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The end-Paleozoic biotic crisis is characterized by two-phase mass extinctions; the first strike, resulting in a large decline of 
sessile benthos in shallow marine environments, occurred at the end-Guadalupian time. In order to explore the mechanism of 
organisms’ demise, detailed analyses of depositional facies, fossil record, and carbonate carbon isotopic variations were carried 
out on a Maokou-Wujiaping boundary succession in northwestern Sichuan, SW China. Our data reveal a negative carbon iso-
topic excursion across the boundary; the gradual excursion with relatively low amplitude (2.15‰) favors a long-term influx of 
isotopically light 12C sourced by the Emeishan basalt trap, rather than by rapid releasing of gas hydrate. The temporal coinci-
dence of the beginning of accelerated negative carbon isotopic excursion with onsets of sea-level fall and massive biotic de-
mise suggests a cause-effect link between them. Intensive volcanic activity of the Emeishan trap and sea-level fall could have 
resulted in detrimental environmental stresses and habitat loss for organisms, particularly for those benthic dwellers, leading to 
their subsequent massive extinction. 
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The end-Guadalupian (end-Middle Permian) biotic crisis 
was considered the first strike of the end-Permian mass ex-
tinction, in the Phanerozoic times [1–3]. During this crisis, 
marine biota suffered a decline rate of 50% at generic level; 
although lower than that at the end-Permian (67%), it is 
higher than that at the end-Frasnian (41%), end-Triassic 
(46%), and end-Cretaceous (45%) mass extinctions [4]. 
This crisis is characterized by the massive losses of kerio-
thecal-walled fusulinaceans [4, 5] and corals [5, 6], and 
turnover in calcareous algae [4, 5]. Some invertebrate taxa 
such as brachiopods [7–9] and ammonoids [3, 10–13] suf-
fered relatively minor losses while bryozoans [9], bivalves 
[14–17] and gastropods [18] experienced a minor decrease 

in diversity [19]. Since the International Commission of 
Stratigraphy ratified the Penglaitan section at Laibin, 
Guangxi, South China as the Guadalupian-Lopingian Stage 
boundary of Global Stratotype Section and Point (GSSP), 
which was placed slightly below the top of Maokou For-
mation in 2005 [20], increasing interests arise in the 
end-Guadalupian biota crisis in South China [11, 21–24]. 
Recent studies suggest that the extinction horizon of marine 
microfossil occurs in the middle of the Capitanian Stage [11, 
21–24], below the Guadalupian-Lopingian (G-L) boundary. 
However, causes of this biotic crisis remain highly debatable. 
Most of the researchers suggested that the end-Guadalupian 
crisis was triggered by the eruption of Emeishan large ig-
neous province (LIP) [3, 21, 25] in South China and the 
dwelling-space loss of marine habitants caused by marine 
regression at the end of Capitanian age [1, 8, 26, 27]. In this 
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paper, detailed sedimentology, fossil record and carbon iso-
tope analyses were carried out upon the newly discovered 
Maokou-Wujiaping boundary section at Chaotian, Guang-
yuan City, northern Sichuan, South China, to provide addi-
tional lines of evidence for the mass extinction. 

1  Geological setting 

1.1  Location of the study section 

The study section is located in a valley (32°38.25′N, 
105°53.35′E), about 300 m away from the Xiaojiaba bridge 
of No. 108 national highway to the east of Chaotian town, 
Guangyuan, northern Sichuan, South China (Figure 1(a)). 
Previous studied sections of Permian at Chaotian area are 
located in a narrow gorge called Mingyuexia to the South of 
Chaotian town [27–30] (Figure 1(a)), ~5 km away from the 
Xiaojiaba section in this paper. 

1.2  Stratigraphy and sedimentology 

During the Permian, Chaotian area was located in the 
northwestern margin of Yangtze Platform [31], where the 
carbonate (ramp) platform evolved into a basinal environ-

ment during the Late Permian. The strata deposited include, 
in ascending order, the Chihsia and Maokou formations of 
Middle Permian, and Wujiaping, Dalong and Changhsing 
formations of Upper Permian. Except the Dalong Formation 
composed of basinal bedded chert interbedded with black 
shales, they mostly consist of limestone. According to Jin et 
al.’s subdivisions of the Permian System in China [32], the 
Maokou Formation includes the lower Roadian, Wordian 
and Capitanian stages of Middle Permian. The conodont 
biozones in the Capitanian, in the ascending order, consist 
of J. postserrata, J. shannoni, J. altudaensis, J. prex-
uanhanensis, J. xuanhanensis, J. granti, and C. postbitteri 
hongshuensis [24]. 

Tectonically, the Xiaojiaba section is located on the 
northern limb of Mingyuexia anticline. At this locality, the 
Maokou (Guadalupian), Wujiaping (Wujiapingian), Dalong, 
Changhsing, and Feixianguan formations (Lower Triassic) 
successively crop out along the roadcut (Figure 1(b)). The 
Maokou-Wujiaping boundary succession crops out fairly 
completely (Figure 1(c)). We measured and sampled the 
upper part of Maokou Formation and the lower part of the 
Wujiaping Formation (17.5 m in thickness).  

The measured interval of Maokou Formation displays 
metre-scale shallowing-upward cycles comprising basal  

 

 

Figure 1  The Xiaojiaba section in northern Guangyuan, Sichuan, China. (a) Location of the Xiaojiaba section; (b) outcrop of the Maokou-Wujiaping 
boundary succession; (c) panoramic view of Xiaojiaba section. 
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thick-bedded grey bioclastic packstones bearing abundant 
chert bands, which pass upward into massive bioclastic 
packstones commonly with chert nodules (Figure 2). In 
contrast, the uppermost cycles in Maokou Formation is ab-

sent of chert nodules/bands (Figures 1(c) and 2). Two thin 
layers of brownish tuffaceous claystones are intercalated, at 
thickness of 2.1 and 5.7 m, respectively, in measured inter-
val (Figure 2); the brownish coloration likely resulted  

 

 

Figure 2  Sedimentary succession, occurrences of foraminifers and calcareous algae, and carbonate carbon isotopic variations across the 
Maokou-Wujiaping boundary at Xiaojiaba, northern Sichuan. S, shale; M, lime mudstone; W, wackestone; P, packstone. 
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from subaerial weathering [28]. The overlying Wujiaping 
Formation starts with three beds of thin-bedded lenticular 
argillaceous bioclastic wackstones to packstones, followed 
by siliceous shales and limestones intercalated (or interbed-
ded) with tuffaceous beds (two beds) and shales (Figures 
1(c) and 2), in which radiolarians were found. Euhedral 
ziron crystals were extracted from the tuffaceous layers. 
Further upwards, rocks mainly comprise medium- to 
thick-bedded lime mudstones bearing chert nodules/bands 
(Figure 2). It is worthwhile to note an apparent change in 
lithofacies across the Maokou-Wujiaping boundary, i.e., 
apparent increase in argillaceous matter and decrease in bed 
thickness. Bioturbations occur in the thin-bedded lenticular 
limestones at the base of the Wujiaping Formation. No 
subaerial exposure and submarine erosions were identified 
in the rocks in the boundary successions. 

2  Methods 

Thirty fresh samples were taken from studied interval with 
sampling spacing of ~0.17 m just across the boundary but 
slightly sparse (0.88 m) away from the boundary. Twenty-      
seven petrographic thin sections were prepared for facies 
analysis and fossil identification. After detailed petrograph-
ic examination, powders were obtained from the micrite 
matrix using the micro-drill, avoiding diagenetic admixture. 
~5 mg powders for carbon and oxygen isotopic analysis 
were reacted with 100% phosphoric acid at 50°C for 24 h. 
Isotopic ratios were measured on a Finnigan MAT-251 
mass-spectrometer using the CO2. The reference material 
(GBW04405, Zhoukoudian limestone in China) was used to 
calibrate the mass spectrometer. Reproducibility based on 
the standards is better than 0.2‰. Carbon and oxygen iso-
tope ratios are expressed as -notation in per mille (‰) rel-
ative to V-PDB standard. Analytical precision for both 13C 
and 18O is better than 0.014‰ (1). The isotope ratios 
were measured at the Stable Isotope Laboratory in the In-
stitute of Geology and Geophysics, Chinese Academy of 
Sciences. 

3  Results 

3.1  Depositional environments and biotic successions 

The Maokou Formation at Xiaojiaba section consists mainly 
of bioclastic packstones containing abundant benthic fossils 
such as foraminifer, fusulinacean, calcareous algae, coral, 
brachiopod, gastropod, bryozoan and echinoderm. The bio-
tic assemblage and presence of chert nodules/bands in the 
rock indicates a slightly deep carbonate platform environ-
ment (i.e., open marine moderate to deep subtidal). By con-
trast, the absence of chert nodules/bands in the uppermost 
massive limestones of Maokou Formation suggests a shal-
lower water condition; the thickness-decreasing depositional 

cycle is likely a reflection of platform shallowing as well. 
However, the absence of subaerial exposure indicators on 
the top of Maokou Formation suggests that carbonate plat-
form was not subject to emergence above sea level. The 
apparent decrease in bed thickness and the occurrence of 
bioturbation, but increase in argillaceous matter in the basal 
carbonates of Wujiaping Formation, indicate a significant 
drop in carbonate production rate per time, implying a rapid 
deepening during deposition. The presence of radiolarians, 
although with minor amounts, in the lowermost Wujiaping 
Formation also suggests deepening of deposition. Compared 
with the deepest facies (basinal facies) of black bedded 
cherts and shales in the overlying Dalong Formation, the 
carbonate rocks, especially in the basal Wujiaping Formation, 
were likely deposited in deep subtidal condition with little 
storm agitation. The transition from progradational to retro-
gradational patterns across the Maokou-Wujiaping boundary, 
which can also be seen extensively across the G-L boundary 
at the Penglaitan section (GSSP section) and elsewhere [22], 
likely represents the transition from sea-level fall at the 
end-Guadalupian [22] and subsequent sea-level rise in the 
beginning of Lopingian [24]. 

The fusulinacean foraminifers in the Maokou Formation 
at Xiajiaba section include Schwagerinidae and Reichelina. 
The Reichelina is a survivor genus across the G-L boundary, 
so is common in both the upper Capitanian and lower 
Wujiapingian [22]. The keriothecal-walled Schwagerinidae 
is one of the extinction families; it disappears at the thick-
ness of 12 m near the top of Maokou Formation where obvi-
ous facies changes take place as well, defining the extinction 
horizon (Figure 2) [24]. The non-fusulinacean foraminifers 
consist mainly of small foraminifers, including Nodosariidae, 
Pseudoglandulina, Hemigordius, Frondicularia, Deckerella, 
Plectogyra, Geinitzina, Tetrataxidae, Globivalvulina, Pal-
aeotextulariidae, Neodiscus, Langella, and Pachyphloia 
(Figure 2), in which the Nodosariidae is the most common. 
At this locality, the calcareous algae include Udoteacean, 
Phylloid, Diplopora, Mizzia, and Gymnocodium (Figure 2), 
in which Udoteacean and Mizzia were extinct in this crisis 
while Gymnocodium survived the crisis. The calcareous 
alga Mizzia disappeared just at the extinction level, indicat-
ing the beginning of turnover of calcareous algae.  

3.2  Carbon isotopes 

At the study section, the carbonate 13C values range from 
2.74‰ to 4.89‰ (VPDB) and 18O values range from 
7.15‰ to 2.88‰ (VPDB) (Table 1). Based on the cross-     
plot of 13Ccarb and δ18O (Figure 3), no covariance is visible 
between them (R2=0.020), suggesting no significant altera-
tion of carbon isotope composition during diagenesis. The 
13C values are relatively high from the base to the thick-
ness of 2 m (4.89‰), in which a small negative shift of 
0.57‰ magnitude can be recognized from the thickness of 2 
m (i.e., the first tuff layer) to 10 m. Upwards, an accelerated  
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Table 1  Analytical results of stable carbon and oxygen isotopic ratios of 
carbonates at Xiaojiaba section, Guangyuan, South China 

Sample No. Thickness (m) 13C (‰) 18O (‰) 

Maokou Formation 

CT01 0.10  4.77 6.06 
CT02 1.10  4.88 6.12 
CT03 2.00  4.89 6.14 
CT05 2.63  4.74 5.73 
CT06 3.43  4.65 5.72 
CT07 4.43  4.47 5.20 
CT08 6.13  4.27 5.62 
CT09 7.73  4.31 4.73 
CT10 9.33  4.03 5.88 
CT11 10.13  4.27 5.26 
CT12 11.28  4.32 4.14 
CT13 11.58  3.76 5.57 
CT14 11.93  3.78 5.67 
CT15 12.93  3.68 5.28 
CT16 13.53  2.93 6.16 
CT17 13.68  3.02 5.57 
CT18 13.83  2.74 5.60 
CT19 13.98  3.72 7.15 

Wujiaping Formation 

CT23 14.35  3.71 3.10 
CT24 14.52  3.14 3.23 
CT25 14.65  3.47 4.44 
CT26 14.86  3.52 3.16 
CT27 15.08  3.39 6.72 
CT28 15.53  3.92 2.88 
CT29 16.28  3.34 6.02 
CT30 16.98  3.30 5.28 

 
 

 

Figure 3  Cross-plot of 13Ccarb and 18O values. No covariance is recog-
nized between them. 

negative excursion starts near the top of Maokou Formation 
(at 11.5 m), and reaches the trough (2.74‰), with an overall 
magnitude of 2.15‰, in the lenticular limestones of the 
lowermost Wujiaping Formation, above which 13C values 
rapidly return, although fluctuating, to higher values be-
tween 3‰ and 4‰. It is also noted that the onset of this 

major negative 13C excursion approximately coincides 
with the commencements of sea-levels fall and massive 
biotic demise.  

4  Discussion 

4.1  Emeishan large igneous province 

From the Middle Permian, the huge basalt suite, well known 
as the Emeishan Basalt, was formed extensively on the 
southwest flank of Yangtze Platform. It covered an area of 
ca. 2.5×105 km2, with a volume of ~0.3×106 km3 [33], rep-
resenting a large igneous province (LIP). This LIP consists 
mainly of flood basalts, contemporaneous mafic and felsic 
intrusions, and a small quantity of volcaniclastic rocks and 
tuffites [34, 35]. Some researchers suggested that the 
Emeishan LIP was formed in relation to mantle plume ac-
tivity [36, 37]. However, the area of crustal uplift prior to 
volcanic eruption is relatively small, only about 1/20 to 1/25 
times [37] of that predicted by the thermal plume model of 
Griffiths and Campbell [38]. The uplift was restricted to a 
small area [39], not as the large-scale doming as previously 
suggested [39–41]. The Emeishan LIP started massive erup-
tion in the middle Capitanian age [21, 22, 42–44], spanning 
a period of ≤1 Ma [21, 45]. 

Although basalts occurred mainly within the inner zone 
around the eruptive center, tuffites (commonly as altered 
white claystones) were widespread on the Yangtze Platform, 
especially in the outer zone far away from the eruptive cen-
ter. At Penglaitan, Guangxi, where the G-L boundary GSSP 
section is located, pyroclastic debris occur in the uppermost 
Maokou Formation and pale cream tuffaceous beds in the 
base of Heshan (or Wujiaping) Formation [20, 22]. At 
Xiaojiaba, tuffaceous beds occur in the upper part of 
Maokou Formation and in the base of Wujiaping Formation 
as well. At Mingyuexia section, ~5 km away from this study, 
the tuffaceous beds show a close geochemical affinity to the 
Emeishan volcanic rocks [29, 30]. These indicate the vol-
canic influences, although far-reaching, could have arrived 
at these areas in the outer zone of volcanic center. The syn-
chronous sea-level fall at the end of Maokouian (or Guada-
lupian) time was probably contributed, to some extent, by 
the crustal doming in the course of LIP’s eruptive activity. 
Although the age of these ash fallouts was not well con-
strained, He et al. [29, 30] reported a SHRIMP zircon U-Pb 
age of 260±5 Ma for the tuff (the Wangpo bed) across the 
Maokou-Wujiaping boundary at Mingyuexia not far from 
the study section, which can be temporally linked to the 
Emeishan basalt trap. 

4.2  Negative carbon isotopic excursion 

As stated above, the 13C values show a negative excursion 
near the top of Maokou Formation (at 11.5 m) and reach the 
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minimum (2.75‰) in the lowermost Wujiaping Formation, 
with an overall magnitude of 2.15‰, at studied section, and 
then quickly swing back, although slightly fluctuating. Simi- 
larly, a negative 13C shift was reported across the 
Maokou-Wujiaping boundary at Mingyuexia nearby, but 
with a larger magnitude of 8‰ [27]. By comparison, a coal 
seam occurs in the basal Wujiaping Formation at Min-
gyuexia section [27]; instead, thin-bedded siliceous shales 
and cherty limestone occur in the equivalent horizon at 
Xiaojiaba section, suggesting a deeper depositional setting 
there. Wang et al. [46] suggested that the magnitude of neg-
ative carbon isotopic excursion in shallow-water condition 
could be larger due to dissemination of nearshore light or-
ganic carbon matter [27, 47, 48]. It is worth noting that, at 
Penglaitan G-L boundary GSSP section in Guangxi, the 
major negative δ13C excursion occurs near the top of 
Maokou to the basal Heshan (equivalent to Wujiaping) for-
mations [46, 49]; similarly at Xiongjiachang section in 
Guizhou Province, it occurs in the transitional succession 
from Maokou to Wujiaping formations as well [21]. Al-     
though this negative excursion is found all within the 
Maokou-Wujiaping physical boundary successions, cono-
dont zonation suggests different timing of this event at dif-
ferent localities. The reasons for this paradox may result 
from: 1) differences in depositional and/or ecological set-
tings; 2) stratigraphic hiatus and/or erosion. Among these 
sections, the Penglaitan G-L GSSP boundary succession in 
Guangxi was deposited in the deepest setting, so that the 
conodont zones are most complete [49]. However, at 
Xiongjiachang section in Guizhou Province, it seems that 
the J. granti and C. postbitteri hongshuensis conodont zones 
are absent or missing [24], and at Mingyuexia, Sichuan 
Province, the J. altudaensis to C. postbitteri hongshuensis 
conodont zones are absent or missing [27]. To solve the 
inconsistencies between biostratigraphic, and lithostrati-
graphic and chemostratigraphic data, it is necessary to carry 
out further integrated studies. 

The gradual negative 13C excursion with a relatively 
low magnitude (2.15‰) in parallel with the sea-level fall, 
and co-occurrence of concentrated tuffaceous layers (Figure 
2) impling a volcanic driving from the far-reaching 
Emeishan basalt trap for this anomalous carbon cycling. 
The eruption of large LIP could release huge amounts of 
12C-rich CO2 into atmosphere (13C = 5‰) [50], leading 
to a negative carbon isotopic excursion of oceanic carbon 
pool through oceanic-atmospheric carbon transformation (or 
cycling) as if the LIP was large enough [51]. Dissociation of 
methane hydrates (13C = 60‰ [52–54]) could have in-
duced a rapid, larger-scale δ13C excursion [55, 56]. Com-
pared to the rapid excursion (faster than 1.5‰/kyr) of me-
thane hydrate releasing, declining of the 13C values at 
Xiaojiaba is relatively mild. Given an estimate of 10 cm/ky 
for the carbonate accumulation rate [57], the negative car-
bon isotopic excursion of 0.74‰ from the thickness of 2 m 
to 11.5 m only produces a rate of 0.01‰/kyr of negative 

shift. Even the relatively rapid negative carbon isotopic ex-
cursion (1.58‰) from 11.5 m to 14 m just across the 
Maokou-Wujiaping boundary can only produce a rate of 
0.06‰/ky of negative shift. Such a slow 13C excursion 
rate argues against methane releasing as the 12C-enriched 
carbon source. Bond et al. drew a similar conclusion based 
on carbon isotopic variation patterns across the G-L bound-
ary successions in southwestern China [24]. According to 
the model of Shelf et al. [58], eruption of 1000 km3 magmas 
from the LIP can simultaneously result in CO2 emission of 
about 13 Gt, such that, during the volcanic activity of 
Emeishan LIP, 1.3 times the amounts of modern atmosphere 
CO2 (~3000 Gt) could have been simultaneously emitted 
into the atmosphere. In addition to the Emeishan basalt trap, 
end-Guadalupian plume-related alkaline intrusive suites [59] 
are documented in Oslo (Norway) [60, 61], Oman [62] and 
western Australia [63, 64] in the east of Pangea superconti-
nent. Therefore, the amounts of CO2 emission during 
end-Guadalupian intensive volcanism could have largely 
exceeded the amounts previously estimated, resulting in the 
negative carbon isotopic excursion across the G-L boundary. 
However, it remains uncertain whether the end-Guadalupian 
abnormal carbon cycling was a single event, or multiple 
events. 

4.3  Controls on the mass extinction 

The end-Guadalupian biotic crisis is characterized by step-
wise biotic decline [11]. Rugose corals and brachiopods 
first suffered from severe demise in the late Capitanian, then 
giant fusulinids stepped down in the end of Capitanian, and 
finally conodonts were turned over just prior to the G-L 
transition [11]. At Xiaojiaba, corals and non-fusulinacean 
foraminifers disappeared earlier, and extinction interval 
marked by the loss of fusulinacean Schwagerinidae oc-
curred approximately in parallel with the major negative 
carbon isotopic excursion (Figure 2). As documented above, 
the negative shift is rationalized to be linked to the volca-      
nism associated with the Emeishan LIP, thereby reasonably 
linking the mass extinction to the volcanism of Emeishan 
LIP at the end of Guadalupian as well. Based on Wignall et 
al.’s [22] observations, volcaniclastic deposits comprise one 
third of the total volcanic piles of Emeishan LIP, indicating 
more violent eruption than previously imaged. Generally, 
magmatic eruptions of LIP could release significant 
amounts of tephra and gases (CO2, SO2, HCl, HF and H2O), 
of which SO2 and CO2 predominate. The Emeishan LIP was 
located in the tropical low-pressure zone [65] at the end of 
Guadalupian, favoring gas ascending. Moreover, the 
Emeishan LIP was geographically located in the eastern 
region of Pangea where trade wind prevailed, facilitating 
westward diffusion of tephra and gases. Therefore, the 
tephra and gases emitted probably could have been lofted to 
the mid- to upper-troposphere, and even to the base of 
stratosphere. In this case, the tephra and gases would spread 
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rapidly to other areas over the world, producing widespread 
tuff deposits across the G-L boundary in the Far East of 
Russia, South China, and Japan [59]. On the other hand, the 
SO2 emitted would react with water vapors to form H2SO4 
aerosols, as observed during the eruption of Laki volcano 
(1783) in Greenland, through which the aerosols spread 
over more widely than tephra did [66]. Because the diame-
ter of aerosol particles is similar to the wavelength of visible 
light, the sulfate aerosols can scatter back and absorb the 
sun’s radiation, resulting in short-lived cooling, thereby 
threatening the benthos adapting to tropical warm climate 
[67–70]. The fall of volcanogenic acid rains (H2SO4 and HCl) 
and the large flux of volcanogenic CO2 and SO2 into oceanic 
surface waters could have increased the water acidity and 
enhanced carbonate dissolution, thus preventing calcification 
of skeleton-secreting benthos in shallow waters [71]. 

As mentioned above, at Xiaojiaba, the extinction interval 
occurred in parallel with the sea-level drop, implying a 
causal link between them, at least a temporal coincidence, at 
the end-Guadalupian. Many studies proposed the lowest 
sea-level stand of the Paleozoic occurred at the end-Gua-       
dalupian [26], and only persisted for a short interval ≤2 
Ma [72]. Firstly, decrease in ocean ridge volume may drive 
the sea-level fall as a result of diminished oceanic ridge 
accretion in the context of culmination of the Pangea su-
percontinent assembly at the end of Middle Permian. Sec-
ondly, regional doming caused by the impingement of su-
perplumes below the base of the lithosphere could also re-
sult in the sea-level drop [26], which is rationalized by oc-
currences of several Middle-Late Permian LIPs in eastern 
Pangea [59]. By comparison, the latter case is more likely in 
view of the time interval of sea-level lowstand. During the 
Middle Permian, most islands and continental shelves  
favorable for benthic dwellers were located along the 
Paleo-Tethys and New-Tethys [8, 73], such that a rapid 
sea-level fall, likely caused by doming of LIPs, could have 
decreased the colonizing spaces of shallow-water benthic 
habitats and caused detrimental stresses on the organisms, 
together with volcanic-induced environmental deterioration, 
leading to their massive demise. 

5  Conclusions 

A negative carbon isotopic excursion with an overall mag-
nitude of 2.15‰ took place just across the Maokou-Wu-      
jiaping boundary at Xiaojiaba, northern Sichuan. It was 
likely induced by the volcanic activity of the Emeishan LIP. 
This carbon isotopic anomaly co-occurred with the sea-level 
fall and massive biotic demise. Substantial loss of colo-
nizing spaces of benthos and volcanic-induced environ-
mental deterioration are likely the main factors responsible 
for the mass extinction at the end of Maokouian (or Guada-
lupian). 
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