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a b s t r a c t

The Doushantuo negative carbon isotope excursion (DOUNCE) is the largest known marine inorganic car-
bon isotope anomaly. The origin of this pronounced negative excursion is still an enigmatic issue that
attracts geologists. Time constraints on the excursion are the critical information that would provide
insight into its genesis. In previous decades, the timing of its termination has been constrained by the
widely cited zircon U-Pb age of 550.5 ± 0.8 Ma for the tuff at the top of the Miaohe Member at the
Jiuqunao section in the Yangtze Gorges area, South China. However, results of recent studies indicate that
the reliability of this time constraint needs to be re-evaluated. Here, a geochronological study was carried
out using two K-bentonites from Fanglong in South China. A K-bentonite in the lower Dengying
Formation yielded a U-Pb age of 557 ± 3 Ma, while a K-bentonite in the basal Liuchapo Formation yielded
an age of 550 ± 3 Ma. Based on regional correlations between the Ediacaran successions in South China,
the age (557 ± 3 Ma) for the K-bentonite in the lower Dengying Formation may serve as a second critical
timing constraint for the ending of the DOUNCE. Combined with available estimates of the DOUNCE dura-
tion, our new data indicate that the DOUNCE has a maximum onset age �570 Ma.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The Doushantuo negative carbon isotope excursion (DOUNCE)
recorded in Ediacaran sequences around the world is the largest-
amplitude marine inorganic carbon isotope anomaly known to
date [1–7]. However, its origin is obscure. Over the past two dec-
ades, numerous studies have examined the excursion, and various
models regarding the excursion’s origin have been proposed,
which can be summarized into two groups: (1) the excursion is a
primary depositional carbon isotope anomaly related to a globally
synchronous ocean oxygenation event [4,8–10]; or (2) the
excursion is the result of diagenetic alteration [11–13]. Bristow
and Kennedy [14] suggested that oxidants in the paleo-ocean were
insufficient to cause the oxidation of a large dissolved organic

carbon (DOC) pool if the DOUNCE lasted between 25 and 50 Ma.
Based on an estimation of a long-duration (25–50 Ma) excursion,
they concluded that the excursion is unlikely to represent a global
ocean signal. However, the duration of the excursion is uncertain
due to a lack of robust radiometric ages [15–21]. Therefore, the
key to understanding the origin of the DOUNCE relies on improved
time constraints for the excursion.

Until now, the sole radiometric age (550.5 ± 0.8 Ma) constrain-
ing the termination of the excursion comes from a tuff in the top
of a black shale interval at the Jiuqunao section (also named the
Jijiawan section) in the Yangtze Gorges area, China [22–25].
However, the likelihood of this tuff deposit providing a reliable
constraint on the timing of termination was doubted by An et al.
[26]. Traditionally, the Miaohe Member was thought to be the
equivalent of Member IV of the Doushantuo Formation in the
Jiulongwan section from the Yangtze Gorges area [5,6,22].
However, An et al. [26] proposed that the Miaohe Member is
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younger than Member IV of the Doushantuo Formation and is
instead correlated with the lower Shibantan Member of the Dengy-
ing Formation, overlying the Doushantuo Formation. If the regional
correlation scheme of An et al. [26] is correct, then the age of the
tuff from the top of the Miaohe Member at the Jiuqunao section
would not be suitable for constraining the timing of termination
of the DOUNCE.

The result of a recent geochronological study of the Dengying
Formation at the Xiaolantian section in the eastern Yunnan Pro-
vince of China also implied that it is necessary to re-evaluate the
reliability of the age of the tuff in the top of the Miaohe Member,
Jiuqunao section, for constraining the end of the DOUNCE [27].
Yang et al. [27] obtained a zircon U-Pb age of 553.6 ± 2.7/3.8 Ma
for a tuff in the basal Jiucheng Member of the Dengying Formation
at the Xiaolantian section in eastern Yunnan Province. Considering
the distance (>250 m) between the tuff and the Doushantuo-
Dengying boundary in the Xiaolantian section, the age of the
boundary in this section would probably be significantly older than
553.6 ± 2.7/3.8 Ma. Given that the Doushantuo-Dengying boundary
in the Xiaolantian and Jiulongwan sections is not diachronous, the
age of the Doushantuo-Dengying boundary in the Jiulongwan sec-
tion could be considerably older than 553.6 ± 2.7/3.8 Ma. Thus,
when considered with the age (550.5 ± 0.8 Ma) of the tuff at the
top of the Miaohe Member [25], the data indicate that the Miaohe
Member is younger than Member IV of the Doushantuo Formation
in the Jiulongwan section. This also supports the new correlation
scheme proposed by An et al. [26]. However, if this is the case, then

the U-Pb age of the tuff at the top of the Miaohe Member is not
appropriate for estimating the timing of termination of the
DOUNCE.

Here, we report zircon U-Pb ages for two K-bentonite layers
that were recently discovered at the Fanglong section in Jianhe
County, Guizhou Province, South China. The new ages are consid-
ered alongside regional correlations of Ediacaran successions in
South China and used to re-evaluate the timing of the DOUNCE.

2. Geological settings

During the Ediacaran-Cambrian transition, the Yangtze Plat-
form evolved from a rift basin to a passive continental margin
(Fig. 1). The Jiulongwan section in the Yangtze Gorges area is
located in the platform interior of the Yangtze Platform. The
stratigraphy of this section is well described in the literature
[1,5,28]. The Ediacaran strata at Jiulongwan consist of the
Doushantuo Formation and the lowermost part of the Dengying
Formation (Fig. 2). The Doushantuo Formation is subdivided into
four members (Members I–IV). Member I consists of a �5-m-
thick cap carbonate that overlies the tillites deposited during the
Nantuo (Marinoan) glaciation and shows a negative carbon isotope
anomaly similar to that of the basal Ediacaran cap carbonates glob-
ally [1]. Member II is composed of black shales interbedded with
dolostones. Member III consists mainly of dolostones and lime-
stones, and Member IV consists of �13-m-thick black shales [5].

Fig. 1. Sketch-map showing the paleogeography of the Yangtze Platform in South China during the Ediacaran and the locations of the sections included in this study. Red dots
represent geological sections.
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In the interval that includes the upper part of Member III and
Member IV from the upper Doushantuo Formation, a prominent
negative carbon isotope excursion (DOUNCE) has been recognized
and correlated with the Shuram carbon isotope anomaly [1,2,29].
The lowermost Dengying Formation is composed mainly of dolo-
stone and limestone, and the dolostone at the bottom of the forma-
tion documents the termination of the DOUNCE [1,5,28]. The
Jiuqunao section is adjacent to Jiulongwan and the Ediacaran
Doushantuo and Dengying formations are also well exposed in this
section (Fig. 1). However, the stratigraphic position of a black shale
interval (the Miaohe Member), which hosts the Miaohe biota,
remains controversial.

The Ediacaran successions at the Wuhe section, in Jianhe
County of Guizhou Province, represent the Ediacaran deposits from
the slope zone of the Yangtze Platform (Fig. 1). The stratigraphy of
this section has been described previously [1,28]. In ascending
order, the Ediacaran-Cambrian strata at Wuhe include the
Doushantuo, Dengying and Liuchapo formations, and a small por-
tion of the basal Niutitang Formation (Fig. 2). The Doushantuo For-
mation is subdivided into four intervals (Members I–IV) [28].
Member I is a 2.3-m-thick cap carbonate that overlies glacial
diamictite of the Nantuo Formation. Members II and III are com-
posed of carbonaceous shale and subordinate micritic or micro-
crystalline dolostone. Member IV is a �5-m-thick black shale
interval with phosphatic and pyrite nodules. The Dengying Forma-
tion consists mainly of �12-m-thick bedded dolostone. The Liu-
chapo Formation is a 40-m-thick chert. The Fanglong section is
also located in Jianhe County, near the Wuhe section (Fig. 1). The
exposed Ediacaran sequences at Fanglong, which include the
uppermost 4 m of black shale of the Doushantuo Formation plus
the Dengying and Liuchapo formations, are comparable to those

at Wuhe (Fig. 2). We discovered two K-bentonites in the Fanglong
section (Fig. 3). The lower K-bentonite is 10 cm thick and inter-
leaved within the dolostone of the lower Dengying Formation
(Fig. 3a). This K-bentonite is greenish grey and composed of the
minerals illite, mixed-layer illite-smectite, and kaolinite. The upper
K-bentonite, which is �5 cm thick, is located in the basal part of
the Liuchapo Formation (4 m above the Dengying-Liuchapo bound-
ary, Fig. 3b). This K-bentonite is blackish grey and has sharp con-
tacts with the Liuchapo chert. It is composed mainly of illite and
mixed-layer illite-smectite.

3. Sampling and analytical techniques

K-bentonite samples were collected from the Fanglong section
in Jianhe County, Guizhou Province. Sample FL-2 comes from a
K-bentonite in the lower part of the Dengying Formation. Another
K-bentonite sample (FLA-11) is from the lowermost part of the Liu-
chapo Formation. Zircon grains were extracted from concentrates
of each sample processed by conventional magnetic and density
techniques. Considering the characteristic of zircons in K-
bentonites (typically, they comprise inherited and/or detrital com-
ponents) and the advantages of microbeam analytical techniques
[30–33], SHRIMP U-Pb dating was used to obtain the ages of the
zircons in the two K-bentonite samples. The zircon grains, together
with the zircon standard TEMORA (reference age of 417 Ma), were
mounted in an epoxy-resin mount, which was then polished until
the crystal interiors were exposed. All zircons were documented
with transmitted and reflected light micrographs as well as
cathodoluminescence (CL) images to reveal their fissures, inclu-
sions, and internal structures, and the mount was vacuum-coated
with gold for SHRIMP analysis.

Fig. 2. Correlation of the Ediacaran successions from the Jiulongwan, Wuhe, and Fanglong sections on the Yangtze Platform in South China. Age constraints for the Jiulongwan
section are from Condon et al. [22]. Figures of the Jiulongwan andWuhe sections are adapted from Sahoo et al. [28]. Carbon isotope data of the Jiulongwan andWuhe sections
are from Jiang et al. [1]. NT, Nantuo Formation; DY, Dengying Formation; LCP, Liuchapo Formation; NTT, Niutitang Formation.
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Zircon U-Pb dating of the samples was performed using the
SHRIMP II at the Beijing SHRIMP Center, Beijing, China, following
procedures described in the Ref. [34]. The data were processed
using the Squid v. 1.02 and Isoplot/Ex v. 2.49 programs [35,36],
and common Pb was corrected against measured 204Pb.

4. Results

Most of the zircon grains in the two K-bentonite samples are
euhedral or subhedral (Fig. 4a-f), but some are rounded (Fig. 4g
and h). The zircons are 48–152 mm long and 32–100 mm wide.
The length-to-width ratios vary from 1:1 to 4:1, mainly higher
than 2:1. Some of the zircons show oscillatory zoning in the CL
images, and some show obvious cracks despite their euhedral crys-
tal shape (Fig. 4e and f). SHRIMP U-Pb analyses reveal that the
206Pb/238U ages of the rounded zircons are much older than those
from the main population (Fig. 4g and h). We consider these zir-
cons to be detrital. The SHRIMP U-Pb results also show that the zir-
cons with obvious cracks, in spite of their euhedral crystal shape,
have 206Pb/238U ages that are distinctly younger than the main
population (Fig. 4e and f). We attribute the young 206Pb/238U ages
of the zircons to Pb loss.

SHRIMP U-Pb dating was carried out on 41 spots of zircons from
sample FL-2 from the lower Dengying Formation at Fanglong (see
details in Table 1). During calculations of the weighted mean
206Pb/238U age, 11 analyses were rejected based on the following
reasons. (1) The ages of six spots (621.0 ± 7.2 to
1322.6 ± 13.8 Ma) are distinctively older than the main population.
The zircons hosting these spots were generally rounded; therefore,
we consider them to be detrital and we exclude them from analy-
sis. (2) The ages of four spots range from 423.9 ± 4.9 to
503.1 ± 12.1 Ma, which are much younger than those of the main
population. The zircons hosting these spots have obvious cracks.
Therefore, we infer that these zircons suffered from loss of radio-
genic Pb. (3) The spot FL-2.7 has a discordant age of
562.5 ± 11.4 Ma. To be prudent, we exclude it from the weighted
mean age calculation. The ages of the remaining 30 spots yield a
weighted mean age of 557 ± 3 Ma (2r, n = 30, MSWD = 0.38). This
mean age is interpreted to be the crystallization age of the zircons
and it is also the best estimate of the age for the K-bentonite FL-2
(Table 1; Fig. 5).

U-Pb isotopes were measured by SHRIMP on 37 spots of the zir-
cons from sample FLA-11 in the basal Liuchapo Formation (see
details in Table 1). During the calculation of the weighted mean

Fig. 3. Field photographs of the two Ediacaran K-bentonites in the Fanglong section in South China. (a) Greenish gray K-bentonite between dolostones of the lower Dengying
Formation. The width of the sample bag is 25 cm. (b) Blackish gray K-bentonite intercalated with the cherts of the basal Liuchapo Formation. The length of the hammer handle
is 30 cm.

Fig. 4. Cathodoluminescence (CL) images (left-hand image in each pair) and transmitted light photomicrographs (right-hand image in each pair) of representative zircons in
the two K-bentonites at Fanglong. (a) and (b) Subhedral prismatic volcanic zircons from sample FL-2 with U-Pb ages that fall into the main population of ca. 557 Ma. (c) and
(d) Subhedral prismatic volcanic zircons from sample FLA-11 yield U-Pb ages that fall into the main population at ca. 550 Ma. (e) Euhedral zircon with obvious cracks from
sample FL-2, which has a younger U-Pb age than the main population, owing to Pb loss. (f) Euhedral zircon with obvious cracks from sample FLA-11 that yields a U-Pb age that
is younger than the main population, owing to Pb loss. (g) Rounded detrital zircon in sample FL-2, which has a U-Pb age that is significantly older than the main population.
(h) Rounded detrital zircon in sample FLA-11 that yields a U-Pb age that is significantly older than the main population. The circles on zircons represent the spots of SHRIMP
U-Pb isotope analyses and are 30 mm in diameter.
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Table 1
SHRIMP zircon U-Pb isotope analyses of the Ediacaran K-bentonites at the Fanglong section.

(Continued on next page)
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206Pb/238U age, nine analyses were excluded. Among them, five
spots (645.8 ± 13.1 to 886.1 ± 15.7 Ma) were from zircons consid-
ered to be detrital, and four spots (387.1 ± 6.9 Ma to
461.9 ± 5.2 Ma) were from zircons considered to have experienced
Pb loss. The remaining 28 spots of the main population yield a
weighted mean age of 550 ± 3 Ma (2r, n = 28, MSWD = 0.38),
which is interpreted as the best estimate of the age of the K-
bentonite FLA-11 (Table 1; Fig. 5).

5. Discussion

TheEdiacaran successions atWuhearewell correlatedwith those
at Jiulongwan (Fig. 2), although they vary laterally in both thickness
and facies [1,28,37]. Member I of the Doushantuo Formation at the
two sections is the cap carbonate, which serves as the most signifi-
cant marker bed for the Doushantuo Formation on the Yangtze Plat-
form. Members II and III of the formation at the two sections, which

Table 1 (Continued)

aPbc and Pb* indicate the common and radiogenic portions, respectively. bGrey shading indicates data rejected from the weighted mean 206Pb/238U age calculations.
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are mainly black shale and bedded dolostone, are similar despite a
lack of prominent marker beds. Member IV of the Doushantuo For-
mation at both sections is a black shale layer, and this is the second
significant regional marker for the Doushantuo Formation. At the
two sections, the lithostratigraphic unit overlying the Doushantuo
Formation is the lowermost dolostone of the Dengying Formation.

Chemostratigraphic studies show that the inorganic carbon iso-
tope records in the Ediacaran sequences at Wuhe and Jiulongwan
have a similar trend (Fig. 2), which also suggests that the Ediacaran
strata from the two sections are well correlated [1,28]. The cap
dolostone in Member I of the Doushantuo Formation at the two
sections documents a negative carbon isotope anomaly, which
can be recognized in the basal Ediacaran cap carbonate globally.
A second negative carbon isotope excursion of the Doushantuo For-
mation has been discovered at the top of Member II at the two sec-
tions. In upward succession, the Doushantuo negative carbon
isotope excursion (DOUNCE), which is correlated with the Shuram
excursion elsewhere, is recorded in Members III and IV of the
Doushantuo formation at both Wuhe and Jiulongwan [2,38,39].
The negative values of d13C in this excursion increase to zero,
and then to positive values at the dolostone horizon at the base
of the Dengying Formation at both the Wuhe and Jiulongwan sec-
tions. In addition, previous geochemical studies have shown that
Member IV of the Doushantuo Formation records an oceanic oxy-
genation event [4,28,37,40,41], which further supports the
above-mentioned conclusion that Member IV serves as a signifi-
cant regional marker for the Doushantuo Formation.

As the exposed Ediacaran successions at Fanglong are entirely
similar to those at Wuhe, the Ediacaran strata at Fanglong are also
reasonably well correlated with those at Jiulongwan (Fig. 2). The
correlation of the Fanglong section and the Jiulongwan section
can be summarized as follows: (1) part of Member IV of the
Doushantuo Formation at Fanglong can be correlated with the cor-
responding interval at Jiulongwan; and (2) the Dengying Formation
at Fanglong is equivalent to the lowermost part of the Dengying
Formation at Jiulongwan.

Based on the above regional stratigraphic correlation, we believe
that the timing of the end of the DOUNCE can be constrained by the
zirconU-Pb age of the K-bentonite in the lower Dengying Formation
at Fanglong. Previously, the absolute age of the termination of the
excursion has been constrained only by the zircon U-Pb age of a tuff
at the top of the Miaohe Member at Jiuqunao in the Yangtze Gorges
area, originally published as 551.1 ± 0.7 Ma [22] and then revised to
550.5 ± 0.8 Ma [25]. An et al. [26] interpreted theMiaoheMember as
equivalent to the lower Shibantan Member of the Dengying Forma-

tion, rather thanMember IV of theDoushantuo Formation at the Jiu-
longwan section. If this interpretation is correct, the U-Pb age of the
tuff at the top of theMiaoheMembermay be too young to constrain
the end of the DOUNCE. The K-bentonite in the lower Dengying For-
mation at Fanglong is immediately above the stratigraphic position
where the negative d13C value of the DOUNCE recovers to zero, and
then to positive values (from�0.41‰ to 0.67‰, Fig. 2). Thus, the zir-
con U-Pb age (557 ± 3 Ma) of this K-bentonite could serve as a criti-
cal constraint on the timingof terminationof the excursion. The date
obtained in the present study (557 ± 3 Ma) is older than the tuff at
the top of the Miaohe Member at Jiuqunao (550.5 ± 0.8 Ma) [25].
However, we are able to provide only the analytical reproducibility
for the date in this study. If both the analytical and external repro-
ducibilities were able to be taken into consideration, as somework-
ers have performed [27], the age of the K-bentonite at Fanglong
would possibly be indistinguishable from that obtained for the tuff
at Jiuqunao (550.5 ± 0.8 Ma). Therefore, we conclude that the new
zircon U-Pb age (557 ± 3 Ma) of the K-bentonite in the lower part
of the Dengying Formation at Fanglong is a second important time
constraint on the end of the excursion (Fig. 2).

The above evaluation of the timing of the end of the DOUNCE is
consistent with some other estimates of the timing of onset of the
DOUNCE. An et al. [26] proposed that the top of the DOUNCE is
likely to be �560 Ma. Following An et al. [26], Sahoo et al. [28] esti-
mated an age of 560 Ma for Member IV and the top of the DOUNCE.
Zhu et al. [3] suggested that the DOUNCE ranged from ca. 560 to
551 Ma. If we were to take our age of 557 ± 3 Ma for the termina-
tion of the DOUNCE, together with Zhu et al.’s [3] estimate for the
duration of the DOUNCE, then we would calculate that the
DOUNCE had a maximum onset age of ca. 569 Ma. Gong et al.
[42] obtained a duration of 9.1 ± 1.0 Ma for the DOUNCE based
on rock magnetic cyclostratigraphy for the Doushantuo Formation.
They accepted the age of 551.1 ± 0.7 Ma as the termination age for
the DOUNCE and thus estimated the onset age of ca. 560 Ma. If we
combine this duration and our estimated age of 557 ± 3 Ma for the
termination of the DOUNCE, then the DOUNCE would have had a
maximum onset age of ca. 570 Ma. These estimates are essentially
consistent with the estimated onset age of ca. 570 Ma for the
DOUNCE equivalent in the Wonoka Formation, South Australia,
as reported by Williams and Schimdt [43].

6. Conclusions

This geochronological study was based on zircons from two K-
bentonites in the lower Dengying Formation and the basal Liu-

Fig. 5. (Color online) SHRIMP zircon U-Pb concordia diagrams and weighted mean 206Pb/238U ages of zircons from the two Ediacaran K-bentonites at the Fanglong section.
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chapo Formation at Fanglong in South China. These K-bentonites
yielded zircon U-Pb ages of 557 ± 3 and 550 ± 3 Ma, respectively.
On the basis of intra-basinal stratigraphic correlations, the results
in the present study suggest that a zircon U-Pb age of 557 ± 3 Ma
for the K-bentonite from the lower Dengying Formation could
serve as a second critical time constraint on the end of the
Doushantuo negative carbon isotope excursion. Combined with
some previous estimates of duration for the DOUNCE, the new data
imply that the DOUNCE had a maximum onset age of ca. 570 Ma.
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