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The Permian—Triassic mass extinction is postulated to be related to the rapid volcanism that produced the Siberian flood
basalt (Traps). Unrelated volcanic eruptions producing several episodes of ash falls synchronous with the Siberian Traps are
found in South China and Australia. Such regional eruptions could have caused wildfires, burning of coal deposits, and the
dispersion of coal fly ash. These eruptions introduced a major influx of carbon into the atmosphere and oceans that can be
recognized in the wall structure of foraminiferal tests present in survival populations in the boundary interval strata.
Analysis of free specimens of foraminifers recovered from residues of conodont samples taken at a Permian—Triassic
boundary section at Lung Cam in northern Vietnam has revealed the presence of a significant amount of elemental carbon,
along with oxygen and silica, in their test wall structure, but an absence of calcium carbonate. These foraminifers, identified
as Rectocornuspira kalhori, Cornuspira mahajeri, and Earlandia spp. and whose tests previously were considered to be
calcareous, are confirmed to be agglutinated, and are now referred to as Ammodiscus kalhori and Hyperammina deformis.
Measurement of the 2°’Pb/>**Pb ratios in pyrite clusters attached to the foraminiferal tests confirmed that these tests
inherited the Pb in their outer layer from carbon-contaminated seawater. We conclude that the source of the carbon could
have been either global coal fly ash or forest fire-dispersed carbon, or a combination of both, that was dispersed into the

Palaeo-Tethys Ocean immediately after the end-Permian extinction event.
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1. Introduction

One of the greatest mass extinctions during the history of life
on Earth occurred at the Palacozoic and Mesozoic boundary.
This extinction event was more severe than the one related to
the demise of dinosaurs at the Mesozoic—Cenozoic bound-
ary. More than 90% of terrestrial and marine species became
extinct near the Permian—Triassic boundary (PTB)
(Raup 1979; Hallam and Wignall 1997). In marine biota,
the extinction affected tabulate and rugose corals, several
classes of echinoderms and also some groups of ostracodes,
brachiopods, bryozoans, bivalves, ammonoids, nautiloids,
radiolarians, acritarchs, and foraminifers (Hallam and
Wignall 1997). The cause, or causes, of this severe biotic
extinction event has long been sought, together with the
determination of whether it was gradual, stepped, or abrupt.
To try to answer these questions, many stratigraphic sections
spanning the PTB have been studied using palacontological,
lithological, magnetostratigraphic, and geochemical meth-
ods. After the formal designation of the Permian—Triassic
GSSP (Global Boundary Stratotype Section and Point) was

made at Meishan, China, based on the first occurrence of the
conodont Hindeodus parvus (Yin et al. 2001), many PTB
sections have been reinvestigated using this criterion.
Furthermore, several hypotheses have been proposed that
suggest that multiple interrelated mechanisms caused the
Permian—Triassic extinction. One of the more controversial
proposals is that an extraterrestrial impact (Becker
et al. 2001; Kaiho et al. 2001; Basu et al. 2003) could have
triggered the rapid volcanism that produced the extensive
Siberian flood basalt known as the Siberian Traps (Renne
and Basu 1991; Renne et al. 1995; Kamo et al. 2003; Korte
et al. 2010). This event could, in turn, have led to an
enhanced production of carbon dioxide (Hallam and
Wignall 1997; Brand et al. 2012), a climatic warming
(Hallam and Wignall 1997; Kidder and Worsley 2004;
Joachimski et al. 2012), a change in ocean chemistry to
more anoxic conditions (Wignall and Twitchett 1996;
Isozaki 1997), a significant disturbance of the carbon cycle
(Berner 2002), a change in ocean salinity (Kidder and
Worsley 2004), a large shift in the composition of sulphur
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and strontium isotopes (Newton et al 2004; Riccardi
et al. 2006; Algeo et al. 2008; Kaiho ef al. 2012), and a
denitrification of the water mass (Knies et al. 2013). Drops in
atmospheric oxygen (Weidlich et al. 2003) and sea level have
also been suggested (Hallam and Wignall 1999; Wu
et al. 2010). The extensive volcanism in the northern hemi-
sphere resulting in the accumulation of the Siberian Traps
may have led to the combustion of late Permian coal deposits
and the dispersion of coal fly ash into the oceans (Grasby
et al. 2011; Ogden and Sleep 2012). Recently, evidence of
unrelated volcanic eruptions producing several episodes of
ash falls synchronous to the Siberian flood basalt has been
found in South China (J. Shen ef al. 2013). Such regional
eruptions could have caused wildfires on land, and the pro-
ducts of combustion could have been buried on land, as well
as dispersed in the ocean (Shen et al. 2011b). Traces of such a
wildfire in the late Permian have been found in the Perth
basin of Western Australia (Thomas et al. 2004). These
eruptions could have introduced major amounts of carbon
into the atmosphere and global oceans. A combination of all
of'these factors, leading to environmental and biotic changes,
could have contributed to the Permian—Triassic mass
extinction.

The main purpose of this paper is to document a large
influx of carbon from volcanic-induced events into the
marine environment in latest Permian time and to propose
that this influx was part of the extinction and slow recov-
ery process. The carbon particles can be recognized in the
wall structure of agglutinated foraminiferal tests of survi-
val taxa in the boundary interval strata. In order to

Panthalassa

establish a foundation for interpreting the carbon influx,
we present the stratigraphic setting of the PTB sequence in
the Lung Cam section in Vietnam, lead (Pb) isotopic data
from pyrite grains attached to the foraminiferal tests, car-
bon isotopic data from the samples, and a time-series
analysis of magnetic susceptibility data from the strati-
graphic sequence.

2. Geological and stratigraphic setting

We focus on a section of the PTB interval located in
northern Vietnam in the Lung Cam region of Ha Giang
Province (Figure 1).

2.1. Previous work on the Lung Cam section

The Lung Cam section was previously studied by Son
et al. (2007), together with the Nhi Tao section (also
studied by Algeo et al. 2007), farther to the east in
Vietnam. Their work was an attempt to define the precise
level of the PTB in these Vietnamese sections and to
document the carbon and oxygen isotopic content, trace
element variations, and other global perturbations asso-
ciated with the PTB. The authors did not report the pre-
sence of any conodonts in the boundary interval, and they
placed the PTB based solely on the change of lithology
and fossil content. One specimen of H. parvus was found
in Nhi Tao bed 20, but the authors argued that this occur-
rence was well above the boundary (Algeo et al. 2007).
Son et al. (2007) reported that limestone of the Dong

&% Siberia y

g

7,

Panthalassa

CHINA
|

| Hanoi

% .

Lung C\amlse%t'rom

Neotethys C Laos
> o LRVIETNAM

\ |
THAILAND | | v X
i N .Da Nang

100 km
—

108—

2 / -

Figure 1. The distribution of species of Ammodiscus kalhori (Bronnimann, Zaninetti, and Bozorgnia) and Hyperammina deformis
(Bérczi-Makk) in the Palaco-Tethys Ocean in the late Permian (after Blakey 2003), and the location map of the Lung Cam section in
northern Vietnam. (A) Hungary, Austria, Slovenia and Italy; (T) Turkey; (I) northern Iran; (V) northern Vietnam, Lung Cam section; (NB,
M) South China: NB, Nanpanjiang Basin; M, Meishan section, GSSP for the Permian—Triassic boundary.
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Dang Formation with typical and abundant Changhsingian
foraminifers, including fusulinaceans, changes to dolomi-
tic limestone of the Hong Ngai Formation with rare for-
aminifers of the genera Ammodiscus and Globivalvulina.
In the Lung Cam section, the PTB was placed at the top of
a shale layer (bed T 830/5 in Figure 4 in Son et al. 2007,
p- 58). This boundary is defined on lithology, coinciding
with an environmental change (a palaeoecological
boundary), but is not a chronostratigraphic boundary.
Moreover, Son et al. (2007) stopped their study of the
section about 70 cm above their PTB level (total section
thickness 2.2 m).

2.2. Biostratigraphy of the Lung Cam section

Recently, the Lung Cam section has been carefully
sampled by Ellwood and Luu Thi Phuong Lan (and
resampled several times) and studied using palacontolo-
gical, lithological, magnetic susceptibility, and geochem-
ical methods. The total PTB section studied is ~21 m
thick, with the focus in this paper on an approximately
~4 m-thick interval that contains enough fossil evidence,
including many specimens of H. parvus, to define the
PTB. The interval discussed herein consists (in ascending

11), (2) a very thin microbial limestone layer (bed 12)
and (3) a 14 cm-thick layer of ash tuff (bed 13, which
corresponds to the shale bed T 830/5 of Son ef al. 2007),
which is correlated to bed 25 at the Meishan GSSP
section (Yin et al. 2001). This ash bed is overlain by a
2.3 m-thick unit of siderite and/or ankerite limestone
(beds 14-32) (Figure 2). The lithology of the lower part
of this unit has been described as a dolomitic limestone
by Son et al. (2007). However, XRD analyses and Mg/Ca
ratios of most samples throughout the Lung Cam section
do not indicate any significant dolomite. The misinter-
pretation in this regard by Son ef al. (2007) is probably
due to the presence of siderite/ankerite rthombs, com-
monly mistaken for dolomite. Throughout the section,
there are a number of thin volcanic ash beds with bed
13 being one of the thickest (Figure 2). XRD results for
samples from bed 13 show mainly quartz, mica and
feldspar.

Free specimens of foraminifers and microconchids
have been recovered (for the first time from any PTB
section) in the Lung Cam section. Some of these speci-
mens are shown in Figure 3 (e-g, l-o, q, s, u, v), along
with their thin-section views (Figure 3a—d, h-k). The same
types of taxa can be seen in thin sections from other PTB
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Figure 2.

Stratigraphic column of the Lung Cam section with the distribution of the foraminiferal genera and species, microconchids,

and the conodont Hindeodus parvus. Beds 10 and 11 are considered an event horizon with stepped extinction.
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Figure 3. Representatives of the species Hyperammina deformis (Bérczi-Makk) (a—d in thin sections; e-g, free specimens), Ammodiscus
kalhori (Bronnimann, Zaninetti, and Bozorgnia) (h—k in thin sections; I-m, free specimens), Microconchus phlyctaena (Bréonnimann and
Zaninetti) (0), M. sp. (n), and Hindeodus parvus (Kozur and Pjatakova) (p). Significant darkening of the walls due to the presence of carbon
can be clearly seen in (b—d) and (h-k) and on the exterior of the free specimens in (e, 1, n). The specimen shown in (a) has only an
agglutinated siliceous wall and there is no indication of the presence of black carbon. However, there is still carbon present that can be
detected by the EDX (q, r and s—t). (q) Backscattered electron image and (r) energy-dispersive X-ray spectrum from the selected area (scan
box) of 4. kalhori. (s) Backscattered electron image and (t) energy-dispersive X-ray spectrum from points in selected area (scan box) of H.
deformis. (u) Image of H. deformis taken with a ‘DXR’xi Raman imaging microscope, with boxes indicating where the test was analysed,
(v) enlarged image of (u), and (w) Raman spectral composition of the points marked with a red cross on (u) and (v). The spectrum indicates
the presence of both C and Si in the foraminiferal test. (a) Sample LC-23; (b, h, k, n) sample VN-21; (c, d, i, j) sample VN-15; (e, g) sample
VN-18; (f, I, m) sample VN-20; (o) sample VN-23; (p) sample LC-28. Scale bar 100 um, except (0) 1 mm.

(Bronnimann et al. 1972); northern Hungary (Bérczi- northern Italy (Groves et al. 2007); western Slovenia
Makk 1987); Great Bank of Guizhou, Nanpanjiang (Nestell et al. 2011), and central Taurides, Turkey
Basin, South China (Song et al. 2009); Southern Alps, (Groves et al. 2005) (Figures 1 and 4).
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Figure 4. Representatives of Ammodiscus kalhori (Bronnimann, Zaninetti, and Bozorgnia) (a—c, i, k, m—p, u); Hyperammina deformis
(Bérczi-Makk) (d-h, j, 1, g-t, w), (a—e) from the Elika Formation of the central Alborz, northern Iran (after Bronnimann et al. 1972): (a-b)
identified as Rectocornuspira kalhori (a is the holotype), (c) as Cyclogyra? mahajeri (holotype), (d—e) as Earlandia tintinniformis; (f-h)
from the Biikkk Mountains, northern Hungary (after Bérczi-Makk 1987): (f) identified as Earlandia deformis (holotype), (g) as Earlandia
dunningtoni, (h) as Earlandia tintinniformis; (i—j) from the Dajiang section, Great Bank of Guizhou, Nanpanjiang Basin, South China
(after Song et al. 2009): (i) identified as R. kalhori, (j) as Earlandia sp.; (k1) from the Bulla and Tesero sections, southern Alps, northern
Italy (after Groves et al. 2007): (k) identified as R. kalhori, (1) as Earlandia sp.; (m—t) from the Lukaé section, western Slovenia (after
Nestell et al. 2011): (m—p) identified as ‘Cornuspira’ mahajeri, (q-t) as ‘Earlandia’ gracilis; (u—w) from the Demirtas and Taskent
sections, central Taurides, Turkey (after Groves et al. 2005): (u) identified as R. kalhori, (W) as Earlandia sp. Scale bar 100 pum, except

(a—h, k—w) not to scale.

Twenty-eight bulk samples, covering an interval ~4 m
thick through the PTB (beds 5-31; samples VN-5 through
VN-31), were collected from the Lung Cam
section (Figure 2). Thin sections were made from these
samples, and parts of the samples were dissolved to extract
the conodonts. The microfossil assemblage contains
diagnostic conodonts along with ostracodes, microgastro-
pods, microconchids and foraminifers whose free shells
were found in the residues. Conodonts are present in
beds 20, 22, 23, 26, and 28, with several Hindeodus
species present in bed 20; the lowest occurrence of
H. parvus is in the microgastropod-rich bed 28
(Figure 3, p). Microconchids occur in almost all of the
residues from beds 15 to 30 and are represented by the
species Microconchus phlyctaena (Bronnimann and
Zaninetti), M. aff. M. aberrans (Hohenstein), and M. sp.
Foraminifers are diverse and abundant in the lower part of
the section (beds 6-11) and are represented by the typical
latest Changhsingian fusulinaceans, Sphaerulina and
Nankinella, and species of small foraminifers of genera
such as Globivalvulina, Dagmarita, Paradagmarita,
Paraglobivalvulina, Paraglobivalvulinoides, Frondina,
Geinitzina, and Pachyphloia (Figure 2). In the upper part
of the section, from bed 14 and up to bed 31, the diversity

of foraminifers changes drastically. The rich late
Changhsingian assemblage is replaced by tiny tests of
Ammodiscus  kalhori (Bronnimann, Zaninetti, and
Bozorgnia) and Hyperammina deformis (Bérczi-Makk)
with rare remnants of representatives of the genera
Globivalvulina, Nodosaria, and Geinitzina in beds 14—
20. The Lung Cam section presents an expanded record
of the Permian—Triassic transition and contains better evi-
dence of the succession of events than at the Meishan
section in China. In the Lung Cam section, the stepwise
extinction of the majority of Permian foraminiferal species
occurs in beds 10 and 11 (Figure 2).

2.3. The establishment of PTB in the Lung Cam
section

The correlation to a GSSP is difficult and is not always
based on the local first occurrence of the boundary-identi-
fying taxa. Therefore, correlation techniques, such as gra-
phic correlation (Shaw 1964; Edwards 1984, 1989) or
constrained optimization (Kemple et al 1995; Sadler
2004), should be used in identifying the PTB in all sec-
tions other than the GSSP. Herein, a graphic correlation is
applied utilizing the conodont distribution and extinction
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events at Lung Cam, together with the conodont distribu-
tion at Meishan, and the extinction event there. The dis-
tribution data at Meishan are based on data from Mei et al.
(1998), Nicoll et al. (2002), the Lopingian Stratigraphy
and Events Workshop (Wang and Henderson 2003), and
Zhang et al. (2007). Graphic correlation places the PTB as
defined at Meishan at the base of bed 28 and the first
occurrence of H. parvus in the Lung Cam section
(Figure 2).

3. Materials and methods
3.1. Raman spectroscopy

Selected foraminiferal tests were used for surface as well
as confocal Raman spectroscopic analyses using a Thermo
Scientific DXR™xi Raman Imaging Microscope, fitted
with OMNIC™Xxi Raman imaging software. Tests were
oriented and fixed in desired positions on the stage,
imaged, and scanned using 100 X objectives. The Raman
spectra were obtained using an argon ion laser (532 nm)
with a power of 9.9 mW and using an aperture spot of
50u. The spectra (number of scans = 20) were obtained
with a data acquisition time of 2.5 ms/spectra at 400 Hz
using a spectral window of 200-3400 cm . Surface as
well as confocal imaging analyses were performed for
element identification and mapping.

3.2. Energy-dispersive X-ray spectroscopy (EDX)
analysis

Preparation involved placing the free specimen of forami-
nifer on an aluminium stub. Microscopic imaging was
performed using an ASPEX/FEI personal scanning electron
microscope. The SEM was operated in variable pressure
mode and specimen images were obtained from the back-
scatter electron collection. Specimen composition informa-
tion was determined by EDX operating in tandem with the
SEM. An ASPEX OmegaMax™ silicon drift detector with
an ultra-thin window (permitting light element detection)
was used. The SEM standard operating conditions were an
accelerating voltage of 25 keV, a beam current of approxi-
mately 1 nA, and a working distance of approximately
16 mm; X-ray acquisition was accomplished with the pri-
mary beam in spot mode.

3.3. Lead isotope analysis

Present-day Pb isotope ratios of two foraminiferal tests
and five pyrite clusters samples from the Vietnamese
PTB section were measured using a multi-collector ther-
mal ionization mass spectrometer (VG sector TIMS) at the
University of Rochester using NBS-981 as the Pb stan-
dard. The selected pyrite clusters were dissolved using
nitric acid (HNOj), and the foraminiferal tests in a

combination of hydrofluoric acid, HNOj;, and hydrochloric
acid. Pb was separated by ion-exchange chromatography
using hydrobromic acid as the eluting agent. The dried
samples were loaded onto Re centre filaments following
the silica-gel technique (Sharma et al. 1992) for mass
spectrometric isotopic analysis. Filament temperatures
were continuously monitored during Pb isotopic measure-
ments to correct for temperature-dependent mass fractio-
nations. Replicate analysis of NBS-981 gave an error less
than 0.10, 0.15, and 0.2% per amu (20) for 2°°Pb/***Pb,
207pb/294Pb, and 2°*Pb/***Pb, respectively.

3.4. Carbon isotope analysis

8'3C values show several trends that are assumed to be real,
and others that are interpreted as not reflecting global
effects (Figure 5). In the Lung Cam section, the species
A. kalhori and H. deformis first appear in bed 15 just above
the sideritic/ankeritic limestone in bed 14 (Figure 2)
where a sharp negative peak of the carbon isotope
(8'3C = —3.3%p,) is observed (Figure 5). We equate this
8'3C peak at Lung Cam to be equivalent to the §'°C peak
observed at the Meishan GSSP in bed 27a (Yin et al. 2001).
At Lung Cam, from bed 15 to 24, the carbon isotope curve
oscillates around 0%o, indicating a somewhat stable envir-
onment. From bed 25 to 32, the curve has a small negative
shift reaching almost —1.1%o in bed 28, the bed with the first
appearance of abundant H. parvus.

3.5. Magnetic susceptibility ()

All materials are ‘susceptible’ to becoming magnetized in
the presence of an external magnetic field. The initial low-
field bulk, mass-specific magnetic susceptibility () is an
indicator of the strength of this transient magnetization.
y is very different from remanent magnetization (RM), the
intrinsic magnetization that accounts for the magneto-
stratigraphic polarity of rocks. y in marine stratigraphic
sequences is generally considered to be an indicator of the
content of detrital iron-containing paramagnetic and ferri-
magnetic grains, including ferrimagnesian and clay miner-
als, and can be quickly and easily measured on small
friable samples. In the very low inducing magnetic fields
that are generally applied, y is largely a function of the
concentration and composition of the magnetizable mate-
rial in a sample. y can be measured on small, irregular
lithic fragments and on a highly friable material that is
usually much more difficult to sample for RM measure-
ment. Low-field y, as used in most reported studies, is
defined as the ratio of the induced magnetization (M; or J;)
to the strength of an applied, very low-intensity, alternat-
ing magnetic field (H,), J; = y; H; (mass-specific) or
M; = Ky Hj(volume-specific).

In these expressions, magnetic susceptibility in SI units is
parameterized as x, when indicating that the measurement is
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smoothed (solid curve) high (black) and low (white) y values; 8'*C of carbonate relative to the PDB standard. 5'°C values are not
correlated with 3'®0, indicating that these data represent primary values. For lithological symbols, see Figure 2. LOOP, lowest observed

occurrence point; H, Hindeodus.

relative to a 1 m> volume and therefore is dimensionless;
magnetic susceptibility for geological materials is more gen-
erally parameterized as y, indicating a measurement relative to
a mass of 1 kg, and is given in units of m® kg™, ¥ is used
because it is very difficult to measure the volume of geological
samples.

Values of y for these samples are shown in the centre
of Figure 6 for the ~4 m critical interval through the
major extinction and PTB. These data were used to
develop y bar-log zones, indicated as horizontal black
bars in the left sides of Figures 5 and 6; they act as
benchmarks for dating the Lung Cam samples. The bar-
log was developed from the raw y data using smoothing
splines, which were then adjusted to conform to the
precessional climate cyclicity record identified in time-
series results calculated from the entire ~21 m succession
sampled at Lung Cam. Time-series data were developed
from all samples using both Fourier transform (FT) and
multitaper (MTM) methods (discussed further in Ellwood
et al. 2013). The FT and MTM results indicate that the
data are best characterized by a uniform precessional

(~18 thousand years) Milankovitch climate model. This
climate model is graphically drawn in Figure 6 as the
alternating red and blue bands along the X-axis and
labelled as ‘P1 floating-point time-scale climate model’.
We then graphically compared the yx bar-logs (zones)
developed in Figure 5 (also shown in Figure 6), with
the resulting intersections between the y bar-logs and P1
model. These intersections are represented by the stippled
circles in Figure 6 and result from the projection of the
corresponding horizontal and vertical bar-logs for each
data set. Line segments drawn through the centres of
these stippled circles provide lines of correlation
(LOCs) that can be used to project either data set into
the other. For example, the 8'°C anomaly in bed 14 at
Lung Cam, when projected through the LOCs and into
the floating-point time scale in Figure 6, indicates that
this anomaly occurred ~82 thousand years before the
beginning of the Triassic. Other critical horizons are
projected through the LOCs onto the horizontal axis in
Figure 6, thereby determining the timing of these events
at Lung Cam.
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Figure 6. Floating-point time scale (FPTS) from a time-series analysis of ~400 samples collected from an ~21 m succession using raw
unsmoothed magnetic susceptibility ()) data for Lung Cam. Only ~4 m of the section is shown here. x bar-logs (zones) constructed from
the raw y data (Figure 5) are graphically compared to a uniform Milankovitch, 18,000-year precessional climate model for the PTB
interval (Berger et al. 1992), where each coloured bar represents ~9000 years. The intersections of the tops and bottoms of corresponding
x bar-logs and uniform climate model bar-logs are plotted as stippled dots, and a fit through these data is shown as line segments known
as a lines of correlation. Using the individual segments, elements from the Lung Cam y bar-logs are projected onto the FPTS and assigned
a length of time before or after the PTB (red line). This processional climate model provides a FPTS that can be adjusted as time-scales
change. In determining event ages relative to the PTB, an age of 252.2 Ma for the beginning of the Triassic was used, an age taken from
the International Commission on Stratigraphy’s web site hosted by Purdue University (https://engineering.purdue.edu/Stratigraphy/gssp/

index.php?parentid=35). For LOOP and H., see Figure 5.

3.6. Time-series analysis

We have performed a time-series analysis of the primary
MS data (independent of smoothing) for the sections
sampled. To avoid introducing error, studied sections
were selected where covered intervals could either be
avoided or be sampled after careful cleaning of the sec-
tion. We then collected uniformly spaced samples and
assumed that this uniform spacing is linear relative to
time, i.e. Ax is proportional to Af, so that harmonic analy-
sis methods could be used. The less this assumption is
true, due to variations in sediment accumulation rate,
differential diagenesis, or other factors, the more noise

that will be produced in the spectral graph, and the less
well defined will be spectral peaks (lower power).

The spectral power for the MS data sets was obtained
using both the MTM and FT methods after the data were
detrended and subjected to a Hanning window (Jenkins
and Watts 1968; Thomson 1982). Incidences of statisti-
cally significant peaks (at the 90, 95, and 99% confidence
limits) in the resulting spectra are determined by employ-
ing MTM (Ghil et al. 2002), as calculated with the
SSA-MTM toolkit (Dettinger ef al. 1995). A null hypoth-
esis of red noise was assumed (low frequency high power
in the spectrum, sloping towards lower values at high
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frequencies), with a three-taper model. As this method is
prone to producing false positives, we limit the use of
statistical significance here to its role in supporting (or
not) the positions of multiple Milankovitch bands within
the data set. The positions of these bands are fixed relative
to each other, and so a climate-forcing mechanism is
supported by the spectral analysis when the Milankovitch
frequencies are also frequencies of high spectral power.
The MTM and FT methods, like the spline-smoothed MS
data and bar-logs derived from these data sets, are capable
of resolving high-frequency features in the data. Our
approach then is to (1) collect closely and uniformly
spaced samples in the field, (2) report both FT and MTM
after normal detrending and comparing the two, (3) apply
confidence limits to the MTM data, (4) place the important
Milankovitch climate bands on the FT and MTM diagrams
for consistency checks, and (5) establish a uniform model
using bar logs that can then be compared to the MS
cyclicity as a check on sediment accumulation rate uni-
formity or lack thereof. These five tests then allow rigor-
ous evaluation of the time-series data sets developed here.

Results from the time-series analysis performed on the
raw Lung Cam y data set are summarized in Figure 7. The

Lung Cam Section, Vietham -21.23 m

Time series interpretation: N=405
Sediment accumulated in ~0.81 myr

B2 SAR ~2.61 cm/kyr
E1 E1~ 100 kyr
mtm data E2 ~ 405 kyr
02 Confidence Level Cycles calculated from
1.0E-15 - I o1 P2 90% Berger et al. (1992):
B O1 ~35kyr
02 ~45 kyr
9% P1 ~18kyr
P2 ~21kyr

MTM Power

1.0E-16 -
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Figure 7. Time-series analysis (MTM, multitaper method; FT,
Fourier transform) of the raw Lung Cam y data set, exhibiting
strong E2 Milankovitch eccentricity cyclicity, strong O1 obliquity,
and P1 cyclicity. Milankovitch cycles tested for are given in the
upper right in the diagram. SAR, sediment accumulation rate.

results show a strong E2 (405 thousand years; >99%
confidence level) Milankovitch eccentricity cyclicity,
strong O1 obliquity (~35 thousand years; >95% confi-
dence level, and P1 (~18 thousand years; >95% confi-
dence level) cyclicity. Values for obliquity and
precession are derived from Berger et al. (1992). These
data provide an estimate of the total time represented by
the 21.23 m section at Lung Cam, of ~0.81 million years,
representing a sediment accumulation rate of ~2.61 cm/
thousand years. The timing and duration of these events,
using our FT and MTM results, is very similar to the
timing of events recently reported for the PTB interval
(Song et al. 2009; Shen et al. 2011a).

3.7. Foraminiferal study: taxonomic issues

In many sections in the world where conodonts
and ammonoids have not been found, and before the
establishment of the GSSP for the lower boundary of the
Triassic, the PTB was often drawn based on the first
appearance of the small foraminifer species identified as
‘Rectocornuspira’ kalhori, ‘Cornuspira’ mahajeri, and
‘Earlandia’, and also species of the microconchids
Microconchus (given as Spirorbis in the literature) phlyc-
taena (Nestell et al. 2011). These species of foraminifers
have been assigned to these genera based on the presence
of a dark wall that appears to resemble the microgranular
wall of calcareous Palacozoic forms (Figures 3 and 4).
Recently, the species ‘Rectocornuspira’ kalhori and
‘Cornuspira’ mahajeri were assigned to the genus
Postcladella with the type species Rectocornuspira kal-
hori and ‘Cornuspira’ mahajeri as synonyms (Krainer and
Vachard 2011). A discussion of the validity of this genus
is presented in Nestell et al. (2011).

As noted above, free specimens of the foraminifers pre-
viously identified as Cornuspira and Earlandia are present in
the PTB interval at the Lung Cam section, together with
conodonts, ostracodes, and microconchids of the genus
Microconchus. Some of shells of these microfauna are
black and white in colour. The wall composition of the
black and white ‘Earlandia’ and ‘Cornuspira’ was analysed
using an EDX and a DXR™xi Raman imaging microscope.
The tests of the foraminifers were found to contain carbon,
oxygen, and silica, but not calcium carbonate. Furthermore,
the dark tests contain more carbon than the white ones
(Figures 3, 8 and 9). The abundance of dark tests increases
from bed 15 to bed 17, reaches a maximum in beds 17 and
18, remains high in beds 19-23, and decreases from bed 24
to bed 28. Such tests are absent in beds 29-31 where only
very rare and tiny specimens of ‘Cornuspira’ mahajeri are
visible in thin sections. Both of these Lung Cam foraminif-
eral taxa studied by us were previously considered to belong
to carbonate-walled genera, but in fact have an agglutinated
wall structure. Thus, they are reassigned from R. (or C.)
kalhori to A. kalhori (Bronnimann, Zaninetti, and
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Figure 8. Images of Hyperammina deformis (Bérczi-Makk) from the Lung Cam section taken with a DXR™xi Raman imaging
microscope. (a) Image of the part of the surface of a free dark colour test (sample VN-17) with boxes where the cross section of the test
was analysed; (b, d, f) cross section of the test, red colour indicates carbon whereas dark blue colour indicates quartz grains; (c, e, g)
composition of the area of the test marked by cross on (b, d, f); (h) free dark colour test from sample VN-20; (i) composition of the area
of the test marked by a cross on (h); (j, ) free white colour test from sample VN-30; (k, m) composition of the area of the test marked by
a cross on (j, 1). Scale bars: (a) 100 um; (b, d, f) 10 pm; (h) 500 um; (j, 1) 200 um.
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Figure 9.
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Backscattered electron images of Ammodiscus kalhori (Bronnimann, Zaninetti, and Bozorgnia) (a) and Hyperammina

deformis (Bérczi-Makk) (c, e) with their corresponding energy-dispersive spectra indicating their chemical composition (C, Si and O)
in (a, b) and (c, d), and the composition of pyrite grain (Fe, S with minor C) in (e) and (f). Scale bar: (a) 50 um; (c, ) 10 pm.

Bozorgnia), and from Earlandia spp. to H. deformis (Bérczi-
Makk). Conical tube-like taxa earlier assigned to Aeolisaccus
or Earlandia from the uppermost Permian and Middle—
Upper Triassic should be re-examined and the taxonomy
revised because the illustrated axial sections do not show
the initial chamber.

4. Discussion

Judging by the abundance of carbon particles in the
walls of the agglutinated foraminifers A. kalhori and
H. deformis, there clearly was a large influx of carbon
into the global marine environment through the PTB

time interval. The pyrite clusters attached to the wall
of H. deformis were also analysed for Pb isotopes
(Figure 10). Two black tests (one from sample VN-18
and another from sample VN-19), as well as five pyrite
grains separated from these black foraminiferal tests
(samples VN-18, VN-20, VN-21, VN-23, and VN-25),
were subjected to high-precision Pb isotopic analysis
using a thermal ionization mass spectrometer
(Figure 11). Present-day 2°°Pb/>**Pb, 2°’Pb/>**Pb, and
208pb/204Ph ratios from these analyses are shown in
Table 1 and plotted in Figure 10 in conventional Pb
isotope ratio plots. These data are compared with the
common global crust-mantle reservoirs as shown in
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Figure 10. Results of Pb isotopic analysis of two foraminiferal
tests and five associated pyrite clusters are plotted in the conven-
tional Pb isotope ratio plots. The analysis is compared with some
global reservoirs, characterized by their ranges of Pb isotopic
compositions, such as lower and upper continental crust, island
arc, mid-oceanic ridge basalts (MORB), pelagic sediments, ocean
island volcanic rocks, global coal, and the Northern Hemisphere
Reference Line (NHRL). These reservoirs are taken from the
literature and are representative of Earth’s crust-mantle reservoirs
in Pb isotopic compositions. The 4.56 billion year geochron
along which primitive Earth lies is also shown.

Figure 10, which also includes the 4.56 Ga geochron as
a reference for primitive bulk Earth in Pb isotope ratios.
A new reservoir, Global Coal, was added in this dia-
gram of Pb isotopic compositions of coal from different
continents (Diaz-Somoano et al. 2007). Note the closely
distributed field of global coal from Australia, Hungary,
Canada, Indonesia, North America, Peru, Romania,
South Africa, and Spain in Figure 10, which also
includes the two foraminiferal tests (noted as stars)
and most of the associated pyrite grains (noted as
crosses) reported herein. Most importantly, the forami-
niferal tests and their pyrite clusters are compared with
the isotopic ranges of global coal deposits from different
continents. The similarity between the coal and the
foraminiferal tests is remarkable. The only exceptions
are the two pyrite analyses with anomalously high
207pp/2%4Ph ratios. The restricted range in Pb isotope
ratios of global coal of different continents is interpreted
to be due to the common Carboniferous—Permian age of
most coal deposits in sedimentary fluvial environments
of continents with an average age of 2 billion years.

The Pb isotopic data of Figure 10 can best be inter-
preted based on the assumption that the black foraminif-
eral tests inherited the Pb in their outer layer and also
perhaps in the inner carbon-poor, silica-rich tests from
carbon-contaminated seawater (Figures 3 and 9). The
source of the carbon could be either global coal fly ash
in the oceans or global forest fire-dispersed carbon, or
both, in the world’s oceans after the end-Permian extinc-
tion event. This conclusion is based on observations of
blackened foraminiferal tests restricted to beds 15-28, all
above the stepped extinction interval in the Lung Cam
section, and observations from the literature of similar
blackened foraminiferal tests from the late Permian
Palaco-Tethys Ocean (Figures 1 and 4). Although only
two foraminiferal tests were analysed (VN-18 and VN-
19), five associated pyrite clusters were also analysed, one
of which was obtained from VN-18 tests. These pyrite
clusters (Figures 9 and 11) presumably formed by early
diagenesis during euxinic conditions on the seabed with a
carbon-enriched seawater column. Hudspith ez al. (2014)
recently proposed that the chars in latest Permian marine
sediments may have been derived from wildfires and not
from the combustion of coal. However, our data from the
pyrite clusters support the presence of products of coal
combustion in the Lung Cam section.

The foraminiferal species 4. kalhori and H. deformis
are considered to be opportunistic organisms that usually
appear during a biotic crisis connected with a stressful
environment and are characterized by very simple mor-
phology and small size (MacArthur 1955; Hallam and
Wignall 1997). The appearance of the microconchids
M. phlyctaena that usually colonized freshwater, brackish,
and hypersaline environments (Vinn 2010), together with
the foraminifers, also indicate a stressful environment
following the major stepped extinction in beds 10 and 11
in the Lung Cam section (Figure 2). The foraminiferal
genera Geinitzina and Globivalvulina are considered to
be holdover taxa that persisted into bed 15 (Geinitzina)
and bed 20 (Globivalvulina) and became extinct in the
survival phase of the extinction, whereas representatives
of the genus Nodosaria, A. kalhori, and H. deformis can
be assigned to progenitor taxa, which radiated in the
recovery phase after the Permian—Triassic extinction
(Hallam and Wignall 1997). It should be noted that the
species A. kalhori, H. deformis, and M. phlyctaena
appeared long before the first occurrence of H. parvus in
the Lung Cam section. Their appearance coincided with
the onset of a stressful environment, indicating the envir-
onmental control on these species. Thus, the finding of
these species in PTB sections cannot be the basis for
defining the PTB worldwide (Nestell ez al. 2011).

The transition to a foraminiferal fauna dominated by
small-sized Ammodiscus (an active deposit-feeder) and
Hyperammina (a suspension-feeder) (Jones and Charnock
1985; Jorissen et al. 1995) with a significant amount of
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Figure 11. Tests of species Hyperammina deformis (Bérczi-Makk) (a—c) covered with carbon (dark in appearance) and attached pyrite
clusters (a, b), and SEM photomicrograph with two (A, B) attached pyrite clusters (c). (d) SEM photomicrograph of the A cluster, (f)
backscattered electron image of the A cluster and (g) energy-dispersive X-ray spectrum from points in the selected area (scan box) of the A
cluster; (¢) SEM photomicrograph of the B cluster, (h) backscattered electron image of the B cluster; and (i) energy-dispersive X-ray
spectrum from points in the selected area (scan box) of the B cluster. (a, ¢) Sample VN-23; (b) sample VN-20. Scale bar 100 pm for (a, b).

Table 1. Measured Pb isotopic data for foraminifers and pyrite clusters from the PTB interval in the Lung

Cam section.

Fossil ID 205Pb/2%Pby) 27Pb/2%*Pb(y) 298pb/2%Pb )
VN-18 foram 19.006 15.755 39.135
VN-19 foram 19.096 15.703 38.995
VN-18 pyrite 18.503 15.715 38.587
VN-20 pyrite 18.525 15.960 38.659
VN-21 pyrite 18.851 15.873 39.368
VN-23 pyrite 18.787 15.722 39.008
LC-25 pyrite 18.575 15.635 38.876

carbon in the wall structure indicates that there must have
been a large flux of carbon introduced into the marine
environment. This flux is also evidenced by a negative
shift of 8'*C in bed 14 as seen in the curve constructed for
the Lung Cam section (Figure 5). The small size and
increased abundance of only two opportunistic species of

foraminifers could be a result of rapid reproduction as an
adaptation to a drastic change in environmental conditions
and the loss of calcareous foraminifers as competitors. A
similar widespread response to an environmental change
in seafloor conditions occurred in the populations of the
agglutinated foraminiferal genera Glomospira and
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Repmanina at the Palacocene—Eocene boundary. This
change is found in association with a worldwide thermal
maximum event, and resulting ‘Glomospira acme’ zone
including species of three genera Glomospira,
Glomospirella, and Repmanina (all epifaunal active or
passive deposit feeders). Both the Permian—Triassic and
Palacocene—Focene extinction events are related to
stressed environments resulting from rapidly changing
seafloor conditions. Because of their feeding preferences,
benthic foraminiferal populations were able to take advan-
tage of the increase in organic matter on the seafloor,
allowing them to populate empty post-extinction niches
(Arreguin-Rodriguez et al. 2013).

In order to evaluate the timing of events relative to the
PTB at Lung Cam, time-series analyses were applied to the
magnetic susceptibility data from ~400 samples collected at
0.05 m intervals throughout the ~21 m succession at Lung
Cam. The stepped extinction began in bed 10, the base of
which, according to time-series analysis, took place ~119
thousand years before the PTB, with the extinction event
lasting through bed 11, a time-span of ~28 thousand years,
ending at the top of bed 11, ~91 thousand years before the
PTB. The negative 8'°C anomaly discussed above, which
occurred in bed 14, beginning at ~85.5 thousand years before
the boundary, had its negative peak ~8 thousand years after the
last major extinction in bed 11. The PTB, identified by graphic
correlation (Figures 5 and 6), lies in bed 28 at Lung Cam,
coincident with the first occurrence of H. parvus. The charcoal
levels at Lung Cam began at the base of bed 15 at ~82
thousand years below the PTB, but became well defined in
bed 17 at ~72 thousand years below the boundary. Charcoal
content is continuous in the section to the top of bed 28, at ~ 3
thousand years above the PTB. It is important to note that the
timing and duration of these events, as revealed by our FT and
MTM results, are very similar to the timing and duration of
events through the PTB interval (Song et al. 2013; using
absolute ages from Shen et al. 2011a).

5. Conclusion

J. Shen et al. (2012) noted a sharp increase in charcoal in a
basinal marine section in South China at the end-Permian
extinction event, which they attributed to increased wildfire
intensity. We contend that charcoal influx into the ocean
environment was so intense that there was an excess amount
of carbon in the ocean floor sediments which permitted its
incorporation into the wall of the agglutinated foraminifers.
For the first time, we were able to extract free tests of
foraminifers from strata of the Permian—Triassic transition
interval in the Lung Cam section, northern Vietnam. All
foraminifers previously illustrated from PTB sections world-
wide have been studied in thin sections where oriented sec-
tions of the tests were difficult to obtain. Thus, proper
assignments of taxa to the species and genus level were
difficult. By having free tests of foraminifers, and using

EDX and laser Raman microscopy on these tests, we found
that they contain only carbon, oxygen, and silica, and do not
contain any calcium carbonate. From this evidence, we con-
cluded that these foraminifers are clearly of ‘agglutinated’
type and should not be considered as ‘carbonate’ genera, as
has been previously suggested in numerous publications.
Such ‘carbonate’ foraminifers with blackened tests, as
shown in thin sections, are widespread in the PTB strata
globally, and known in many sections of Slovenia, Italy,
Austria, Hungary, Turkey, Iran, and South China. These
foraminifers, identified previously as R. kalhori
Bronnimann, Zaninetti, and Bozorgnia, C. mahajeri
Bronnimann, Zaninetti, and Bozorgnia, and Earlandia spp.
from many PTB interval sections of different regions of the
Palaeo-Tethys Ocean, now are referred to as A. kalhori
(Bronnimann, Zaninetti, and Bozorgnia) with C. mahajeri
Bronnimann, Zaninetti, and Bozorgnia as its synonym, and
H. deformis (Bérczi-Makk).

Besides analysing the presence of carbon in the wall
structure of the foraminifers, pyrite clusters attached to the
wall of H. deformis were also analysed for Pb isotopes.
Present-day **°Pb/***Pb, 2°’Pb/***Pb, and ***Pb/***Pb ratios
from these analyses are compared with the isotopic ranges of
global coal deposits from different continents, and the similar-
ity of the Pb isotope ratios between the coal and the pyrite
clusters attached to the foraminiferal tests is remarkable. These
pyrite clusters presumably formed by early diagenesis during
euxinic conditions on the seabed with a carbon-enriched sea-
water column. Data from the pyrite clusters support the pre-
sence of products of coal combustion in the Lung Cam
section, not wildfires. However, the source of the carbon
could have been global coal fly ash or forest fire-dispersed
carbon, or a combination of both, which accumulated in the
Palaco-Tethys Ocean immediately after the end-Permian
extinction.

According to time-series analysis, the stepped extinc-
tion at the Lung Cam section began (bed 10) ~119 thou-
sand years before the PTB. The extinction event lasted
~28 thousand years and ended at ~91 thousand years
before the PTB (top bed 11). The charcoal levels at
Lung Cam began at the base of bed 15 at ~82 thousand
years below the PTB and continued to the top of bed 28 at
~3 thousand years above the PTB.
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