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Abstract The modern Black Sea has a mixed upper layer in the top 150−200 

m of the water column, below which the water is anoxic, separated from the mixed 

layer by a redox boundary. There is limited vertical movement of water. Pyrite 

framboids form in the water column of the anoxic zone, then have been traditionally 

interpreted to sink immediately and accumulate in the sediments of the Black Sea. 

Thus the occurrence of framboids in sediments in the rock record is widely 

interpreted to indicate poorly oxygenated to anoxic conditions in ancient 

environments. However, in the Permian−Triassic boundary (PTB) microbialites of 

South China, which formed in shallow marine conditions in contact with the 

atmosphere, the published occurrence of framboids is inconsistent with abundant 

gastropod and ostracod shells in the microbialite. Furthermore, in the modern Black 

Sea: (a) framboids may be suspended, attached to organic matter in the water 

column, thus not settle to the sea floor immediately after formation; and (b) the 

redox zone is an unstable complex area subject to rapid vertical water movement 

including occasional upwelling. The model presented here supposes that upwelling 

through the redox zone can lead to upward transport of suspended pyrite framboids 

into the mixed layer. Advective circulation could then draw suspended framboids 

onto the shelf to be deposited in oxygenated sediments. In the Permian−Triassic 

transition, if framboids were upwelled from below the redox boundary and mixed 

with oxygenated waters, sediment deposited in these conditions could provide a 
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mixed signal for potentially misleading interpretations of low oxygen conditions. 

However, stratigraphic sampling resolution of post-extinction microbialites is 

currently insufficient to demonstrate possible separation of framboid-bearing layers 

from those where framboids are absent.  

Profound differences between microbialite constructors and sequences between 

western and eastern Tethys demonstrate barriers to migration of microbial 

organisms. However, framboid occurrences in both areas indicate upwelling and 

emphasise vertical movement of water from the lower to upper ocean, yet the 

mixed layer advective motion may not have been as effective as in modern oceans. 

In the modern Black Sea, such advection is highly effective in water mixing, and 

provides an interesting contrast with the PTB times. 

Key words mass extinction, Permian–Triassic boundary, microbialite, 

ostracod, gastropod, anoxia, Black Sea 

1 Introduction and aims  

Causes of the end-Permian mass extinction remain problematic, but a growing body of 

evidence points to low oxygen levels throughout much of the ocean system. A range of 

measures of low oxygen includes pyrite framboids (Bond and Wignall, 2010; Tian et al., 2014), 

sulphur isotopes (Paytan et al., 2011), redox-sensitive elements (e.g., Algeo et al., 2010) and 

biomarkers (e.g., Luo et al., 2013). Much work focuses on open shelf settings, and is 

establishing an interpretation of reduced oxygen in the deeper shelf and the deeper open ocean. 

However, there remains an issue of interpretation of oxygenation in locations where physical 

bio-sedimentary and shelly fossil evidence point to normal levels of oxygenation. For example, 

at Meishan, the GSSP for the Permian−Triassic boundary, the open shelf sediments there 

contain abundant trace fossils, including open tunnels indicative of excavating organisms that 

must have needed oxygen. Danovaro et al. (2010) showed that modern metazoans can exist in 

low oxygen settings; these are very small metazoans in the Mediterranean Sea. Gingras et al. 

(2011) demonstrated that small metazoans can live in oxygenated microenvironments, receiving 

oxygen from photosynthesizing microbial organisms in otherwise low oxygen settings. These 
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observations were explored by Forel et al. (2013) for the Permian−Triassic boundary (PTB) 

microbialites. However, those interpretations can apply only to situations where the amount of 

oxygen produced locally can be matched to the sedimentary evidence of shelly remains in the 

sediments. If there are abundant shelly remains, as in the case of many PTB microbialites, then 

local oxygen production within the microbialite may not have been sufficient to reasonably 

explain presence of abundant shelly fossils. There is also the issue, in the fossil record, of 

demonstrating whether or not the shelly remains were alive at the same time as the 

photosynthesizing oxygen-producing microbia. In the geological record, the issue of time-

averaging in sediments is an important barrier to proving co-existence of organisms. 

This paper addresses the issue of whether the microbialite system, that developed 

immediately after the end-Permian extinction event, grew in oxygenated conditions or not, 

using information from oceanographic processes in the modern Black Sea. The issue arises 

because of the discovery of pyrite framboids in the microbialite in one site (Laolongdong, 

Chongqing, South China, see Liao et al., 2010). In general, the PTB microbialites are rich in 

shelly remains of ostracods and gastropods that may be reasonably viewed as requiring fully 

oxygenated conditions in which to grow. Therefore there is a seeming contradiction between 

the presence of pyrite framboids indicating low oxygen, on one hand, and shelly faunas in 

shallow marine waters indicating normal oxygen, on the other hand. Kershaw et al. (2012) 

suggested that this contradiction could be explained by oxygen-poor water upwelling and 

choking the continental shelves. However, the current paper investigates this problem in 

relation to modern oceanographic processes in the Black Sea and provides an alternative 

potential explanation.  

2 Black Sea oceanography  

2.1 General pattern 

There is a huge literature database on the Black Sea, because of its peculiar setting in the 

global aquatic system, being the only large water body currently existing that is largely anoxic. 

Critical to the current paper, the nature of the shallow Black Sea circulation is of great interest.  



The Black Sea is divided into two basins, east and west, by a north−south orientated 

seafloor topographic ridge in its centre. However, water circulation consists of two forms of 

wind-driven water circulaton that influences both the upper (mixed) layer of oxygenated water, 

and the upper portion of the underlying anoxic water. Firstly, the surface waters are driven by 

westward-moving winds from the Caucasus Mountains in the northeast, to produce a cyclonic 

(anticlockwise) rim current along the continental slope (Figure 1), that varies from weak to 

strong, and completes one loop around the Black Sea in only a few months (Zatsepin et al. 

2007). Secondly, two major anticyclonic gyres exist as permanent features, one in the east and 

one in the west basin (Figure 1). Also, anticyclonic mesoscale eddies and minor eddies develop 

across the Black Sea and are unstable, showing large changes over periods of only 3−6 months 

(Zatsepin et al., 2007, Tulzhikin, 2008).  

 
Figure 1 Map of the Black Sea showing the East and West basins, and the overall circulation patterns (based on 

Tuzhilkin, 2008; Fig. 1). Note the Bosporus Strait in the southwestern margin, where dense warm saline water 

enters the Black Sea. This water sinks to an intermediate level and is transported across the Black Sea into the 

East Basin. Detailed oceanographic measurements by Ostrovskii and Zatsepin (2011) and sediment sampling by 

Ivanova et al. (2007) were undertaken offshore of Gelendzjik, on the northeastern coast, see text for details. 
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Thus, due to eddy flows, the upper 150−200 m of the Black Sea water mass is mixed by 

surface circulation and is aerated in contact with the atmosphere (Figure 2). Oxygen levels 

decline downwards, reaching zero at the redox boundary (Ostrovskii and Zatsepin, 2011) that 

lies between the upper mixed layer and the lower anaerobic waters which form most of the 

Black Sea mass. Volkov et al. (2007) demonstrated that the deeper water is composed of two 

distinct masses, and upwelling occurs from the lower mass. Major upwelling events occur 

occasionally in the Black Sea (Mihailov et al., 2012). Finally, Falina et al. (2007) demonstrated 

that the dense saline water entering the southwestern margin of the Black Sea via the Bosporus 

(Figure 1) sinks to intermediate depths below the redox boundary and extends across into the 

east basin, as a intermediate water mass. Overall, there is considerable complex water 

movement in both the upper (mixed) and lower (anoxic) layers. 

 
Figure 2  Diagram of conceptual changes in short term in the upper waters of the Black Sea. Wind flow from the 

Caucasus Mountains east of the Black Sea drive eddies and the rim current that play an important part in dynamic 

motion of the Black Sea waters. Slumping on the inclined substrate of the Black Sea is indicated. Eddy flow is 

advective (horizontal) and there is little vertical movement of water under normal conditions. However, 

occasional upwelling occurs in the Black Sea. Note also the redox zone and the formation of pyrite framboids. 

Published observations (see Wilkin et al., 1996; page 3898) of framboids suspended in the water on organic 

matter have important implications for the fate of pyrite framboids in sedimentary deposits; see text for discussion. 

 



2.2 High-resolution short-term change 

Ostrovskii and Zatsepin (2011) presented data collected daily over a week period, using a 

moored submersible instrument platform (Aqualog) fixed to the sea floor off the shelf break in 

the northeastern Black Sea near Gelendzjik (Figure 1). Aqualog is automated to move up and 

down a fixed vertical rope over periods of a few hours, continuously recording data on 

whatever instruments are installed. Ostrovskii and Zatsepin (2011) recorded current strength, 

dissolved oxygen, fluorescence and turbidity (via acoustic backscatter), demonstrating vertical 

migrations of plankton within the mixed aerated layer, but critically showing that advective 

(horizontal) current flow in mesoscale eddies associated with easterly winds was dynamically 

variable and capable of transporting water onto and off the shelf areas in the mixed layer above 

the redox boundary. Upwelling and descending water masses occur uncommonly in the Black 

Sea, but is a recognized process of Black Sea oceanography (Ostrovskii and Zatsepin, 2011; 

Mihailov et al., 2012). Furthermore, the redox boundary shows vertical movements; as much as 

40 m in one day has been observed (Alexander Ostrovskii, 2013; personal communication). 

Figure 2 shows a summary of short-term processes in the Black Sea mixed layer and upper 

parts of the anoxic layer. 

3 Observations from the Permian−Triassic boundary microbialites 

Permian−Triassic boundary (PTB) microbialites contain abundant gastropod and 

ostracod faunas, between branches of microbial structure and in sedimentary layers within the 

microbialite (Kershaw et al., 2012). Figure 3 shows part of the microbialite in Dongwan site, 

Sichuan Province, South China, demonstrating the interrelationships between the microbial 

material and fossil-bearing sediments. Figure 4 and	  Figure 5 show details of other samples from 

Dongwan, and draw attention to small scale changes within the microbialite, separating small 

depositional episodes, lithification and erosion in the shallow-water environments of 

microbialite growth. The implications of these detailed changes are significant to interpretation 

of environmental change within the microbialite unit, because there is clearly a temporal 

separation between successive parts of the microbialite. Current published information on pyrite 

framboids does not discriminate these successive parts in detail. 
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Figure 3  Photographs of PTB microbialite at Dongwan, Sichuan, South China, showing shelly remains amongst 

microbial branches. a−Field Photograph of microbialite domes and layered shell-rich sediment. b−Polished 

vertical section of microbialite and sediment. c−Dendritic branches of microbialite and fine-grained sediment. 

Note the shell remains between the branches. 



 
Figure 4  Detail of stratigraphy of sediment and microbialite from Dongwan site. The microbialite branches (M) 

are infilled with sediment (S1), and then lithified and eroded (E1). Three more layers of sediment are deposited, 

S2, S3 and S4, with lithification and erosion (E2, E3) between them. This sample demonstrates the small scale 

complexity of one part of the microbialite, with important implications for investigations of oxygenation of the 

material. 
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Figure 5 More detail of stratigraphy of sediment and microbialite from Dongwan site. These photographs 

emphasise the erosion of the microbialite branches together with fine-grained carbonate sediment deposited 

between their branches, on a small scale, with subsequent sediment deposition and erosion. 
 

4 A simple model for pyrite deposition in oxygenated environments 

Data from long-term and short-term measurements in the modern Black Sea, cited above, 

demonstrate that the Black Sea processes are dynamic and complex at all scales. The 

occurrence of upwelling events provides the possibility of transport of suspended matter from 

the anoxic layer upwards through the redox zone into the mixed layer. Although there is a 

generally agreed notion that pyrite framboids immediately sink to the sea floor after formation 

(e.g., Volkov and Neretin, 2008; Fig. 7), Wilkin et al. (1996; page 3898) reported that pyrite 

framboids occur suspended attached to organic matter in the Black Sea and in other places, such 

as Canadian lakes. These observations allow for the suspension of pyrite framboids in the water 

column that may be subject to vertical water movement. 

If upwelled water carried suspended pyrite framboids up into the mixed layer, the 

possibility exists that advective currents could draw this water onto the shelf, and lead to the 

deposition of framboids in aerated sediments, see the model presented in Figure 6. When buried 

by active sedimentation on the shelf (from sediment precipitation, plus storm activity and 

slumping transporting sediment across the sea floor), framboid preservation is likely. Active 

sedimentation on shallow shelves during the Late Permian and Early Triassic is demonstrated 

by the sedimentary sequences illustrated in Figures 4 and 5, although slumping is not recorded 

in these ancient sediments, presumably due to low angle shelves. Shelf sediment containing 

framboids in the rock record may thus lead to inaccurate interpretations of short-term events in 

the shallow water sediments and influence models of ocean changes after the extinction. 

 



 

Figure 6  Cross section through Black Sea showing interpretation of transport of pyrite framboids from the anoxic 

zone onto the shelf. Occasional upwelling draws suspended pyrite framboids into the upper mixed layer, where 

advective eddy circulation transports the framboids to the shelf for deposition.  
 

5 Discussion 

5.1 General features 

The Black Sea is seen as a modern analogue for the ancient world ocean, particularly in 

the Palaeozoic Era, where deep ocean waters have been considered as being low oxygen, under 

a different less vigorous circulation regime, dominated by salinity controls (halothermal 

circulation), contrasting the modern processes where temperature is more important 

(thermohaline circulation; see Kershaw, 2000 for discussion). 

The model described above provides the possibility of depositing pyrite framboids, that 

formed in anoxic waters, into sediments formed on the shelf of the Black Sea above the redox 

zone. Ivanova et al. (2007) reported angular unconformities in soft-sediment cores on the Black 

Sea shelf, also near Gelendzjik, where the Aqualog measurements were made. In soft 

sediments, such unconformities are best explained as gravity-driven slumps, a common feature 
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of the Black Sea margin. In the soft-sediment cores of maximum 10,000 years age, slumping 

would lead to some sediment mixing, but importantly provide the possibility of burying 

mobilized sediment after short-distance of movement on the shelf. Pyrite framboids in these 

sediments should be preserved in sediment out of contact with the sediment water interface, and 

therefore more likely to survive and be preserved permanently. Storm redistribution of sediment 

is also a potential mechanism to bury and preserve pyrite framboids. As yet the possible 

deposition of pyrite framboids in Black Sea mixed layer sediments has not been tested by 

sampling, but is an avenue for future investigation.  

If this model is applied to the shallow seas after the end-Permian extinction event, it has 

the potential to explain how pyrite framboids could be present in the post-extinction 

microbialite along with shelly faunas of gastropods and ostracods. Indeed there are at least two 

possible explanations for the presence of framboids in the microbialite, both of which can be 

accommodated within the model described in this paper: 

1) The framboids were uplifted from the anoxic zone in an upwelling event and any 

anoxic water also upwelled but mixed with aerated water and oxygenated. The framboids were 

then transported in oxygenated waters across the shelf to be deposited in shallow marine areas 

where the microbialites grew. For the Permian-Triassic boundary microbialite sequences, the 

illustrations in Figures 4 and 5 show layers of shelly fossils that may have been storm-

deposited. In order for the framboids to be preserved, they would need to have been buried 

relatively quickly; the fine-grained sediment may be expected to have prevented oxygenated 

water causing oxidation of the framboids, and in cases where the microbialite layers 

immobilised the sediment (e.g. Wang et al, 2005) there is a strong case for preservation of 

framboids in low oxygen conditions beneath the redox boundary in the sediment. 

2) The framboids were uplifted by upwelling as in “1)”, but the accompanying anoxic 

water retained its coherence, so that the framboids were carried in poorly oxygenated water and 

deposited in the microbialite. In this case, if the upwelling was a prolonged process that led to 

poorly oxygenated waters being a persistent feature of the shallow marine environments, then 

the possibility exists that the microbialites grew in poorly oxygenated conditions, a scenario 

suggested by Kershaw et al. (2012). 



Ostracod faunas associated with microbialites have been shown to reflect variations in 

oxygenated environments (Forel et al., 2009) with evidence of well-oxygenated and poorly-

oxygenated waters in different places. Of interest, the pyrite framboids reported by Liao et al. 

(2010) occur in the same locality (Laolongdong in Chongqing, South China) as lower oxygen 

conditions reported by Crasquin-Soleau and Kershaw (2005). The occurrence of abundant 

shelly remains of gastropods in PTB microbialites may then be accounted for by fluctuations of 

oxygenation of waters of the shallow shelf, so that the shelly faunas developed during periods 

of normal oxygenation between events of anoxic upwelling, as suggested by Kershaw et al. 

(2012). Further evidence of oxygenation in the microbialites is in current work on redox-

sensitive elements (Collin et al., 2012) and indicates that the microbialites grew in oxygenated 

conditions. Also, recent work by Tang et al. (2014) from the Chinese section at Yudongzi, in 

northwest Sichuan Province, used abundant shelly faunas to indicate that the microbialites were 

oxygenated. Nevertheless, the possibility of fluctuations in oxygenation in that locality remain 

possible because a critical issue is the precision of sampling in the microbialite. Tang et al. 

(2014) sampled using a spaced resolution of 0.5 m per sample, leading to the possibility of 

omitting low-oxygen beds from the dataset, if they exist in the sequence. Clearly the way 

forward with such work is to sample at very high resolution, and not necessarily sample at fixed 

intervals, in order to ensure collection of all the changes in the sequence. 

Liao et al. (2010) sampled the microbialite at Laolongdong site, Chongqing, and 

determined the presence of pyrite framboids to interpret lower dysoxic conditions, based on the 

diameters of the framboids. However, the precise sample locations of material for that study 

will have an important impact on the interpretations of framboids from Laolongdong. 

Unfortunately such details were not available, and therefore it is not possible in that study to 

discriminate between different beds within the microbialite. Nevertheless, the discovery of 

numerous samples that show consistency of pyrite framboid diameters (leading to the 

interpretation of dysoxia) is an important observation. 

Liao et al. (2010; Fig. 2) demonstrated that pyrite framboids of small diameters 

continued in the sediments above the microbialite, in the upper two samples. However, the fact 

that the microbialite disappeared from the section while the interpreted dysoxic conditions were 

maintained, suggests that dysoxia may not have been a principal control on the microbialite. 
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Kershaw et al. (2012) proposed that PTB microbialites were facies-controlled, and so the 

cessation of microbialite growth could be due to sea level rise, while the dysoxic conditions 

were maintained. Alternatively, using the model presented in this paper, if the framboids were 

all imported, then the entire logged section studied by Liao et al. (2010) may have been in 

oxygenated sediments. Nevertheless, the results of Liao et al. (2010) allow for the possibility 

that the microbialite material did not grow in dysoxic conditions, but that dysoxia was 

potentially due to temporary invasions into the shelf, between which the oxygenated 

environments allowed microbialites to grow. Note also that Knoll and Fischer (2011) drew 

attention to the logical deduction that shallow marine systems must be oxygenated because of 

the mixing of surface ocean waters in contact with the atmosphere. However, if anoxic 

upwelling events led to poorly oxygenated water transported across the shelf, the possibility 

exists that such waters could temporarily cut off the supply of oxygenated waters to the shallow 

sea floor, without the need for comprehensive invasion of anoxic water onto the shelf. 

Details of microbialite stratigraphy in examples in Figures 3−5, further emphasise the 

need for future high-resolution work on PTB microbialites. Figures 4 and 5 are from adjacent 

samples at the same horizon and show how individual microbialite heads are filled with 

sediment, lithified and eroded, followed by further deposition, lithification and erosion. These 

two figures highlight the small scale changes in sedimentary sequences that may have important 

implications for the environmental history of the rocks. Thus, the possibility exists that the 

microbialite and its enclosing sediment (M and S1 in Figures 4 and 5) formed in reduced 

oxygen conditions, but then was lithified and eroded prior to deposition of S2, S3 and S4 that 

contain rich shelly faunas and no microbialite. Thus, S2−S4 may have formed in well-

oxygenated conditions and may even have been compiled by storm action, concentrating the 

shells. 

Bond and Wignall (2010) indicated that euxinia in the end-Permian event could have 

occurred even above storm wave base. Nevertheless, it could be argued that such conditions 

could have been only temporary because of the fact that the upper ocean waters are in contact 

with the atmosphere, as noted by Knoll and Fischer (2011), so that the mixed upper waters 

could presumably not stay anoxic for long periods. Thus it is easy to visualise that the PTB 

microbialite sequences, as shallow marine features, grew in largely oxygenated conditions, and 



the presence of pyrite framboids was due to either transient low-oxygen conditions in the 

oceans, or import of framboids in oxygenated waters; but this idea needs to be tested in future 

work. Thus, overall, the model presented here points the way to focus future research to test the 

alternatives discussed above, but requires high resolution sampling to fully investigate. 

5.2 Oxygenation, ocean circulation and palaeogeography 

While evidence of low-oxygen conditions occurs in many places across the 

Permian−Triassic boudary, some sites show no evidence, such as the Wasit Block in Oman 

where abundant and diverse faunas occur above the extinction level (Baud and Bernecker, 

2010). Furthermore, there is clear evidence of palaeogeographic variations in structure of post-

extinction microbialite communities (Kershaw et al., 2012). Normally the upper waters would 

be expected to be well-circulated by gyres in Tethys, as modeled by Kidder and Worsley 

(2004). Eastern Tethys sites in the South China Block contain microbialites that are extensively 

recrystallized but contain remnant structure dominated by renalcid-type calcimicrobes 

(Kershaw et al., 2012). In contrast, in western Tethys sites, principally in Turkey and Iran, the 

microbialites are composed of sediment, as stromatolites (laminated and layered clotted 

micrites) and thrombolites (thromboidal clotted micrites), see Figure 7. Figure 7 also draws 

attention to western Pangaea, where PTB microbialites have not been found, despite that area 

being in the right latitudes for microbialite growth, given the low latitude abundance of 

microbialites in Tethys. The reasons for such profound differences are currently uknown and 

require further investigation. 
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Figure 7  Simplified palaeogeography of the Permian−Triassic time, with major features of microbialite 

geographic distribution. Note the major differences of microbialite composition between western and eastern 

Tethys, and the lack of microbialites in western Pangaea, in latitudes and locations where they would be expected 

to occur. See Kershaw et al. (2012) for more details of the geographic distribution of the microbialites. 

 

Bond and Wignall (2010) surveyed pyrite framboids in different locations across the 

Permian−Triassic Boundary, as follows: 

Western Tethys: In Hungary, although framboids were found in the boundary shale 

directly below the microbialite, none were found in the overlying stromatolites, in a ramp 

setting. In Italy, there is little microbialite preserved (Mazzin Member) with rare framboids only 

at the base of the microbialite, yet framboids were common in the underlying Tesero oolite, 

which is a mobile sediment subject to strong water movement. Although Bond and Wignall 

(2010) interpreted the Tesero oolite to have been deposited in a time when anoxic water 

expanded into shallow depths, the possibility of inwashed framboids to be deposited in 

oxygenated conditions, then buried, as proposed in the model presented in Fig. 6, cannot be 

ignored. 

Eastern Tethys: The South China sequences studied by Bond and Wignall (2010) are all 

open shelf settings, and contain some framboids. The only microbialite site so far recorded with 

framboids is Laolongdong (Liao et al., 2010). 

Even though there are geographic differences between microbialites of the various sites 

in Tethys, framboid occurrences in both eastern and western Tethys demonstrate that upwelling 

was a common feature of the ocean circulation, yet there were barriers to horizontal migration 

of microbial organisms across Tethys, suggesting that mixed layer advective motion may not 

have been as effective as in modern oceans. In the modern Black Sea, advection is very 

effective in moving water around the Black Sea surface waters, as are the open ocean gyres. 

Thus the contrasts between microbialites will perhaps force reassessment of ocean circulation 

interpretations of the PTB times, and emphasise the key role that they play in understanding 

processes across this important episode of Earth history. 

6 Conclusions 



Modern Black Sea oceanography is applied here to propose a model that pyrite 

framboids may have been upwelled into the upper mixed layer of the Black Sea and transported 

onto the shelf by advective eddies to be deposited in oxygenated sediments. This model needs 

to be tested by sampling oxygenated sediments of the Black Sea shelf and search for pyrite 

framboids. 

In the Permian−Triassic transition, the possibility of deposition of pyrite framboids in 

oxygenated sediments may solve the contradiction of co-occurrence of framboids and shelly 

faunas in the microbialites; this model therefore has profound implications for interpretations of 

ocean oxygenation of the Permian−Triassic transition. 

Palaeogeographic differences between microbialites of the various areas within Tethys 

imply that upper ocean circulation may not have been effective in the Permian−Triassic 

transition, in contrast to modern oceans, including the Black Sea, where advective circulation is 

very effective for migration of biota. 

This work, and in particular the uncertainties demonstrated in the discussion, shows the 

great need for future careful fieldwork and high-resolution sampling of Permian−Triassic 

boundary sequences in order to develop the ideas presented in this paper. 

Acknowledgments 

I am most grateful to scientists at the P.P. Shirshov Institute of Oceanology, Moscow, for 

support and discussions during research visits to the Black Sea in 2012 and 2013. I particularly 

thank Alexander Ostrovskii for discussion on Black Sea processes and am indebted to Victoria 

Putans, Nikolai Esin and Kolya Esin for logistic support. Max McGuire, Noel Healy, Maria 

Zhdan and Tanya Zhdan are thanked for their support in Russia. Russian work was supported 

by EU-funded project PIRSES-GA-2009-247512. Prof Feng ZhengZhao and Prof Wang 

Yongbiao are thanked for their comments on an earlier draft. This paper contributes to: (a) 

project “CLIMSEAS”: Climate Change and Inland Seas: Phenomena, Feedback and 

Uncertainties, the Physical Science Basis; and (b) IGCP630: “Permian−Triassic climatic and 

environmental extremes and biotic response”. 

References 



17	  

Algeo, T. J., Kuwahara, K., Sano, H., Bates, S., Lyons, T., Elswick, E., Hinnov, L., Ellwood, B., Moser, J., Barry 

Maynard, J. B., 2010. Spatial variation in sediment fluxes, redox conditions, and productivity in the 

Permian−Triassic Panthalassic Ocean. Palaeogeography, Palaeoclimatology, Palaeoecology, 308: 65−83. 

Baud, A., Bernecker, M., (eds), 2010. The Permian−Triassic transition in the Oman Mountains. IGCP 572 Field 

Guide Book 2: GUtech, Muscat, 109 pp. 

Bond, D. P. G., Wignall, P. B., 2010. Pyrite framboid study of Permian−Triassic boundary sections: A complex 

anoxic event and its relationship to contemporaneous mass extinction. Geological Society of America 

Bulletin, 28: 1265−1279. 

Collin, P. -Y., Kershaw, S., Tribovillard, N., Forel, M. -B., Crasquin, S., 2012. Geochemistry of post-extinction 

microbialites as a powerful tool to assess the oxygenation of shallow marine water in the immediate aftermath 

of the end-Permian mass extinction. 29th IAS Meeting of Sedimentology, Schladming Dachstein, 10−13 

September 2012, Theme 8: Hazards, events, climate signatures. Poster Abstract T8 S3 from the Late Permian 

to the Middle Triassic: Perturbations around the Permian/Triassic boundary, 458 pp.  

Crasquin-Soleau, S., Kershaw, S., 2005. Ostracod fauna from the Permian−Triassic boundary interval of South 

China (Huaying Mountains, eastern Sichuan Province): Palaeoenvironmental significance. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 217: 131−141. 

Danovaro, R., Dell’Anno, A., Pusceddu, A., Gambi, C., Heiner, I., Kristensen, R. M., 2010. First metazoa living 

permanently in anoxic conditions. BMC Biology, 8: 30, doi: 10.1186/1741-7007-8-30. 

Falina, A., Sarafanov, A., Volkov, I., 2007. Warm intrusions in the intermediate layer (150−500 m) of the Black 

Sea eastern gyre interior. Geophysical Research Letters, 34: 22. 

Forel, M. -B., Crasquin, S., Kershaw, S., Feng, Q. L., Collin, P. -Y., 2009. Ostracods (Crustacea) and water 

oxygenation in the earliest Triassic of South China: Implications for oceanic events at the end-Permian mass 

extinction. Australian Journal of Earth Sciences, 56: 815−823. 

Forel, M. -B., Crasquin, S., Kershaw, S., Collin, P. -Y., 2013. In the aftermath of the end-Permian extinction: The 

microbialite refuge? Terra Nova, 25: 137−143. 

Gingras, M., Hagadorn, J. W., Seilacher, A., Lalonde, S. V., Pecoits, E., Petrash, D., Konhauser, K, 2011. 

Possible evolution of mobile animals in association with microbial mats. Nature Geoscience, 4: 372–375. 

Ivanova, E. V., Murdmaa, I. O., Chepalyga, A. L., Cronin, T. M., Pasechnik, I. V., Levchenko, O. V., Howe, S. 

S., Manushkina, A. V., Platonova, E. A., 2007. Holocene sea-level oscillations and environmental changes on 

the eastern Black Sea shelf. Palaeogeography, Palaeoclimatology, Palaeoecology, 246: 228–259. 

Kershaw, S., 2000. Oceanography: An Earth Science Perspective. Stanley Thornes, Cheltenham, UK, 276 pp. 

Kershaw, S., Crasquin, S., Li, Y., Collin, P. Y., Forel, M. -B., Mu, X., Baud, A., Wang, Y., Xie, S., Maurer, F., 

Guo, L., 2012. Microbialites and global environmental change across the Permian-Triassic boundary: A 

synthesis. Geobiology, 10: 25−47. 

Kidder, D. L., Worsley, T. R., 2004. Causes and consequences of extreme Permo-Triassic warming to globally 

equable climate and relation to the Permo-Triassic extinction and recovery. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 203: 207–237. 

Knoll, A. H., Fischer, W. W., 2011. Skeletons and ocean chemistry: The long view. In: Gattuso, J. -P., Hansson, 

L., (eds). In Ocean Acidification. Oxford: Oxford University Press, 67–82. 



Liao, W., Wang, Y., Kershaw, S., Weng, Z., Yang, H., 2010. Shallow marine dysoxia across the Permian−Triassic 

boundary; evidence from pyrite framboids in the microbialite in South China. Sedimentary Geology, 232: 77–

83. 

Luo, G., Wang, Y., Grice, K., Kershaw, S., Algeo, T. J., Ruan, X., Yang, H., Jia, C., Xie, S., 2013. Microbial-

algal community changes during the latest Permian ecological crisis: Evidence from lipid biomarkers at Cili, 

South China. Global and Planetary Change, 105: 36−51.  

Mihailov, M. -E., Tomescu-Chivu, M. -I., Dima, V., 2012. Black Sea water dynamics on the Romanian littoral ⎯ 

Case study: The upwelling phenomena.  Romanian Reports in Physics, 64: 232–245. 

Ostrovskii, A., Zatsepin, A., 2011. Short-term hydrophysical and biological variability over the northeastern 

Black Sea continental slope as inferred from multiparametric tethered profiler surveys. Ocean Dynamics, 61: 

797–806. 

Paytan, A., Gray, E. T., Ma, Z., Erhardt, A., Faul, K., 2011. Application of sulphur isotopes for stratigraphic 

correlation. Isotopes in Environmental and Health Studies, doi: 10.1080/10256016.2011.625423. 

Tuzhilkin, V. S., 2008. General Circulation. In: Hutzinger, O., (ed). The Handbook of Environmental Chemistry, 

Volume 5: Water Pollution, Part Q, 159−194. 

Tang, H., Tan, X., Yang, X., Zhang, Q., Su, C., Li, H., Chen, H., 2014. Can microbialites represent a harsh 

environment? The evidence from the Permian−Triassic boundary section, northwestern Sichuan Basin, South 

China. Abstract, page 685, 19th International Sedimentological Congress, 18−22 August, Geneva, 

Switzerland. 

Tian, L., Tong, J., Algeo, T. J., Song, H., Song, H., Chu, D., Shi, L., Bottjer, D. J., 2014. Reconstruction of Early 

Triassic ocean redox conditions based on framboidal pyrite from the Nanpanjiang Basin, South China. 

Palaeogeography, Palaeoclimatology, Palaeoecology, 412: 68–79. 

Volkov, I. I., Rimskaya-Korsakova, M. N., Grinenko, V. A., 2007. Chemical and isotopic uniformity of the 

bottom convective water layer in the Black Sea. Doklady Earth Sciences, 414: 625−629.  

Volkov, I. I., Neretin, L. N., 2008. Hydrogen sulphide in the Black Sea. In: Hutzinger, O., (ed). The Handbook of 

Environmental Chemistry, Volume 5: Water Pollution, Part Q, 309−331. 

Wang, Y., Tong, J., Wang, J., Zhou, X. 2005. Calcimicrobialite after end-Permian mass extinction in South China 

and its palaeoenvironmental significance. Chinese Science Bulletin, 50, 665-671. 

Wilkin, R.T., Barnes, H.L., Brantley, S.L. 1996. The size distribution of framboidal pyrite in modern sediments: 

an indicator of redox conditions. Geochimica et Cosmochimica Acta, 60, 3897-3912. 

Zatsepin, A. G., Arashkevich, E. G., Kremenetskiy, V. V., 2007. Black Sea dynamics and its impact on plankton 

communities. Rapp. Comm. int. Mer Médit., 38: 23. 


