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Euxinia was widespread during and after the end-Permian mass extinction and is commonly cited as an
explanation for delayed biotic recovery during Early Triassic time. This anoxic, sulfidic episode has been
ascribed to both low- and high-productivity states in the marine water column, leaving the causes of euxinia
and the mechanisms underlying delayed recovery poorly understood. Here we use isotopic analysis to
examine the changing chemical structure of the water column through the recovery interval and thereby
better constrain paleoproductivity. The δ13C of limestones from 5 stratigraphic sections in south China
displays a negative gradient of approximately 4‰ from shallow-to-deep water facies within the Lower
Triassic. This intense gradient declines within Spathian and lowermost Middle Triassic strata, coincident with
accelerated biotic recovery and carbon cycle stabilization. Model simulations show that high nutrient levels
and a vigorous biological pump are required to sustain such a large gradient in δ13C, indicating that Early
Triassic ocean anoxia and delayed recovery of benthic animal ecosystems resulted from toomuch productivity
rather than too little.
.
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1. Introduction

Nearly nine in tenmarine animal species were lost at the Permian–
Triassic (P–T) boundary and terrestrial ecosystems were similarly
devastated (Erwin, 2006). Recovery of benthic marine ecosystems
was largely delayed for ~5 Ma until the end of the Early Triassic
(Erwin, 2007; Hallam, 1991; Payne et al., 2004); the pace of recovery
accelerated during the Middle Triassic, exemplified by the return of
reef ecosystems and the first occurrence of modern reef-building
corals (scleractinians) (Flugel, 2002). Extensive and persistent marine
anoxia and euxinia are widely cited as the primary factor limiting
recovery during Early Triassic time (Hallam, 1991; Isozaki, 1997;
Wignall and Twitchett, 2002a,b). Middle Triassic diversification
coincided with the waning of anoxia and stabilization of the global
carbon cycle (Grice et al., 2005; Payne et al., 2004; Wignall and
Twitchett, 2002a,b). However, the oceanographic mechanisms re-
sponsible for these phenomena remain poorly constrained.

Two contrasting scenarios could relate euxinia to the associated
state of marine productivity during the Permian and Triassic. Climate
warming at the end of the Permian could have reduced rates of
physical circulation, leading to oceanic anoxia and to a collapse of the
biological pump (Rampino and Caldeira, 2005). The ensuing low-
productivity ocean (Twitchett, 2006; Twitchett et al., 2001) could have
delayed the recovery of marine animal ecosystems through inade-
quate food resources (Twitchett et al., 2001) and habitat restriction
from shallow-marine anoxia (Wignall and Twitchett, 2002a). Alter-
natively, high levels of primary production in the surface ocean could
have sustained anoxic and sulfidic conditions and thereby repressed
the recovery of marine animal communities through habitat restric-
tion from anoxia and, potentially, domination of primary productivity
by bacteria with low nutrient value to animal consumers (Hotinski
et al., 2001; Meyer et al., 2008; Payne and Finnegan, 2006; Payne
and van de Schootbrugge, 2007; Xie et al., 2005).

Both the low- and high-productivity scenarios can account for
many aspects of the P–T biological and geochemical records, but the
substantial marine biogeochemical differences between these hy-
potheses imply contrasting states of the Early Triassic Earth system
and divergent mechanisms for eventual restoration of oxic oceans and
associated biotic recovery. Under the low-productivity scenario,
climate warmth and reduced ocean circulation would have limited
oxygen supply and recovery would reflect climate cooling and an
associated enhancement of meridional circulation. Under the high-
productivity scenario, enhanced nutrient delivery would have fueled
primary production in excess of the oxygen available for respiration of
that organic matter; recovery would reflect reduced nutrient
availability, productivity, and associated oxygen demand.

Comparison of carbon isotope (δ13C) values along a depth gradient
in Lower Triassic rocks provides a test between the low- and high-
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productivity scenarios. In the modern ocean, the transport of
nutrients and organic matter from surface waters to the deep ocean,
the “biological pump,” causes a vertical separation of surface water
carbon fixation from the deeper water remineralization. The kinetic
isotopic effect associated with photosynthesis enriches the surface
waters in 13C of inorganic carbon and the remineralization of
13C-depleted organic matter at depth maintains a δ13C gradient of
approximately 2‰ in dissolved inorganic carbon (DIC) today. Ifmarine
primary productivity was greatly reduced during Early Triassic
time, the δ13CDIC gradient from shallow to deep water would have
been smaller than present. Conversely, if productivity was elevated,
the vertical gradient in the δ13C of dissolved inorganic carbon (δ13CDIC)
would have been larger (Hilting et al., 2008).
2. Field setting and methods

To examine the strength of the biological pump during recovery
frommass extinction, wemeasured the δ13C composition of limestone
samples from the Great Bank of Guizhou (GBG), an exceptionally
exposed carbonate platform in the Nanpanjiang Basin of south China.
A syncline dissects the GBG, providing a cross-sectional exposure of
thick Upper Permian through Middle Triassic stratigraphic sections
along a paleobathymetric gradient from the shallow-water (intertidal
to tens of meters) platform interior to deep-water (hundreds of
meters) basin margin environments (Fig. 1) (Lehrmann et al., 1998).
Sections are correlated based upon physical stratigraphic relations
and conodont and foraminiferan biostratigraphy (Lehrmann et al.,
1998; Payne et al., 2004).
Fig. 1. (A) Paleogeographic map of the Early Triassic GBG, modified after (2). Inset: The stippl
Block. (B) Schematic cross section of the GBG, modified after (Payne et al., 2004). The verti
Geochemical and stable isotopic analyses were performed in the
Stanford University Stable Isotopic Laboratory. Limestone samples
were powdered using a 0.8 mm dental drill bit. Micrites were
selectively sampled, and calcite veins and fossils were avoided.
Dolomitized intervals of Laolaicao and Dajiang were also sampled, but
at a lower density, for completeness. For δ13C and δ18O analysis, 60–
100 μg of dried powder was added to a glass reaction vial. Samples
were individually acidified with H3PO4 at 70 °C for 600 s and analyzed
using a Finnigan Kiel III carbonate device coupled to a MAT 252
isotope ratio mass spectrometer. Isotopic composition is reported in
standard delta notation relative to the VPDB standard. Analytical
precision was better than 0.055‰ for oxygen and 0.035‰ for carbon
based on replicate measurements of a laboratory standard. For trace
metal analysis, ~2 mg of dried, powdered limestone was dissolved in
1 M acetic acid. After centrifugation, the supernatant was removed
and subjected to trace metal analysis (Mn, Sr) as well as Ca and Mg
analysis using a TJA IRIS Advantage/1000 Radial ICAP Spectrometer
with a solid state CID detector. Analytical precision was better than
5%. Weight percent CaCO3 was determined using a UIC Model 5011
CO2 Coulometer and a UIC Model 5030 acidification module;
analytical precision was better than 1%.

3. Results

The Lower Triassic δ13C records of all five stratigraphic sections
presented in Fig. 2 show multiple carbon isotope shifts of up to
8‰ occur across the Permian–Triassic (P–T) boundary and extend
into the Lower Triassic. The pattern and magnitude of δ13C
variation is consistent with previous findings on the GBG and
ed pattern indicates the Nanpanjiang Basin and the brick pattern represents the Yangtze
cal bars illustrate the locations of the stratigraphic sections within the GBG.



Fig. 2. Carbon isotopic data from all stratigraphic sections across the GBG. The time scale is based on conodont biostratigraphy from Guandao (2), and correlations are suggested
based upon lithostratigraphic relationships (red) and carbon isotope trends (blue). Foraminifer (a–d) and conodont (e–p) first occurrences (except where noted): a. LAD
Rectocorniospira kalhori, b. Pilammina densa and Meandrospira dinarica, c. Aulotortus praegaschei, d. Endotriadella wirzi, e. Neogondolella changxingensis, f. Hindeodus parvus, g.
Neospathodus dieneri, h. Ns. waageni, i. Ns. bansoni, j. Ns. honeri/symmetricus, k. Chiosella timorensis, l. Nicoraella germanicus/kockeli, m. Paragondolella bulgarica, n. Ng. constricta, o.
Budurovignathus mungeonsis, and p. Metapolygnathus polygnathiformis.
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elsewhere in the Paleo-Tethys and Panthalassic Oceans (Atudorei,
1999; Horacek et al., 2007a,b, 2009; Payne et al., 2004; Richoz,
2004; Tong et al., 2007), indicating that they result from global
secular variations in the isotope composition of the exogenic
carbon reservoir. The δ13C records stabilize near values of +2‰
during the Middle Triassic in platform interior and basin-margin
sections (Fig. 2).
Lower Triassic δ13C values are systematically enriched in the
platform interior samples relative to the coeval slope and basin
margin deposits by 2–4‰ at the peaks of correlative positive and
negative δ13C excursions during the Griesbachian, Dienerian, and
Smithian substages (Fig. 3a). The difference in δ13C between coeval
deposits across the GBG decreases in the Spathian, and post-Bithynian
Middle Triassic platform interior strata is nearly indistinguishable in

image of Fig.�2
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Fig. 3. (a) The Early and Middle δ13C gradient across the GBG. Griesbachian to Smithian platform limestones are systematically enriched by 2–4‰ relative to coeval slope and basin
strata. The δ13C gradient decreases in the Smithian, and in theMiddle Triassic, platform and basinal δ13C values are nearly identical. (b and c) Box plots of diversity and fossil abundance
observed on the GBG from the Late Permian into the Late Triassic. Data from (Payne et al., 2006). (d) Vertical bars show the temporal extent of anoxic or euxinic waters during the Late
Permian and Early Triassic. Evidence is based on sulfur-linked biomarkers (red, (Takahashi et al., 2009)), S/C relationships (orange, (Takahashi et al., 2009)), total organic carbon
(purple, (Takahashi et al., 2009)), bioturbation (green, (Kakuwa, 2008)), framboidal pyrite distributions (grey, (Nielsen and Shen, 2004; Twitchett and Wignall, 1996)), trace metal
relationships (yellow, (Kakuwa, 2008)), sulfur isotopes (brown, (Newton et al., 2004; Nielsen and Shen, 2004)), lithostratigraphy (maroon, (Isozaki, 1997)), and biomarkers for photic
zone euxinia (blue, (Grice et al., 2005)).
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δ13C composition from coeval beds on the basin-margin (Fig. 3a).
Thus, the Lower Triassic interval of large δ13C excursions is also
characterized by a steep platform-to-basin gradient in δ13C, whereas
the post-Bithynian interval of carbon isotope stability is characterized
by little if any carbon isotope gradient from platform to basin. The
magnitude of the isotope gradient is stable through the first half of
the Lower Triassic, assuming a time-equivalence of the local
maxima and minima in the δ13C records across sections. Because
similar isotope excursions occur in sections spanning Tethys and
Panthalassa (Baud et al., 1996; Horacek et al., 2007a,b, 2009), we
interpret the minima and maxima as time-correlative across
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Fig. 4. Relationship between δ13C and δ18O for Dajiang, Laolaicao, and Bianyang limestones. T
0.22, and 0.02, respectively.
sections. Any offset in the timing of isotope excursions among our
sections (within biostratigraphic and lithostratigraphic constraints)
would imply a large but fluctuating isotope gradient during
Early Triassic time; no biostratigraphically permissible correlation
scheme can remove the isotope gradient because the heaviest δ13C
values from the platform interior are several permil greater than
those from the basin margin, and the lightest δ13C values from the
basin margin are several permil lighter than those from the
platform interior. The near absence of an isotope gradient during
the Middle Triassic is also insensitive to variation in stratigraphic
correlation within available biostratigraphic constraints.
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he coefficients of determination (R2) for linear regressions through these data are 0.04,
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4. Discussion

The results presented in Fig. 2 are consistent with the high-
productivity scenario for the Early Triassic oceans with the isotope
gradient reflecting differing δ13C composition of shallow and deep
waters during cementation; they are not predicted under the low-
productivity scenario. The observed δ13C gradient across the GBG
could, in principle, also result from other processes: changes in the
mixing ratio of sediment sources and minerals (aragonite versus
calcite) with differing isotope compositions across the platform;
preferential meteoric diagenesis of shallow-water strata; or greater
diagenetic remineralization of organic carbon in deep-water settings.
Detailed consideration of these alternatives shows that none can fully
account for the observations.

Carbon isotopes are fractionated differently relative to seawater
during aragonite versus calcite precipitation, so environmental and
stratigraphic variation in carbonate mineralogy can produce δ13C
variability within and among facies and stratigraphic sections
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Fig. 5. Carbonate content (filled circles) and δ13C (open circles) plotted against stratigraph
Bianyang, percent carbonate and δ13C do not co-vary.
(Reuning et al., 2005; Swart and Eberli, 2005). However, the ~2‰
depletion of calcite relative to aragonite precipitated from the same
water (Romanek et al., 1992) is too small to account for the
differences in δ13C between the platform interior and slope or the
secular trends in δ13C within stratigraphic sections. Moreover, nearly
all carbonate sediment production probably occurred on the
platform top. This view is supported by the general lack of
carbonate-secreting plankton in the Triassic and the observation
that slope sections contain abundant calciturbidites bearing skeletal
and non-skeletal grains derived from shallow water environments
(Lehrmann et al., 1998). Thus, changes in the proportional
contribution of aragonite versus calcite to the platform sediments
are unable to account for the extent of spatial and temporal
variability in δ13C.

Subaerial exposure andmeteoric diagenesis could provide a source
of isotopically depleted carbon and oxygen that would exchange with
C and O in carbonate sediments. This process would lead to depleted
δ13C and δ18O in the platform interior relative to deeper water
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ic height for the Bianyang and Laolaicao localities. With the exception of the base of
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sections (Immenhauser et al., 2002; Knauth and Kennedy, 2009), a
pattern opposite in sense to that observed on the GBG. Further,
oxygen and carbon isotope values on the GBG do not exhibit the
positive correlation predicted to accompany a significant meteoric
alteration (Fig. 4; Knauth and Kennedy, 2009).

Because organic carbon is 13C-depleted relative to normal marine
DIC (generally near—30‰), precipitation of carbonate cements
derived from remineralized organic carbon in porewaters during
early diagenesis can decrease the δ13C of limestone. Thus, higher
initial organic carbon content or more efficient respiration of organic
matter within basinal sediments could produce a gradient in δ13C.
Triassic strata on the GBG have very high percent carbonate (Fig. 5), so
the amount of organic matter-derived carbonate that would be
required to produce the gradient is large. Given the measured
platform δ13C values and an observed 4‰ gradient, 20% of the slope
carbonate would have to be derived from organic carbon reminer-
alized within the sediment to be responsible for the observed
gradient. Low TOC in Triassic strata from the platform top (b0.2%
TOC; Krull et al., 2004) indicates that sufficient organic carbon to drive
such a shift was unavailable on the platform top. Such a large
contribution of organic-derived carbonate cannot be completely ruled
out for the slope strata. However, it would be unlikely if the GBG
sediments on the platform top and slope were similar to their
counterparts on modern carbonate platforms, which generally
contain little organic matter (Schwarz and Rendle-Buhring, 2005).
Remineralization of organic matter within the slope sediments could
more easily account for the observed gradient in the (~5) samples
with the most negative δ13C values at the base of the Bianyang
section, because these lower-carbonate samples would have
required less respired organic matter to produce depleted δ13C
values. Alternatively, authigenic methane production in platform
interior sediments could elevate δ13C relative to basinal limestones;
the incorporation of oxidized methane into carbonate cements
would reduce δ13C values. However, because methanogenesis and
methane oxidation are predicted to be spatially variable, the data do
not support this possibility.

We prefer to interpret the more depleted δ13C values toward the
basin as reflecting DIC input from 13C-depleted deep waters during
early diagenesis in a highly productive ocean for three reasons: 1)
differences in isotope composition during initial sediment production
appear unlikely because the bulk of the carbonate sediment on the
slope was produced on the platform and subsequently transported to
deeper water; 2) the alternatives discussed above fail to account for
the magnitude and direction of the Lower Triassic isotope gradient;
and 3) alternative scenarios also fail to explain why the collapse of the
isotope gradient coincides with carbon cycle stabilization and
accelerated biotic recovery in the GBG (Fig. 3b and c). Under the
high productivity scenario, the collapse of the isotope gradient is
predicted to mark a reduction in productivity levels and an associated
transition back to an oxygenated, lower-nutrient ocean, explaining
the isotope gradient's association with biotic recovery. As hypothe-
sized, global evidence for anoxia wanes in the Middle Triassic
(Fig. 3d), and is coeval with GBG carbon cycle stabilization and biotic
recovery.

Biogeochemical modeling provides a quantitative framework for
understanding the relationships between primary productivity, ocean
redox, and δ13C during the Permian and Triassic. Using an Earth
system model of intermediate complexity configured to end-Permian
conditions, Meyer et al. (2008) explored controls on marine euxinia
by varying the phosphate content of the ocean. The focus of the study
was on phosphate and sulfur biogeochemistry, but the model also
generated δ13CDIC results. Fig. 6 reports the model-generated vertical
δ13CDIC, O2, and H2S gradients at modern and 10x modern phosphate
levels. As oceanic phosphate increases in the simulations, primary and
export productivity increase and the vertical δ13CDIC gradient
expands. At the same time, enhanced oxygen demand promotes
anoxic and sulfidic conditions at depth. A tripling of the modern
phosphate reservoir is required to produce [H2S] that is spatially
consistent with geological data and a vertical δ13CDIC gradient of 4‰,
the minimum needed to account for our observations. A higher
phosphate concentration and consequently larger isotope gradient
are more likely, given the incomplete exchange of carbonate carbon
during cementation. Low productivity (i.e., low nutrient) scenarios
fail to reproduce the observed δ13C gradient in the marine water
column.

There are few direct constraints on Early and Middle Triassic rates
of primary production elsewhere, but whatever evidence exists
suggests high productivity was not limited to the Nanpanjiang
Basin. Molecular and isotopic data from Meishan and Spitsbergen
support the notion of high productivity at the P–T boundary globally
(Grice et al., 2005; Nabbefeld et al., 2010). Widespread geochemical
and sedimentary evidence for anoxia (Fig. 3) and the occurrence of
biomarkers for anoxygenic phototrophic bacteria throughout the
Lower Triassic on the GBG and elsewhere (Hays, 2010) indicate the
global persistence of biogeochemical conditions similar to those
observed in the Nanpanjiang Basin throughout Early Triassic time.

5. Conclusions

Siberian trap volcanism and associated contact metamorphism of
carbon-rich sedimentary strata provide a plausible control on the
extent and timing of Early Triassic anoxia and euxinia. These events
coincided with the end-Permian mass extinction and may have
continued through part or all of Early Triassic time (Reichow et al.,
2009), releasing as much as 100,000 Gt C into the atmosphere
(Svensen et al., 2009), perhaps episodically (Payne and Kump, 2007).
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Volatile release and consequent climate warming would have caused
an intensification of the hydrological cycle, increased continental
weathering, and thus additional nutrient (phosphate) delivery to the
oceans, consistent with the large positive excursion in 87Sr/86Sr during
the Early Triassic (Korte et al., 2006). Phosphate liberation from
sediments under anoxic conditions would have functioned as a
positive feedback serving to further elevate productivity and sustain
euxinia (Payne and Kump, 2007; Payne and van de Schootbrugge,
2007; Van Cappellen and Ingall, 1994). Waning of volcanism,
associated volatile release, and consequent silicate weathering
would have reduced the phosphate delivery flux to the oceans,
eventually causing phosphate levels to decline and reducing the
extent of anoxia.

If the temporal correspondence between a large δ13C gradient and
delayed recovery from the end-Permian mass extinction reflects a
causal connection, then the poverty of the Early Triassic fossil record
may be a consequence of too much productivity rather than too little.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.epsl.2010.12.033.
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