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Abstract

Pyrite framboid evidence from the Permian—Triassic global stratotype at Meishan, China, indicates the late Permian mass
extinction is closely associated with a dramatic decline of benthic oxygen levels. Sizes and abundances of the framboids were
determined from acid residues and in situ on polished sections of the samples. The framboids are abundant in the thin pyrite lamina
on the top of Bed 24e (the upper layer of Bed 24), and Beds 25, 26 and 29, rare in Bed 24e and Bed 28, but absent in Bed 27. They
have narrow size distributions with average diameters from 4.6 um to 8.7 um which are similar to those formed under anoxic/
dysoxic conditions. The abundances and mean diameters of the pyrite framboids indicate redox conditions of deposition changing
from upper dysoxia (Bed 24e) and lower dysoxia (pyrite lamina, Beds 25 and 26) to oxygenation (Bed 27), and again to upper
dysoxia (Bed 28) and lower dysoxia (Bed 29). Our discovery confirms a worldwide dysoxic marine event during the Permian—
Triassic transition, suggestive of a direct relationship with the Permian—Triassic marine mass extinction.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction 1993; Erwin et al., 2002). Massive volcanic eruptions
(Campbell et al., 1992; Yin et al., 1992, 2007; Renne

The mass extinction of the Permian—Triassic bound- etal., 1995; Bowring et al., 1998; Courtillot et al., 1999;

ary (hereafter PTB) is one of the most severe events in
the Earth’s evolutionary history. However, causes of the
event are a long-standing controversial issue (Erwin,
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Lo et al., 2002; Kamo et al., 2003; Grard et al., 2005),
bolide impacts (Xu and Yan, 1993; Retallack et al.,
1998; Becker et al., 2001; Kaiho et al., 2001; Basu et al.,
2003; Becker, 2004), or coincidence of them (Zhou
et al., 1991; Chai et al., 1992; Jin et al., 2000) were
proposed to explain the global changes of the
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ecosystem. One of the possible catastrophic changes
was marine anoxia (Wignall and Twitchett, 1996;
Isozaki, 1997; Grice et al., 2005; Wignall et al., 2005).
A line of evidence for the marine anoxia is common or
abundant pyrite framboids in the sections, which are
spherical aggregates of pyrite microcrystals and similar
to those in modern/ancient marine sediments formed
under oxygen-restricted conditions (Wilkin et al., 1996,
1997; Wignall and Newton, 1998). The occurrence and
morphology of pyrite framboids are sensitive to the
redox conditions. Euxinic pyrite framboids usually form
at depths close to the redox boundary, and they rarely
exceed 6 pm in diameter before sinking to the seafloor.
Secondary growth of the framboids is limited in anoxic
environments (O,-free). Thus, a narrow size distribution
of pyrite framboids indicates euxinic conditions (H,S-
bearing, O,-free bottom waters) (Bond et al., 2004;
Racki et al., 2004). Other morphologies of pyrite, in-
cluding large euhedral crystals and amorphous lumps,
have no obvious correlation with oxygen-restricted
biofacies (Wignall and Newton, 1998).

Pyrite framboids were reported as key evidence of
anoxia in the PTB sections at eastern Greenland
(Wignall and Twitchett, 2002), southwestern Japan
(TIsozaki, 1997), Sosio valley (Wignall and Twitchett,
2002), Italy (Wignall and Twitchett, 1996), Slovenia
(Wignall and Twitchett, 1996), and Kashmir (Wignall
et al.,, 2005). The PTB section at Meishan, China, is
referred to as the Global Stratotype Section and Point
(GSSP) of the Permian—Triassic Boundary (Yin et al.,
2001, 2005). However, no pyrite framboids were
hitherto reported in the Meishan PTB event layer (the
pyrite lamina) or in the layers of clay (Bed 25) and
mudstone (Bed 26). Jin et al. (2000) found some pyrite
framboids only in the overlying (Bed 29) and underlying
(Bed 24) beds of the Meishan PTB section, and they
suggested that the severe mass extinction recorded in
Bed 25 was not related to marine anoxia. However,
Wignall and Twitchett (2002) suggested anoxic condi-
tions of the Meishan PTB section. Jiang et al.(20006)
measured contents and sulfur isotopic compositions of
pyrite near PTB in Meishan section. However, they
didn’t notice pyrite framboids. In this paper, we report
the first discovery of pyrite framboids in the pyrite
lamina and in Beds 25 and 26 at Meishan PTB section,
and discuss the depositional conditions and the
relationship with the PTB mass extinction event.

2. Samples and experiments

Samples were collected from Bed 24e to Bed 29 at
the quarry C, Meishan section (Fig. 1). The PTB,
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Fig. 1. The strata sequence of the Meishan PTB section, plotted with
redox conditions indicated by the size distributions of the pyrite
framboids. The main mass extinction event occurs at the pyrite lamina,
which coincides with the drop of oxygen levels.

defined by the first appearance of Hindeodus parvus,
occurs at the base of Bed 27¢ (Yin et al., 2001, 2005).
The pyrite lamina (about 3 mm) on the top of Bed
24e was referred to as the event-stratigraphic
boundary (Jin et al., 2000; Li et al., 2005; Shen
et al., 2006).

Two or three polished blocks of each bed were made
for in situ observation of pyrite framboids. The samples
were embedded in epoxy, and then ground and polished
with oil in order to avoid swelling of the mudstone and
clay in water. In addition, another set of samples, i.c.
about 40 g each from Beds 25 and 26, and about 5 g
each from Beds 24, 27, 28 and 29, were etched first
with 3 M HCI to dissolve carbonate and then with 10 M
HF/1 M HCl to destroy silicates. The acid residues were
washed with distilled water for three times, and then
aliquots of the residues were deposited on glass slides
for observation.

Both polished blocks and acid residues were
observed with a FEI Quanta 400 scanning electron
microscope (SEM) equipped with a GENESRS 2000
energy dispersive spectrometer (EDS) in the Key
Laboratory of Marginal Sea Geology, Guangzhou
Institute of Geochemistry and South China Sea Institute
of Oceanology, Chinese Academy of Sciences. The
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Fig. 2. In situ occurrences of pyrite framboids from the Meishan PTB section. (A) Pyrite framboids in Bed 24e, showing the spheroidal assemblages
of submicron-sized crystals of pyrite. Backscattered electron image with a scale bar of 2 pm; (B) Pyrite framboids (arrows) enclosed within lumps of
pyrite in the pyrite lamina. Backscattered electron image with a scale bar of 10 um; (C) Abundant pyrite framboids in Bed 26. Secondary electron
image with a scale bar of 10 pm; (D) A tube-like pyrite framboid in Bed 26. Secondary electron image with a scale bar of 2 um; (E) Pyrite framboids

in Bed 26, one has an unusually large size. Backscattered electron image with a scale bar of 10 um; (F) Pyrite framboids in Bed 29. Backscattered
electron image with a scale bar of 10 pm.
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accelerating voltage is 20 kV, and spatial resolution of
the secondary electron image is better than 3 nm.
Statistical counting and measurement of pyrite fram-
boids were performed on the images, using photo-
graphical software XT DOCU. The measured apparent
diameters of pyrite framboids are smaller than the true
values, but the deviation is less than 10% (Wilkin et al.,
1996; Wignall and Newton, 1998).

3. Results
3.1. Pyrite framboids observed in situ

Pyrite framboids are spheroidal to sub-spheroidal
assemblages composed of sub-micron crystals of py-
rite (Fig. 2). Other occurrences of pyrite are cubic
crystals and irregular lumps. The framboids were
abundant in the pyrite lamina and in Beds 26 and 29,
rare in Beds 24e and 25, and absent in Beds 27 and
28 (Table 1).

3.1.1. Bed 24e

Only 8 framboids were observed in a 1.2 cm? area of
the polished block. Most of the framboids are 4—5 um in
diameter, with a maximum of 12.2 pm (Fig. 2A).

3.1.2. Pyrite lamina

Pyrite framboids are common, mainly interstitial to
or enclosed in the pyrite lumps (Fig. 2B). The sharp
boundaries between the framboids and pyrite lumps
indicate that the morphology of the framboids was little
modified during diagenesis. The mean diameter of the
framboids is (1o) 5.4+1.7 pm.

Table 1
Statistics of pyrite framboids in the sediments of the Meishan PTB
section

Strata Framboid content  Framboids Depositional
(number per mm?)  size® (um) conditions®

Bed 29 517 5.0+2.8 Lower dysoxic
(n=46)

Bed 28° - 8.7+2.0 Upper dysoxic
(n=24)

Bed 27 - No framboid  Oxic

Bed 26 945 4.6+3.5 Lower dysoxic
(n=104)

Bed 25°¢ - 6.0+2.7 Lower dysoxic
(n=89)

Pyrite lamina 180 5.4+1.7 Lower dysoxic
(n=27)

Bed 24¢ 7 Rare Upper dysoxic

? Mean diameter+ 1o, in parentheses is the statistic numbers.
° After the definition of Bond et al. (2004) and Racki et al. (2004).
¢ Acid etched samples.

3.1.3. Bed 25

Only 5 framboids were observed in the polished
block. The largest one has a diameter of about 10 pm,
and the other four are within 2—5 pm in diameter. It
is possible that most framboids were lost during
polishing process because of the very soft surface of
clay. A large number of the framboids were found in
the etched residue of the sample (see the next
subsection).

3.1.4. Bed 26

Framboids are abundant (945 per mm?). Most of the
framboids occur as clusters (Fig. 2C and E), and some
of them are interstitial to the clumps of pyrite. The
framboids show no genetic relationship with the
clumps of pyrite. The mean diameter of the framboids
is (1o) 4.643.5 um, slightly smaller than that of those
in the pyrite lamina, but with a larger standard devi-
ation than the latter. A few of the framboids are over-
grown, with sizes up to 30 pm. In addition, there are a
few of tube-like framboids (2.7x17.7 um) (Fig. 2D),
which were probably formed by different kinds of
microorganism.

3.1.5. Beds 27 and 28
No pyrite framboid was found.

3.1.6. Bed 29

The pyrite framboids are abundant (517 per mm?),
and occur as single assemblages (Fig. 2F). The mean
diameter is (1o) 5.0£2.8 pm.

3.2. Pyrite framboids in the etched residues

As described above, abundant framboids were
found in situ in the pyrite lamina and in Beds 26 and
29. In contrast, only a few grains were observed in Bed
25 and none in Bed 28. The low abundance of
framboids in Bed 25 and their absence in Bed 28 are
inconsistent with previous estimation of anoxic condi-
tions (Wignall and Twitchett, 2002). In order to re-
confirm the in situ results, the other set of the samples
were etched with HC1 and HF, and the residues were
observed with SEM. The residues consist predomi-
nantly of pyrite, and the abundances of the residues are
0.28% (Bed 24e), 1.70% (Bed 25), 4.65% (Bed 26),
1.33% (Bed 27), 5.03% (Bed 28) and 1.60% (Bed 29),
respectively.

3.2.1. Bed 24e
Pyrite is extremely small in size (<1 pum). No
framboid of pyrite was found.
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3.2.2. Bed 25

The residue consists predominantly of pyrite
(Fig. 3A), with ~40 vol.% as framboids, ~ 50 vol.% as
euhedral crystals and 10 vol.% as irregular lumps. The
diameters of the framboids rang from 2.4 umto 16.7 um
with a mean value of (10) 6.0+2.7 pm.

3.2.3. Bed 26

The acid residues of Bed 26 are nearly pure pyrite,
and the predominant grains (>90%) are framboids with
a few of cubic crystals (Fig. 3B). The framboids are
similar to those observed in situ described above.
Measurement of 135 framboids gives a mean diameter
of (10) 5.2£2.8 um, which is slightly larger than the in
situ observation (4.6+3.5 um). Tube-like framboids of
pyrite were also found in the residues, similar to those
observed in situ.

3.2.4. Bed 27

No framboids were found in the etched residue,
confirming the absence of the framboids in the polished
block.

3.2.5. Bed 28

The etched residue contains very low abundance of
the framboids, with only 24 assemblages (Fig. 3C)
observed in an area of 0.25 mm?. This is consistent with
the failure of in situ discovery of the framboids. The
sizes of the framboids range from 4.3 pm to 11.8 pm
with a larger mean diameter (8.7+£2.0 pm) in compar-
ison with those in other beds.

3.2.6. Bed 29
The framboids are common in the etched residue,
usually smaller than 6 um in diameter (Fig. 3D).

20 Um

Fig. 3. Secondary electron images of pyrite framboids in the HCI-HF etched residues from the Meishan PTB section. (A) The residue of Bed 25,
consisting of nearly pure pyrite with about 40% as framboids. The scale bar is 10 um; (B) The residue of Bed 26, consisting of predominant pyrite
framboids with a few cubic or irregular grains of pyrite. The scale bar is 10 pm; (C) The acid residue of Bed 28, consisting mainly of cubic and
framboidal pyrite. The scale bar is 10 pm; (D) A pyrite framboid with diameter of about 6 um in the residue of Bed 29. The scale bar is 2 um.



328 W. Shen et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 323—-331

4. Discussion

Based on chalcophile elements, color and lamina of
sediment, bioturbation and occurrence of pyrite (but
not in the form of framboids), Wignall and Twitchett
(2002) suggested a variation sequence of the redox
condition in the Meishan PTB section, from oxygen-
ation (Bed 24e), anoxia (pyrite lamina), anoxia
(Bed 25), progressive oxygenation (Bed 26), oxygen-
ation (Bed 27), anoxia (Bed 28), and to oxygenation
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(Bed 29). However, Erwin et al. (2002) criticized that
the laminated sediments and the absence of active
bioturbation may have reflected not a condition of
anoxia, but the mass extinction. In addition, part of the
pyrite was formed during diagenesis. Jin et al. (2000)
found no pyrite framboids in Bed 25, 26 or 28, and
concluded that there was no any anoxic event
contemporary with the mass extinction at Meishan
section. Jiang et al. (2006) determined the contents
and sulfur isotopic compositions of pyrite near the
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Fig. 4. Size distributions of the pyrite framboids in the Meishan PTB section. D = mean diameter of the framboids (um); SD = standard deviation of

the measurements; n = numbers.
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PTB in Meishan section, but they didn’t report any
pyrite framboids.

Our discovery of pyrite framboids renews the studies
in Meishan PTB section. The occurrence of pyrite
framboids in the Meishan PTB section and their size
distributions (small mean diameters of 4.6—8.7 um, and
the standard deviations of 1.7-3.5 pum) are similar to
those reported in modern/ancient marine sediments
formed under anoxic/dysoxic conditions (Wilkin et al.,
1996, 1997; Wignall and Twitchett, 2002; Wignall et al.,
2005), suggestive of dysoxic conditions in the location
of Meishan during the PTB period. Similar pyrite
framboids were reported in several other PTB sections
in eastern Greenland (Wignall and Twitchett, 2002),
southwestern Japan (Isozaki, 1997), Sosio valley
(Wignall and Twitchett, 2002), Italy (Wignall and
Twitchett, 1996), Slovenia (Wignall and Twitchett,
1996), and Kashmir (Wignall et al., 2005), and they
were referred to as an indicator of oxygen-poor depo-
sitional conditions.

Bond et al. (2004) and Racki et al. (2004) pointed
out abundant and small framboids (<5 pm), probably
with rare larger assemblages, are indicative of lower
dysoxic deposition; common or rare framboids with a
broad size range are indicative of upper dysoxic
deposition; absence of framboids is indicative of oxic
deposition. Lower and upper dysoxia represent two
different extents of oxygen deficiency, and the former
is more serious. Thus, oxygen level of each bed in
Meishan section can be determined accordingly. Bed
26 and 29 have abundant small framboids, but with a
broad size range of framboids (standard deviation
>2 pm, Table 1; Fig. 4) and intense bioturbation
(Wignall and Twitchett, 2002). Their depositional
conditions are referred to as lower dysoxia. The fram-
boids in Bed 25 and the pyrite lamina are slightly
bigger, but still less than 6 um (Table 1; Fig. 4),
indicative of lower dysoxic depositions too. In contrast,
the average diameter of framboids in Bed 28 is signi-
ficantly larger than 6 um, and the framboids in Bed
24e are rare, suggestive of upper dysoxic deposition
(Table 1; Fig. 4).

According to the abundances and size distributions of
the pyrite framboids in the Meishan PTB section, we
suggest a sequence of the redox conditions as below:
upper dysoxia (Bed 24e), lower dysoxia (pyrite lamina),
lower dysoxia (Bed 25), lower dysoxia (Bed 26),
oxygenation (Bed 27), upper dysoxia (Bed 28), and
lower dysoxia (Bed 29) (Fig. 1; Table 1). It is noticed
that dysoxic conditions were prevailing during the PTB
event at the Meishan section. The white clay of Bed 25
and pyrite lamina are volcanogenic. Based on the

contents of pyrite and its sulfur isotopic compositions of
the Meishan PTB samples, Jiang et al. (2006) suggested
that a large volume of H,S from volcanoes probably
added into ocean and caused the water poisonous and
oxygen-poor. The black, organic-rich mudstone of Bed
26 indicates a relative surplus of primary productivity
(Fang, 2004; Xie et al., 2005; Wang, 2007). The abun-
dant small pyrite framboids in Bed 26 were likely
formed due to intensive activity of sulphate reducing
bacteria (Fang, 2004).

The sequence of redox conditions indicated by the
pyrite framboids in the Meishan PTB section is gen-
erally consistent with that proposed by Wignall and
Twitchett (2002). Our new data confirm a worldwide
oxygen-poor marine setting during the PTB event,
which could be related with the marine mass extinction
(Wignall and Twitchett, 1996; Isozaki, 1997; Grice
et al., 2005; Wignall et al., 2005; Wang, 2007; Xie et al.,
2007). The marine dysoxia, together with the terrestrial
oxygen deficiency (Huey and Ward, 2005), is probably
provoked by the intensive volcanism.

5. Conclusions

Pyrite framboids were at the first time found in the
pyrite lamina on the top of Bed 24e and in Beds 25, 26,
28 and 29 in the Meishan PTB section. The size and
abundance distributions of the pyrite framboids indicate
dysoxic deposition that coincides with the mass
extinction event. The discovery of pyrite framboids in
the Meishan section confirms a worldwide oxygen-poor
marine setting during the PTB period (Wignall and
Twitchett, 2002), suggestive of a genetic relationship
with the PTB marine biotic crisis.
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