)) and water depth (Eq. (9)) are general parameters for a given section that have equal effects
on calculated OC fluxes for the Changhsingian and Griesbachian and, hence, result in no secular differential for a section of interest. In contrast, early diagenetic OC losses due to
BSR (as proxied by non-framboidal reduced S concentrations; Eq. (6)) and aerobic decay (as proxied by BAR; Eq. (8)) varied secularly at each depositional site, yielding differences
in the calculated OC fluxes for the Changhsingian and Griesbachian of a given study section (cf. Fig. 9C).
Panel A is based on Raiswell and Berner (1987), B on Berner (1984), C on Canfield (1994), and D on Meyers (1997); see text for discussion.
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1996, p. 368), climbing to 80–90% for shales having Ro of 2.5 to 3.5%
(equivalent to low-grade metamorphism, or ~200–250 °C). If the ini-
tial Corg/S ratio of 2.8 is set to zero, Raiswell and Berner's relationship
can be reformulated as:

log fOC=fOC′ð Þ ¼ −0:283Ro ð4Þ

where fOC/fOC′ is the change in organic carbon flux as a result of themal
loss of OC during late diagenesis. This relationship accounts for 90% of
variance (r2) in Raiswell and Berner's dataset. See Supplement Section
2.2 for documentation of %Ro and maximum burial temperatures for
the study sections.

In the second step of the back-calculation process, the minimum
amount of OC lost through bacterial sulfate reduction (BSR) can be es-
timated from authigenic pyrite concentrations (Fig. 5B; Berner, 1984;
Zaback et al., 1993), assuming that the H2S produced through this re-
action has not migrated vertically any substantial distance within the
sediment. The stoichiometry of the reaction is given by:

2CH2O þ SO
−2
4 →H2Sþ 2HCO

−
3 ð5Þ

where the composition of sedimentary organicmatter is that of a simple
sugar (e.g., sucrose, C6H12O6). Thus, each mole of sulfate S can oxidize
2 mol of organic carbon. The H2S produced via this reaction is partially
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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trapped in the sediment through (1) sulfidization of organic matter
(Vetö et al., 1997; Tribovillard et al., 2004), and (2) reactionwith ferrous
iron to formfirst Fe-monosulfides such asmackinawite and greigite and
later Fe-disulfides such as pyrite (Berner, 1970; Benning et al., 2000).
However, syngenetic framboidal pyrite (i.e., pyrite formed in the
water column owing to the presence of dissolved H2S) does not repre-
sent decay of organic matter within the sediment, and this fraction
must be subtracted in order to correctly calculate H2S production due
to BSR within the sediment. We estimate the (minimum) OC loss
(TOC″−TOC′) due to early diagenetic BSR as:

TOC″–TOC′ ¼ 0:75� Spyrite � 1–F framð Þ ð6Þ

where the coefficient 0.75 is theweight ratio representing consumption
of 2 mol of reduced carbon (C=12.01 amu) for each mole of H2S pro-
duced (S=32.065 amu), and Ffram represents the fraction of pyrite sul-
fur present as syngenetic framboids. See Supplement Section 2.3 for
discussion of pyrite S concentrations in the study sections. The OC flux
at the aerobic/anaerobic (O2/H2S) boundary in the sediment is thus:

f OC′′ ¼ f OC′þ TOC′′–TOC′ð Þ � BAR ð7Þ

We cannot determine uncertainties for TOC″−TOC′ estimates of the
present study, butwhere C and S fluxes have beenmeasured inmodern
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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marine systems, the relationship between OC loss due to BSR and sedi-
ment reduced S concentrations typically yields r2 values>0.90 (e.g.,
Martens and Klump, 1984; Bertrand and Lallier-Vergès, 1993).

Other approaches to estimating OC loss due to BSR are possible.
Berner (1978) used sulfate concentration gradients immediately
below the SWI to argue that the amount of organic carbon oxidized
by BSR (G0 in his terminology) is relatively constant in most marine
systems (~250–350 mM, or ~0.2–0.8 wt.% of the sediment), provided
that BSR is sulfate-limited rather than OC-limited. This estimate as-
sumes an initial porewater sulfate concentration equal to that of
modern seawater (~28 mM; Wright and Colling, 1995), but seawater
sulfate concentrations are likely to have been considerably lower dur-
ing the Permian–Triassic transition. Studies of brine inclusions in ha-
lite yielded an estimate of ~20 mM for the Late Permian (Horita et al.,
2002; Lowenstein et al., 2005), and modeling of CAS δ34S variation
yielded an even lower estimate (~4 mM) for the Early Triassic (Luo
et al., 2010). If initial sediment porewater sulfate concentrations
were lower by 30–90%, then proportionately less OC would have
been oxidized by BSR, with upper limits of ~0.6% and ~0.1% by weight
during the Late Permian and Early Triassic, respectively. In the pre-
sent study sections, the median reduced S concentration is 0.10% for
both Upper Permian and Lower Triassic units, equivalent to 0.075%
of oxidized OC (per Eq. (6)), a value that is consistent with low con-
centrations of dissolved sulfate in seawater of that age.

In the third step of the back-calculation process, the amount of OC
lost via aerobic decay in the upper part of the sediment column (i.e.,
above the O2/H2S boundary) was estimated based on differences in
OC preservation rates between oxic and anoxic facies as a function
of BAR (Fig. 5C; Canfield, 1994; Tyson, 2001, 2005). At low BARs,
oxic facies undergo strong OC loss via aerobic decay prior to entering
the zone of BSR, but anoxic facies exhibit far less OC loss (i.e., higher
OCARs for a given BAR) owing to a lack of aerobic decay (see
Section 3.4). At high BARs, sediments in all facies are buried quickly
and the minimal time in transit from the SWI to the zone of BSR re-
sults in little or no aerobic decay, yielding similar OCARs in oxic and
anoxic facies at a given BAR. The difference in OCARS between oxic
and anoxic facies at a given BAR reflects the average amount of OC
loss due to aerobic decay, a relationship that can be quantified as:

f OC′′′ ¼ f OC′′� exp10 0:51� ΔBARð Þ ð8Þ

where ΔBAR is the difference in log units (g m−2 yr−1) between 3.1
and the BAR of the section of interest (n.b., 3.1 being the BAR at
which the oxic and anoxic OCAR trends converge and, hence, above
which no aerobic loss of OC occurs; see Section 3.4), and the coeffi-
cient 0.51 is the difference in slopes of the OCAR trends of the oxic
and anoxic facies (i.e., ∂(fOC‴–fOC″)/∂BAR, or the rate of aerobic loss
of OC as a function of BAR). The slopes of the OCAR trends for oxic
and anoxic facies have uncertainties of ±0.08 and ±0.25 (log
units), respectively, yielding a cumulative uncertainty of ±0.33 for
the coefficient 0.51, equivalent to an uncertainty factor of ~2× in cal-
culated values of fOC‴.

The foregoing relationships allow determination of the burial effi-
ciency (BE), i.e., the fraction of OC deposited at the SWI that is ultimate-
ly preserved in the sediment (Henrichs and Reeburgh, 1987; Tyson,
2005), as fOC/fOC‴ (Fig. 4B). Other algorithms have been used for BE,
for example, in their forward calculation of OC fluxes based on modern
marine productivity data, Dunne et al. (2007) estimated BE as a function
of the sinking flux of OC (their Eq. (3)), a procedure that was claimed to
account for ~66% of the variance in OC burial fluxes. However, our pro-
cedure has the advantage of basing BE estimates on quantifiable petro-
graphic and geochemical properties of the sediment.

In the fourth step of the back-calculation process, we estimated
the amount of OC lost to remineralization during transit through the
oceanic water column (Fig. 5D). Modern marine primary productivity
exhibits only a weak relationship to both the export flux from the
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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photic zone (Dunne et al., 2005) and the bottom flux (Dunne et al.,
2007;=“sinking flux” of this study), so estimates of PPR for paleomar-
ine systems are perforce highly uncertain. However, we have estimat-
ed PPRs for the study sections for the sake of full development of our
procedure for back-calculation of OC fluxes in paleomarine systems.
Although numerous factors influence OC loss between the photic
zone and the seafloor, including organic matter lability, ballasting,
and water-column redox conditions, the single variable that accounts
for the largest amount of variance is water depth, which scales posi-
tively with residence time of organic matter in the water column
and, hence, exposure to aerobic decay (Hedges et al., 1988; Meyers,
1997; Dunne et al., 2007). Further, as a proxy for OC loss in the
water column, water depth has the advantage of being readily quan-
tifiable through facies analysis of paleomarine systems. We quantify
changes in organic carbon flux during sinking as:

f OC′′′=f OC′′′′ ¼ −0:158d2–0:132dþ 2:85 ð9Þ

where d is water depth in meters. This 2nd-order polynomial equation
represents a bestfit to the relationship shown in Fig. 2 ofMeyers (1997)
and accounts for 96% of variance (r2) in his dataset. Note that fOC″″ is
equivalent to primary productivity rate (PPR), and that fOC/fOC″″ is
equivalent to the preservation factor (PF), i.e., the fraction of primary
production ultimately preserved in the sediment (Bralower and
Thierstein, 1984; Tyson, 2005). It should be emphasized that, because
the ratio fOC/fOC″″ is typically quite small (averaging ~0.01), all estimates
of PPR based on the burial flux of OC (fOC) are highly tentative. Calculat-
ed values of PPR for the study sections should be viewed only as indic-
ative of broad regional or temporal trends rather than as accurate for
individual units. See Supplement Section 2.4 for discussion of the depo-
sitional water depths of the study sections.

The uncertainties associated with OC flux estimates become pro-
gressively larger at each subsequent step in the back-calculation pro-
cedure, because the uncertainty at any given step is the product of the
uncertainties of all steps up to that point. As discussed above, the
step-specific uncertainties for estimates of fOC′, fOC″, fOC‴, and fOC″″
are approximately ±10% (i.e., 1/0.90), b±10% (i.e., 1/>0.90), ±2×,
and ±4% (i.e., 1/0.96), respectively. The product of these individual
uncertainties yields an estimate of the cumulative uncertainty for
fOC″″ (PPR), which is equal to a factor of ~2.5× (see Section 3.5). We
regard this value as a reasonable estimate of the uncertainty attached
to fOC‴ and BEs (rather than fOC″″ and PFs), making estimates of these
parameters tentative but constrained sufficiently as to permit a
meaningful analysis of variation in OC fluxes in paleomarine systems.
On the other hand, the true uncertainties attached to estimates of fOC″″
and PFs are almost certainly larger than a factor of 2.5×. That thewater
depth–OC flux relationship of Meyers (1997; Fig. 5D) is too well-
defined, and its attendant uncertainty of ±4% too small, is indicated
by the strong regional variability in organic matter fluxes reported in
studies of modern marine systems (e.g., Bishop, 1989; Schlüter et al.,
2000; Dunne et al., 2005, 2007). Dunne et al. (2005) showed that ex-
port ratios (i.e., the fraction of primary productivity exported from
the photic zone) can range from 0.04 to 0.72, meaning that PPRs are
between 50% (1/0.72) and 2500% (1/0.04) greater than the export
flux, a range of variance that effectively makes accurate back-
calculation of PPRs and PFs impossible for paleomarine systems.

3. Results

3.1. Total organic carbon

Total organic carbon (TOC) profiles for a representative subset of
the 40 study sections are shown in Fig. 6 and relevant parameters
are given in Supplement Table 1. Sections from across the South
China craton exhibit an abrupt decline in TOC concentrations follow-
ing the LPME (Fig. 6A). Mean TOCs for the Changhsingian range from
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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Fig. 6. TOC chemostratigraphy of Permian–Triassic boundary (PTB) sections in (A) South China and (B) elsewhere. Note the pronounced decrease in TOC at the latest Permian mass
extinction (LPME) horizon in most South China sections and the absence of a similar decline in most other sections. X=meishanensis-zhejiangensis-parvus-staeschi (i.e., closely
spaced conodont zones around the PTB); D. = Dienerian, di. = dieneri, t.-c. = taylorae-carinata. Green and blue fields denote stratigraphic intervals used in OC flux calculations
for the Changhsingian and Griesbachian, respectively. Data given in Supplement Table 1. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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0.11% at Dawen to 1.31% at Shangsi but decline in the Griesbachian to
b0.25% at Meishan and b0.12% in all of the remaining sections. The
secular decline in TOC is large in 6 out of 8 sections (reaching a max-
imum of −97% at Shangsi), although two sections (Dawen and Lung
Cam) show little change as a consequence of having low TOCs
(b0.20%) in the Changhsingian as well as the Griesbachian. This pat-
tern of declining TOC concentrations across the LPME in South
China contrasts strongly with stable or increasing TOC concentrations
in most PTB sections elsewhere (Fig. 6B). In the Tethyan region, non-
Chinese sections contain up to 2.1% TOC in the Changhsingian and
generally exhibit limited relative change across the LPME, as in Slove-
nia (+10%), at Spiti in northern India (−5%), and in the Hovea-3
drillcore from western Australia (+26%). On the northern and west-
ern margins of Euramerica, most sections exhibit comparatively high
TOC (~0.5–2.0%) in the Changhsingian and a relative increase across
the LPME, as at West Blind Fiord on Ellesmere Island (+19%), in the
Peace River Basin of northern Alberta (+2 to +74%), and in southern
Alberta and Nevada (>+200%). Exceptions are Schuchert Dal in east-
ern Greenland and Crooked Creek in southern Alberta, which exhibit
relative declines in TOC of −22 to −44% and −52%, respectively.
Deep-sea chert sections from the western Panthalassic region exhibit
low (b0.25%) TOC in the Changhsingian and relative increases across
the LPME ranging from +64% at Taho to >+1000% at Tenjinmaru.
However, the predominantly siliciclastic section from Maitai, New
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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Zealand, shows a relative decline of −42%. Thus, PTB sections show
TOC chemostratigraphic patterns that are, for the most part, regional-
ly consistent.

3.2. Regional patterns in TOC, LSR and OCAR

The four study regions exhibit broadly dissimilar patterns of mean
TOC concentrations for the Changhsingian versus the Griesbachian
(Fig. 7A). Sections from South China commonly show higher values in
the Changhsingian (0.57±0.13%) than in the Griesbachian (0.12±
0.02%; as used here and subsequently, representing the mean plus or
minus one standard deviation). In non-Chinese Tethyan sections, the
Changhsingian and Griesbachian contain roughly equal amounts of
TOC (0.54±0.19% vs. 0.55±0.24%). In N&W Pangean sections, the
Griesbachian is somewhat enriched in TOC relative to the Changhsin-
gian (0.84±0.19% vs. 0.58±0.17%), and in Panthalassic sections the
Griesbachian is strongly TOC-enriched relative to the Changhsingian
(0.65±0.30% vs. 0.10±0.04%). The mean for all study sections shows
no statistically significant difference between the Changhsingian
(0.49±0.09%) and the Griesbachian (0.54±0.11%). Thus, the regional-
ly averaged data confirm the uniqueness of the abrupt decline in TOC
across the LPME for South China sections.

LSRs increase across the LPME in most study sections and in all
four regions, although regionally different patterns are evident
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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(Fig. 7B). For the Changhsingian, mean LSRs vary by nearly an order of
magnitude in the following sequence: N&W Pangea (4.7±
1.7 m Myr−1), Panthalassa (6.7±1.9 m Myr−1), non-Chinese Tethys
(19±8 mMyr−1), and South China (36±7 m Myr−1). For the Gries-
bachian, mean LSRs vary bymore than an order of magnitude in the fol-
lowing sequence: Panthalassa (8.0±5.5 mMyr−1), non-Chinese
Fig. 7. Crossplots of (A) total organic carbon (TOC), (B) linear sedimentation rate (LSR),
and (C) organic carbon accumulation rate (OCAR) for the Changhsingian versus the
Griesbachian by study section. Regional groupings of sections indicated by different
colors; regional means and ranges of the standard error of the mean shown as colored
crosses and global mean as black cross. Solid colored lines represent regressions by
region and the dotted black line represents 1:1 parity. Chang. = Changhsingian,
Griesb. = Griesbachian. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Tethys (53±20 mMyr−1), South China (102±16 mMyr−1), and
N&W Pangea (120±29mMyr−1). Mean LSRs increase from the
Changhsingian to the Griesbachian by a factor of b2× for Panthalassa,
~3× for the non-Chinese Tethys and South China, and ~25× for N&W
Pangea. The only sections to show a secular decline in accumulation
rates are deep-sea chert successions from Japan, inwhich LSRs decrease
by a factor of 0.95× to 0.10× across the LPME. Themean LSR of all study
sections is a factor of ~4.5× greater for the Griesbachian (59±
13mMyr−1) than for the Changhsingian (13±3mMyr−1). Because
BARs are related to LSRs by an invariant parameter (ρ; see Eq. (2)),
they show the same patterns of variation in time and space as LSRs.

Differences between the results above and those of Algeo and
Twitchett (2010) are due to differences in the durations of time-
stratigraphic units. In the present study, the duration of the Changh-
singian has been revised downward from 3.4±1.4 Myr to 1.9±
0.1 Myr (see Section 2.2), which has resulted in a ~80% increase in
all fluxes calculated for the latest Permian as well as a substantial nar-
rowing of their uncertainty limits. The estimated duration of the
Griesbachian (0.7 Myr) has not changed although the error range on
this estimate has also narrowed considerably. An ~80% increase in
Changhsingian fluxes has the effect of reducing the change in mean
global LSRs and BARs across the LPME from a factor of ~7× (Algeo
and Twitchett, 2010) to one of ~4.5× (present study). Further, the re-
duced uncertainties of time-stratigraphic unit durations in the pre-
sent study mean that the flux estimates reported herein are unlikely
to require a significant further revision in the future, and that the fac-
tor of a ~4.5× increase in LSRs and BARs across the LPME is a real fea-
ture of the PTB transition and not an artifact of dating uncertainties.

The four study regions exhibit distinctive patterns of secular varia-
tion in OCARs (Fig. 7C). For the Changhsingian, mean OCARs vary by
more than 1.5 orders of magnitude in the following sequence: Pantha-
lassa (7.9±6.9 g m−2 yr−1), N&W Pangea (48±21 g m−2 yr−1),
non-Chinese Tethys (97±58 g m−2 yr−1), and South China (387±
78 g m−2 yr−1). For the Griesbachian, mean OCARs vary by more
than 1.5 orders of magnitude in the following sequence: Panthalassa
(45±40 g m−2 yr−1), non-Chinese Tethys (220±103 g m−2 yr−1),
South China (265±51 g m−2 yr−1), and N&W Pangea (1900±
520 g m−2 yr−1). Mean OCARs increase from the Changhsingian to
the Griesbachian by factors of ~2× for the non-Chinese Tethys, ~6×
for Panthalassa, and ~40× for N&W Pangea. Within these regions, all
sections exhibit an increase in OCAR across the LPME (Fig. 7C), and dif-
ferences inmean regional values between the Changhsingian andGries-
bachian are statistically significant at the 1% level. On the other hand,
South China exhibits a decrease in mean OCARs from the Changhsingian
to the Griesbachian by a factor of ~0.7×. In this region, most sections
show a decline in OCAR across the LPME, and the difference between
mean OCARs for the Changhsingian and Griesbachian is statistically
significant at the 5% level. The mean OCAR of all study sections is
greater for the Griesbachian (328±94 g m−2 yr −1) than for the
Changhsingian (78±25 g m−2 yr−1) by a factor of ~4×.

3.3. Pre-burial organic carbon fluxes

The procedure described in Section 2.5 was used to back-calculate
OC fluxes at four earlier stages in the depositional history of each
study section, prior to (1) late diagenetic OC loss through thermal
maturation (fOC′), (2) early diagenetic OC loss through BSR (fOC″),
(3) early diagenetic OC loss through aerobic decay (fOC‴), and (4)
OC remineralization in the water column (fOC″″; Fig. 4B; Supplement
Table 3). Relative to fOC (=OCAR) at Meishan, the resulting estimates
for fOC‴ (=sinking flux) and fOC″″ (=PPR) are larger by factors of ~7×
and 12×, respectively, with estimated uncertainties of about ±2.5×
(Fig. 8A). The relatively small multiples for these fluxes relative to
OCAR, and the correspondingly large values of BE (=fOC/fOC‴, 0.14)
and PF (=fOC/fOC″″, 0.08), are a function of low burial temperatures
(equivalent to Ro of 0.65%) and shallow depositional water depths
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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(~30 m), minimizing the scale of corrections for fOC′ and fOC″″, respec-
tively. On the other hand, the Gujo-Hachiman section in Japan yields
estimates for fOC‴ and fOC″″ that are larger than fOC by factors of ~82×
and >1000×, and estimates for BE and PF equal to 0.012 and b0.001,
respectively (Fig. 8B). Gujo-Hachiman is representative of sections
having higher burial temperatures (equivalent to Ro of 4.0–4.5%)
and/or greater depositional water depths (3000–5000 m), and that
consequently yield much larger flux multiples. The flux estimates
for Meishan are probably fairly accurate, but those for Gujo-
Hachiman clearly are not and can be viewed only as broadly
indicative of the magnitude of OC loss during water-column transit
and burial.

Back-calculated OC fluxes largely confirm the secular and regional
patterns of variation documented earlier on the basis of OCARs
(Fig. 7). First, most South China sections exhibit a pronounced decline
in pre-burial OC fluxes from the Changhsingian to the Griesbachian
(Fig. 9A and B). On a percentage basis, the declines in these fluxes
are even larger than for OCAR (Fig. 9C). As with OCAR, most non-
Chinese Tethyan sections exhibit only limited change in pre-burial
OC fluxes from the Changhsingian to the Griesbachian, and most
N&W Pangean and Panthalassic sections exhibit increased fluxes. Sec-
ond, regional variation in pre-burial OC fluxes is broadly similar to
that in OCAR, although some differences emerge. N&W Pangean
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Fig. 8. Examples of back-calculated pre-burial OC fluxes for the Changhsingian of
(A)Meishan and (B) Gujo-Hachiman, per Eqs. (4)–(9). Compounded uncertainty ranges
are shown by the gray fields bounded by dashed lines. Note that estimated fOC″″ values are
b10× greater than fOC for many shallowly buried, shallow-marine sections such as
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and, especially, Panthalassic sections yield larger flux multiples be-
cause of the higher burial temperatures (equivalent to Ro of 4.0–
4.5%) and/or greater depositional water depths (3000–5000 m) asso-
ciated with these regions. Thus, although OCARs for sections in these
two regions are commonly lower than for Tethyan sections, pre-
burial OC fluxes are generally higher (Fig. 9A and B). However, this
distinction applies only to absolute OC fluxes and not to relative sec-
ular changes (Fig. 9C), which are generally similar for OCAR and pre-
burial OC fluxes in all regions because both burial temperature and
water depth are general parameters of each study section and do
not introduce variance between Changhsingian and Griesbachian
flux estimates. Finally, the flux multiples for sections such as Meishan
(e.g., b10) are often smaller than the 2 to 3 order-of-magnitude dif-
ferences in OC fluxes between study sections (spatial variation) and
time-stratigraphic units (temporal variation). When pre-burial OC
fluxes for a single section exhibit less variance than for the study
dataset as a whole, the differences in fluxes among sections is proba-
bly real. We conclude that back-calculation of pre-burial OC fluxes
does not significantly modify patterns of secular and regional varia-
tion shown by OCARs, and that such patterns can generally be recog-
nized by investigation of OCARs.

3.4. BAR–OC flux relationships

Relationships between BARs and OCARs can potentially provide
insights regarding the accumulation of organic matter in sediments.
BAR and OCAR always exhibit a strong positive correlation in sedi-
mentary systems (Middelburg et al., 1997; Tyson, 2005), but different
patterns of covariation are observed for oxic versus suboxic–anoxic
facies in modern marine systems (Fig. 10). For modern oxic marine
facies, BARs and OCARs show a well-defined relationship on a log–
log crossplot with a slope of 1.27 (thick solid line, Fig. 10). A slope
of >1.0 indicates that OCAR increases more rapidly than BAR: at
low BAR (e.g., 1 g m−2 yr−1), OCAR averages 0.004 g m−2 yr−1

(equivalent to a TOC of 0.4%), and at high BAR (e.g.,
1000 g m−2 yr−1), OCAR averages 25 g m−2 yr−1 (equivalent to a
TOC of 2.5%). Sub/anoxic facies yield higher OCARs for a given BAR
but with a lower slope (0.77; thin solid line, Fig. 10). A slope of b1.0
indicates that OCAR increases more slowly than BAR: at low BAR
(e.g., 30 g m−2 yr−1), OCAR averages 2.1 g m−2 yr−1 (equivalent to
a TOC of 7.0%), and at high BAR (e.g., 1000 g m−2 yr−1), OCAR aver-
ages 30 g m−2 yr−1 (equivalent to a TOC of 3.0%). The oxic and sub/
anoxic trends show maximal differences in OCARs at low BARs be-
cause preservation of organic matter in sediments is most strongly
enhanced by the absence of dissolved oxygen where sedimentation
rates are lowest. Conversely, the oxic and sub/anoxic trends converge
at high BARs because organic matter is buried rapidly in both facies
and, hence, tends to be well-preserved regardless of the redox condi-
tions at the SWI.

For PTB sections of the present study, OCAR (fOC) increases with
increasing BAR (Fig. 10A). Non-Chinese sections exhibit large
Changhsingian-to-Griesbachian increases in both BARs (factor of
~6×) and OCARs (factor of ~8×), defining a trend with a slope of
1.25 (dashed line) that is parallel to but offset from the modern oxic
marine facies trend by −0.72 log units (equivalent to a factor of
0.2×). Thus, non-Chinese sections exhibit OCARs that are, on average,
just 20% of that for modern facies at a given BAR, a difference attrib-
utable to OC loss during diagenesis. Back-calculated OC sinking fluxes
(fOC‴) yield a nearly identical regression relationship to that of OCARs
for modern oxic facies (Fig. 10B), presumably because the modern
marine values represent measurements at shallow burial depths
prior to significant diagenetic loss of OC. The observation that OC
fluxes for PTB sections more closely model the modern marine
trend for oxic facies than for sub/anoxic facies (despite a few outliers
within the sub/anoxic field) is consistent with the hypothesis that
Late Permian–Early Triassic shallow-marine environments were
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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well-oxygenated most of the time and experienced only brief epi-
sodes of anoxia (Algeo et al., 2007, 2008).

Whereas OCARs and BARs both generally increase across the LPME
in non-Chinese sections, South China sections exhibit a 33% decrease
in OCARs (Fig. 10A) and OC sinking fluxes (Fig. 10B) despite a factor
of ~3× increase in BARs. As a consequence, South China Griesbachian
units as a group (rather than as just a few outliers) plot distinctly
below the regression lines for both modern oxic marine facies and
non-Chinese PTB units (Fig. 10). Although South China units of both
Changhsingian and Griesbachian ages exhibit higher mean BARs
than most non-Chinese sections, the range of BARs for South China
sections is roughly the same as that for the dozen or so non-Chinese
sections with high BARs, the majority of which exhibit much higher
OCARs and OC sinking fluxes than the South China sections. These ob-
servations emphasize the anomalously low OCARs and pre-burial OC
fluxes associated with the Lower Triassic of the South China region
(see Sections 3.2 and 3.3).

3.5. Burial efficiencies, preservation factors, and primary productivity
rates

Modernmarine systems exhibit a well-defined positive relationship
between BAR and BE (Tyson, 2005). Higher BAR favors preservation of a
larger fraction of organic matter reaching the SWI owing to its reduced
time in residence in the zone of aerobic decay. BE increases rapidly in
themid-range of BAR values (~10–100 g m−2 yr−1) and asymptotical-
ly approaches 100% at BAR>100 g m−2 yr−1 (Fig. 11A). Comparison of
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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the modern marine trend with BAR–BE data for PTB sections offers a
mechanism for evaluating the accuracy of back-calculated pre-burial
OC fluxes for the latter. PTB sections largely overlap the data field for
modern marine sediments, tracing out a similar sigmoidal distribution
pattern (Fig. 11A; cf. Dunne et al., 2005). This relationship suggests
that estimates of fOC‴ and BE for the study sections are fairly accurate.
Aminority of PTB sections exhibit BEs lower than predicted by themod-
ernmarine trend, possibly because diagenetic loss of OChas been some-
what overestimated, although the lower BEsmay be consistentwith the
comparatively greater maturity of these sections. No spatial (inter-re-
gional) or temporal (Changshingian-versus-Griesbachian) biases are
evident in BE estimates.

Modern marine systems also exhibit a well-defined positive rela-
tionship between BAR and PF due to better preservation of organic
matter at higher BARs (Tyson, 2005). For a given BAR, PFs are higher
in sub/anoxic facies (trend II) than in oxic facies (trend I; Fig. 11B).
PTB sections yield systematically higher PFs than either oxic or sub/
anoxic facies in modern marine systems. The PTB units appear to par-
allel the sub/anoxic trend more closely, from which might be inferred
that redox conditions in PTB marine systems were predominantly
suboxic or anoxic. However, this inference conflicts with the infer-
ence of mainly oxic conditions based on BAR–OCAR relationships
(see Section 3.4). Our preferred interpretation is that fOC″″ and PF
have been systematically underestimated for PTB sections, probably
by an average factor of 3–10×. This interpretation is consistent with
differences in estimated PPRs for PTB sections, which are mostly
b10 g C m−2 yr−1 (Fig. 9A and B), and measured PPRs for modern
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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Fig. 10. BAR versus OC flux: fOC (A) and fOC‴ (B). Modern marine data from Tyson (2005); oxic facies=white symbols, regression line I; sub/anoxic facies=black symbols, regres-
sion line II. PTB sections=colored symbols, dashed regression line (for non-Chinese sections only); in order to emphasize contrasts with South China, sections from other regions
have been pooled; for each region, the means and ranges of the standard error of the mean are shown as colored crosses; white arrows show patterns of Changhsingian-to-
Griesbachian change for South China and non-Chinese sections. See text for discussion. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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marine systems, which range from ~25–50 g C m−2 yr−1 in low-
productivity zones of the open ocean to 250–350 g C m−2 yr−1 in
high-productivity upwelling zones (Meyers, 1997; Nelson et al.,
2002; n.b. new satellite-based estimates are higher, ~500–
1000 g C m−2 yr−1, e.g., Behrenfeld et al., 2005; Patti et al., 2008).
This discrepancy presumably reflects our inability to accurately
back-calculate fOC″″ and underscores the need to view PPR estimates
for paleomarine systems with caution.

4. Discussion

4.1. Potential influences on OC flux patterns

Although many potential influences on OC fluxes exist in the ma-
rine environment, most of these factors were probably insufficient to
have been the principal cause of the regional and secular anomalies
in OC fluxes documented in this study. First, sedimentary facies can
exert influences on organic matter preservation through particle-size
and permeability effects, e.g., fine-grained shale is inherently prone
to higher TOC values than coarser siliciclastic facies owing to greater
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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particulate surface area (Kennedy et al., 2002; Kennedy and Wagner,
2011), charge imbalances on the surfaces of clay minerals (Ohashi
and Nakazawa, 1996), and reduced permeability (Rothman and
Forney, 2007). Almost all PTB sections exhibit a shift toward more
clay-rich compositions from the Changhsingian to the Griesbachian
(Algeo and Twitchett, 2010, their Fig. 3), a condition that should
have enhanced the preservation of organic matter (Kennedy et al.,
2002; Rothman and Forney, 2007). Second, rapid sedimentation en-
hances the preservation of organic matter in sediments (Fig. 10;
Canfield, 1994; Tyson, 2005; Dunne et al., 2007). Almost all PTB sec-
tions exhibit an increase in LSRs and BARs from the Changhsingian
to the Griesbachian (Fig. 7B). Third, benthic redox conditions influ-
ence OC fluxes, with anoxic conditions favoring higher BEs and PFs
(Fig. 11; Canfield, 1994; Tyson, 2005). Many PTB sections have yielded
evidence of intensified anoxia during the latest Permian (post-LPME)
and Early Triassic (Nielsen and Shen, 2004; Grice et al., 2005; Riccardi
et al., 2006; Hays et al., 2007; Algeo et al., 2007, 2008, 2010, 2011b;
Cao et al., 2009; Bond and Wignall, 2010), although, as argued
above, the integrated intensity of redox changes may have been limit-
ed in shallow-marine settings.
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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Fig. 11. BAR versus (A) burial efficiency (BE), and (B) preservation factor (PF). Modern
marine sediments shown as white symbols and PTB sections as colored symbols. In A,
the modern marine trend is shown by the black line and gray field; in B, trends I and II
represent oxic and sub/anoxic facies, respectively. Note that PTB sections bracket the
modern marine trend in A, suggesting that estimates of fOC‴ and BE are probably fairly
accurate; however, PTB sections plot systematically higher than the modern data field
in B, suggesting that fOC″″ and PF have been systematically underestimated. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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All three of the factors above should have favored enhanced OC
preservation in Griesbachian sediments and, indeed, may have con-
tributed to higher OC fluxes in non-Chinese sections (Fig. 7C). How-
ever, these factors cannot account for the reduced OC fluxes
observed in most South China sections. Indeed, because each of
these factors should have favored higher BEs and PFs, actual reduc-
tions in PPRs and OC sinking fluxes in the South China region during
the Early Triassic may have been even larger than estimated here.
Other influences, e.g., eustatic and tectonic controls, are also unlikely
to account for OC flux anomalies in South China PTB sections (see
Supplement Section 3 for a fuller discussion). Finally, the uncer-
tainties in the durations of the time-stratigraphic units of the present
study are too small (±5–10%; see Section 2.2) to account for the OC
flux anomalies.
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4.2. A marine productivity crash in the South China region?

The contrast in secular variation of OC fluxes between PTB sections
in South China and those elsewhere is striking. Although a few non-
Chinese sections show declines across the LPME, no region except
South China exhibits such an abrupt or widespread decrease in OC
fluxes (see Sections 3.3 and 3.4). Because this pattern cannot be
accounted for through secular changes in sedimentation rates, depo-
sitional facies, redox conditions, or other variables (see Section 4.1),
we infer a catastrophic “crash” in marine primary productivity across
the South China region at the time of the LPME. The magnitude of this
decline was ~80% of pre-LPME productivity (or possibly more, if other
factors influencing PF are considered; see Section 4.1), an estimate
consistent with reported decreases in radiolarian productivity in the
South China region (Shen et al., 2012). Based on TOC profiles
(Fig. 6A), it appears that the onset of the productivity crash at the
LPMEwas fairly abrupt, and that productivity remained low for an ex-
tended interval (at least several 100 kyr) thereafter.

The causes of the marine productivity crash in the South China re-
gion are uncertain, although oceanographic factors are likely to have
played a major role. A study of a PTB section at Nhi Tao, Vietnam dem-
onstrated that this shallow-marine carbonate platform experienced
at least 9 incursions of sulfidic deepwaters beginning at the LPME
and continuing at intervals for 100(+)kyr into the Early Triassic
(Algeo et al., 2007, 2008). The exact concurrence in timing between
the LPME, the appearance of 34S-depleted pyrite framboid layers,
and an abrupt decline in TOC values to near zero is an indication
that sulfide poisoning was the likely cause of both the marine produc-
tivity crash and the mass extinction of shallow-marine benthic organ-
isms, at least in the Nanpanjiang Basin region. The mechanism of
deepwater incursion might have been either localized upwelling or
a more widespread rise of the chemocline, possibly leading to erup-
tions of H2S into the ocean-surface layer and atmosphere (Kump et
al., 2005). The observation that incursions of sulfidic waters occurred
repeatedly (Algeo et al., 2007, 2008) suggests a possible cause for the
delayed recovery of benthic shallow-marine communities during the
Early Triassic (Payne et al., 2006; Bottjer et al., 2008). A recent study
argued on the basis of water-column δ13C gradients that marine pri-
mary productivity increased rather than decreased in the South
China region during the Early Triassic (Meyer et al., 2011). However,
a reanalysis based on a spatially and bathymetrically broader dataset
demonstrated that the Early Triassic steepening of vertical δ13C gradi-
ents in South China seas was due mainly to intensified water-column
stratification rather than to enhanced marine productivity (Song et
al., this volume) and, hence, is not at odds with the conclusions of
the present study.

The possibility that the marine productivity crash was caused by
volcanism warrants consideration given the close association be-
tween the LPME and volcanic ash layers in South China PTB sections.
Although the eruption of the Siberian Traps was the likely trigger for
the LPME (Reichow et al., 2009), it is difficult to envision how this
event could have been responsible for marine environmental changes
in South China without producing similar effects over a broader area
of the globe (Fig. 2A). The South China region itself was volcanically
active during the Permian–Triassic transition, as shown by volcanic
ash layers in many sections (Yin et al., 1992; Feng et al., 2007; Tong
et al., 2007; Xie et al., 2010; Shen et al., 2012), including the “bound-
ary clay” of Bed 25 at Meishan (Yin et al., 2001; Xu et al., 2007). These
volcanic ash layers are thought to have been generated in a
subduction-zone volcanic arc along the South China–Indochina plate
margin (Fig. 2B). Large volcanic eruptions can be detrimental to ma-
rine life in various ways, as shown at a small scale by the 1991 erup-
tion of Mount Pinatubo in the Philippines, which deposited an ash
layer across the South China Sea that thinned from ~10 cm to a feath-
er edge distally (Wiesner et al., 1995). The ash layer prevented verti-
cal migration of benthic taxa as well as the downward diffusion of
ng the Permian–Triassic boundary crisis: An analysis of organic carbon
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dissolved oxygen, thus inducing porewater anoxia at shallow depths
and causing steep declines in foraminifer abundance and diversity
(Hess and Kuhnt, 1996; Haeckel et al., 2001; Kuhnt et al., 2005). The
effects of volcanism on marine plankton are more poorly known: vol-
canic ash might be either helpful through fertilization effects (Frogner
et al., 2001) or harmful through reduction of light penetration, depo-
sition of toxic trace metals, and acidification of surface waters
(Felitsyn and Kirianov, 2002; Sansone et al., 2002; Paytan et al.,
2009). The main difficulty in evoking a volcanic mechanism as the
cause of the productivity crash in South China PTB sections is that
the effects of such an event should have dissipated rapidly, yet (as
noted above) low levels of productivity persisted for at least several
100 kyr following the LPME.

4.3. Enhanced primary productivity in the Early Triassic ocean?

Although the positive covariation between OC fluxes and BARs in
non-Chinese PTB sections (Fig. 10) is likely to have been controlled
principally by sedimentation rate influences on organic matter pres-
ervation (see Section 3.5), the possibility that Early Triassic marine
primary productivity were generally elevated should not be dis-
missed. Elevated primary productivity rates during the Early Triassic
have been inferred recently on the basis of (1) rapid expansion of
the oceanic oxygen-minimum zone at the LPME (Algeo et al., 2010,
2011b), and (2) large shallow-to-deep C-isotopic gradients (Meyer
et al., 2011; Song et al., this volume). A possible trigger for productiv-
ity increases was a major soil erosion event that occurred just prior to
the LPME (Ward et al., 2000; Retallack, 2005; Sephton et al., 2005; Xie
et al., 2005, 2007; Wang and Visscher, 2007), which was followed by
sustained high rates of chemical weathering in land areas during the
Early Triassic (Sheldon, 2006; Algeo and Twitchett, 2010). These
events would have liberated essential nutrients (especially N and P)
from soils and bedrock and transferred them to marine ecosystems
via river runoff (Fig. 1B; cf. Algeo et al., 1995, 2001). Elevated nutrient
inventories in ocean-surface waters stimulated primary productivity
and triggered changes in phytoplankton community composition fa-
voring taxa better adapted to eutrophic conditions (see Section 1;
Algeo et al., 2011a). Similar effects have been observed in modern
marine systems subject to elevated fluxes of anthropogenic nutrients
(Helly and Levin, 2004; Diaz and Rosenberg, 2008). Elevated nutrient
levels and enhanced primary productivity may have been a contribut-
ing factor to the widespread development of oceanic anoxia at the
PTB (Fig. 1B; cf. Winguth and Maier-Reimer, 2005; Meyer et al.,
2008). However, these effects may have been relatively short-lived
(b100 kyr?), as marine productivity rates appear to have declined
during the Early Triassic in some regions, such as the Canadian West-
ern Sedimentary Basin (Schoepfer et al., 2012).

5. Conclusions

PTB sections from South China exhibit abrupt declines in TOC and
OCAR from the Changhsingian (latest Permian) to the Griesbachian
(earliest Triassic), a pattern not observed for sections in other regions.
This pattern cannot be explained through secular changes in sedi-
mentation rates, sedimentary facies, or redox conditions, all of
which would have favored higher TOCs and OCARs during the Gries-
bachian, nor can it be accounted for through loss of OC during transit
in the water column or diagenesis in the sediment. The most likely
explanation is a collapse of marine primary productivity across the
South China region that commenced at the LPME and continued for
hundreds of thousands of years into the Early Triassic. This productiv-
ity crash and the concurrent extinctions among the benthic marine
fauna coincided with the deposition of the “boundary clay” at
Meishan D, an association that suggests that a major explosive volca-
nic eruption of uncertain provenance triggered the PTB crisis. In other
PTB sections globally, OCARs increased on average by a factor of ~4×
Please cite this article as: Algeo, T.J., et al., Plankton and productivity duri
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across the LPME, largely as a function of a concurrent increase in
BARs. Increasing BARs during the Early Triassic were probably due
to elevated rates of subaerial weathering and fluxes of detrital mate-
rial to shallow-marine systems. Intensification of chemical weather-
ing relative to physical weathering is likely to have increased the
flux of nutrients to the Early Triassic ocean, leading to an increase in
marine productivity that may have contributed to the development
of widespread marine anoxia.
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