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ABSTRACT 

The late Permian mass extinction is considered the largest extinction event in Earth’s 

history with over 90% of marine and 70% of terrestrial species becoming extinct as a result 

(Lehrmann et al., 2015). The Nanpanjiang Basin in southern China contains multiple 

drowned carbonate platforms that are a record of the Permian-Triassic boundary. Data of two 

subsections from the Tianwan section of the Tian’e platform in the Nanpanjiang Basin 

consist of Permian carbonates, the altered truncation surface of the Permian-Triassic 

boundary as well as Triassic microbialites.  

Analysis of 1) faunal succession, 2) faunal dominance, 3) stable isotopes and 4) 

diagenetic structures contributes to the understanding of the environmental conditions during 

the late Permian to early Triassic. Data collected shows a trend from skeletal packstone to 

microbial boundstone from the Permian to Triassic respectively. Stable isotope analysis of 

δ13C and δ18O data up section both show large excursions at the extinction boundary.  
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BACKGROUND 

During the late Permian Period, the Nanpanjiang Basin of south China was a deep 

marine embayment relatively close to the equator in the Laurasian supercontinent of Pangea. 

Moreover, the Nanpanjiang Basin was a constituent of the Tethys Ocean as were parts of 

Vietnam, Saudi Arabia, Turkey, Iran, Hungary, and Japan (Lehrmann et al., 2015). The 

Tethys Ocean was open to the Panthalassa Ocean allowing widespread circulation and 

equilibration during the Permian and into the Triassic (Figure 1) (Kershaw et al., 2012).  

 

 

 

 

 

 

 

 

 

 

The Nanpanjiang Basin was bordered to the north by the Yangtze Platform which 

served as a source of sediments that fed into the basin and provided a rich nutrient load 

(Figure 2) (Lehrmann et al., 2015). The Nanpanjiang Basin was a constituent of the Yangtze 

block microcontinent and was accreted to northern China during the Triassic allowing for  

________ 
Sedimentary Geology 
 

Figure 1. Paleogeographic map of Earth during the Permian-Triassic. The map 
shows the proximity of the Siberian Traps Igneous Province and location of South 
China circled in red along the paleo Tethys 
(http://www.spaceref.com/news/viewpr.html?pid=35965).  
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drowning of the carbonate platforms due to sea level rise (Lehrmann et al., 1998). Facies  

description of the Nanpanjiang Basin consist of open marine, subtidal Permian units as a 

result of the widening of the basin and early Triassic units are made up of microbial 

boundstones indicative of an open marine, aerobic subtidal depositional environment as a 

result of sea level rise (Lehrmann et al., 1998). Of particular interest to this research is the 

basin’s close proximity to the Siberian Traps Igneous Province at the time of emplacement 

(Figure 1).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Within the Nanpanjiang Basin are multiple solitary, carbonate platforms, one of which being 

the Tian’e platform which contains two subsections of the Tianwan section. The Tianwan 

section is a drowned, carbonate platform that spans the before, during, and after periods of 

Figure 2. Location of the Tian'e platform within the Nanpanjiang Basin circled in red. 
Additional drowned carbonate platforms are included in the figure, but the Tian’e 
platform is the platform pertinent to this research (with permission from Lehrmann et 
al., 2015).  
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the late Permian mass extinction event and serves as a key locality to understanding the 

mechanisms of Earth’s greatest mass extinction (Figure 2) (Lehrmann et al., 2015).  

The Tianwan section of the Tian’e platform is made up of the Heshan and Bana 

Formation which are described by Lehrmann (personal communication) as the: 

● Heshan Formation- cherty, skeletal packstone with fossils constituting the 

grains and overlain by four meters of microbial boundstone marked by 

nodular bedding. Stylolites and aragonite fans are found throughout (Figure 

3). 

● Bana Formation- sand rich beds 1.5 centimeters thick interbedded with black 

shales indicative of transgressive or sea level rise sequence. There are no 

fossils present. Stylolites and aragonite fans are found throughout.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Outcrop photo of the Heshan Formation from the Tianwan section. Bana 
Formation not pictured. Also pictured is the nodular bedding in the microbial 
boundstone (circled in red) (Lehrmann, personal communication). 



The genesis of the microbialites overlying the packstone in both subsections of the 

Tianwan section is debated. Hypotheses for the formation of this sequence range from 

reduced grazing and competition to changes in oceanic conditions/chemistries and even 

elevated calcium carbonate saturation in the oceans as a result of increased nutrient loading 

and ocean acidification (Lehrmann et al., 2015). Ocean acidification caused by dissolved 

CO2 mixing with oceanic water to form carbonic acid during the late Permian is believed to 

have reduced the pH of the oceans and had a negative effect on carbonate sinks through the 

resulting dissolution (Hönisch et al., 2012). This is a fairly new hypothesis, but is intimately 

tied to observations in the Tianwan section including a dissolution/truncation surface with 

small caverns, isopachous cements, aragonite fans, and thick (>4 meters) microbialite facies 

post extinction (Lehrmann et al., 2015; Payne et al., 2007; Greene et al., 2012).  

Work in this section continues but the microbialite facies and truncation surface have 

been outlined and discussed in Lehrmann et al. (2015). A summary of micro and 

macroscopic features of Tianwan microbialites include nodular biostromes, thrombolytic 

structures, aragonite fans at the base of the microbialites, calcified coccoid cyanobacteria, 

cavities filled with micrite, packstone and wackestone, and pendant cements (Lehrmann et 

al., 2015). Furthermore, micro and macroscopic features of the truncation surface include a 

sharp and irregular surface with caverns below having lateral widths ranging from a few to 

30 centimeters, a micritized zone within the Permian packstone, isopachous cement, and 

pendant cement (Lehrmann et al., 2015). The truncation surface is believed to be a direct 

result of increased pCO2, SO2, and HCL from the Siberian Traps and has the potential to 

serve as an indicator of past ocean acidification. The goal of this research is to add both 

qualitative and quantitative data as further evidence of ocean acidification during the late 
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Permian mass extinction in the Tianwan section of the Tian’e platform. To formulate a 

general understanding of the Tianwan section, it is important to note that two subsections 

were sampled from within the Tianwan section. Both subsections are located along and 

sampled from a road-cut outcrop that exposes the Permian-Triassic boundary in the Tianwan 

section of the Nanpanjiang Basin. The subsections are laterally continuous with respect to 

their coinciding units (skeletal packstone and microbial boundstone) and are simply separate 

localities in the Tianwan section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 



INTRODUCTION 

Heralded as the “Great Dying”, the late Permian mass extinction is considered the 

largest mass extinction event of the “Big Five” to affect Earth’s biosphere (Erwin, 1994). It is 

estimated that 90% of marine and 70% of terrestrial species went extinct during the 60 ± 48 

kyr extinction interval which, in terms of geologic time, is a blip in Earth’s history (Bond and 

Grasby, 2016). The duality of the rapidity and magnitude of the late Permian mass extinction 

is both alarming and incredibly interesting, making its origins a heavily debated topic in the 

realm of paleontology and paleoclimatology.  

Hypotheses for the cause of late Permian mass extinction stems from the 

emplacement of the Siberian Traps Igneous Province. The eruption of the Siberian Traps was 

a million year period during the late Permian of enormous flood basalt deposition with an 

approximate range of ~7 x 106 km2, an area about the size of the United States, and a volume 

of ~4 x 106km3 (Ikanov et al., 2013). Possible kill mechanisms that arose as a result of such 

intense volcanism include increased pCO2 (partial pressure of CO2), ocean anoxia, sub-

seafloor methane release, and further continental methane and CO2 release via ascending 

basalts into coal beds, evaporites, and carbonates (Knoll et al., 2007). As a result, global 

cooling followed by warming and oxygen depletion in the oceans occurred (Knoll et al., 

2007; Knoll and Fischer, 2011). Estimates of emitted volatiles are as follows: 8.5 x 107 

teragrams of CO2, 7.0 x 106 teragrams of H2S, and 6.8 x 107 teragrams of SO2 (Ogden and 

Sleep, 2011). It is estimated that pCO2 during the Permian were 900 times higher than 

current values (Figure 4) (Knoll et al., 2007)  
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Figure 4. Carbon dioxide values from the present to the Cambrian based off three experimental values. Note the difference 
in atmospheric concentration between the P-T boundary and the present (Rohde, Robert. 
http://blogs.agu.org/wildwildscience/2009/07/07/new-clue-to-past-co2-levels/). 

 
A more contemporary kill mechanism proposed by Bottjer et al. (2008) is that of 

ocean acidification as a result of increased pCO2. Ocean acidification is the key aspect of this 

study as its implications are a current and pressing issue. In the context of the late Permian 

mass extinction, ocean acidification has the potential to explain the detrimental effect on 

marine, calcifying macro and micro invertebrates as they are dependent upon sensitive 

oceanic conditions (pH, dissolved oxygen, and nutrient load) for shell formation, 

reproduction, and metabolism (Knoll et al., 2007; Bond and Grasby, 2016). Moreover, the 

absence of Triassic reefs and hypercalcifiers/reef builders is further potential evidence of 

ocean acidification in localities that span the Permian-Triassic boundary (Kershaw et al., 



2012).  It is important to realize that the above kill mechanisms most likely acted together in 

a synergistic fashion which explains the magnitude of extinction in the oceans as well as on 

land, but ocean acidification poses a unique and more overarching explanation for the taxa of 

organisms that perished as a result.   

In terms of marine organisms, late Permian corals, dasycladacean (green algae), red 

algae, and calcareous foraminifera all went extinct by the late Triassic while mollusks and 

chordates remained somewhat resistant with extinctions ranging from ~77% to 0% (Knoll et 

al., 2007). A synthesis for the mechanisms that allowed specific groups to survive is 

considered as well as a further discussion regarding the emergence of gastropods in Triassic 

units of the Nanpanjiang Basin.  Furthermore, biologic trends in general include reduced 

species diversity, decrease in overall size of organisms likely due to increased metabolic rate 

as pCO2 levels increased and oceanic oxygen decreased, decrease in richness of skeletal, 

benthic invertebrates, and reduced bioturbation of sediments well into the middle Triassic 

which highlights the severity of this event for both marine and terrestrial organisms (Knoll et 

al., 2007).  

A geochemical and faunal succession approach has been used for the Tianwan section 

to measure not only ecological diversity and dominance but also oceanic conditions at the 

time of deposition. While paleoecology and geochemical data has been collected throughout 

the Nanpanjiang Basin, data on the Tian’e platform remains unpublished but can be used to 

compare its results discussed in this paper to that of other sections published by Lehrmann to 

ensure a general synthesis can be made in order to understand the intricacies of the late 

Permian mass extinction (Jin et al., 2000). Research methods include quadrat sampling of 

both thin sections and hand samples for each representative unit in both sub-sections of the   
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Tianwan section, analysis of diagenetic structures specifically aragonite fans and stylolites as 

proposed proxies of ocean acidification, and stable isotope geochemistry analysis of δ13C and 

δ18O as parameters of paleoenvironmental change (Heltshe and Forrester, 1985).  

The implications of this study pertain to social, economic, political, and 

environmental issues as the current effects of ocean acidification are at the forefront of 

climate change research (Turley and Gattuso, 2012). The ocean’s chemistry is being altered 

by carbon dioxide uptake; as CO2 mixes with the ocean, carbonic acid forms therefore 

reducing overall pH resulting in ocean acidification. The resulting lowered pH of the ocean 

has the potential to impact major marine ecosystems and food webs which has substantial 

implications for the future of the earth (Levin and Le Bris, 2015). Increased anthropogenic 

carbon dioxide emissions are likely to blame for current ocean acidification. Ocean 

acidification is believed to be affecting the following: marine systems through dissolution of 

carbonaceous organisms, societies’ dependence upon the ocean for resources, and political 

policy as global climate change is an issue that affects every single earth-dwelling individual 

(Turley and Gattuso, 2012). Because Earth’s oceans are currently undergoing an ocean 

acidification event, research into the causes and effects of the Permian-Triassic mass 

extinction event is pertinent to understanding the implications of our actions. By studying 

and analyzing stable isotopes, diagenetic structures and processes, and faunal succession and 

dominance, a better understanding of the mechanics of ocean acidification can be inferred. 

This understanding is essential for further research into the implications of ocean 

acidification and ways in which scientists can interpret past events, and how they affected 

marine and terrestrial organisms. This understanding will aid in the recognition of ways in 

which mankind can prevent the potential demise of diversity in our oceans. The main 
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objective of this research is to determine if faunal succession, stable isotope analysis, and 

diagenetic structures dependent on oceanic conditions in the Tianwan section of the 

Nanpanjiang Basin provide further evidence for ocean acidification as the cause of the late 

Permian mass extinction.  
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METHODOLOGY 

Thin sections and hand samples were provided by Dr. D. Lehrmann from Trinity 

University in San Antonio, Texas, from a 2011 trip to the Nanpanjiang Basin. The hand 

samples were collected from two subsections along a road-cut along the Tianwan section in 

the Tian’e platform (Figure 2). Both subsections span the Permian-Triassic units and are 

simply laterally continuous units divided only by distance. Thin sections were prepared by 

Quality Thin Sections.  

 Twenty-one thin sections from the Tainwan section (ten from subsection 1 and 

eleven from subsection 2) were examined using a reflecting microscope at 40x magnification 

(Figure 5). Using the quadrat sampling method, random but systematic collection of faunal 

succession data was completed by placing an overlay with a 1.5 centimeter diameter viewing 

circle on top of each thin section in five different places and point counting the number of 

macro and micro invertebrates including pelagic foraminifera, crinoids, gastropods, 

bryozoan, brachiopod, ostracods, sphinctozoans, calcispheres, dasycladaceans, algae, 

fusulinids, and clastic carbonaceous grains (Figures 5 and 6). Five quadrat sample locations 

were used for each thin section to ensure accuracy of both data and the sample size. The 

quadrat sampling method is used specifically by ecologists to quantify population size of 

sessile organisms for a given community; data is collected from a small area to represent the 

whole (Heltshe and Forrester, 1985). Rather than point count using a grid of the entire thin 

section, which is traditionally used in paleontology studies, quadrat sampling was used to 

eliminate bias as it is random and every member of the population has a chance of being 

counted (Rego et al., 2012). Additionally, quadrat sampling preserves the structure of taxa 
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dominance versus diversity of the community, a critical component to understanding 

paleoecology during mass extinctions (Heltshe and Forrester, 1985). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

Thin section (ten from 
subsection 1 and eleven 
from subsection 2)  

1.5 centimeter diameter 
viewing circle  

Figure 5. Quadrat sampling method of point counting to quantify diversity and dominance of twenty-one thin 
section (ten from subsection 1 and eleven from subsection 2). 
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Figure 6. Examples of fossils spanning the Permian (skeletal packstone) –Triassic (microbial boundstone) from both sub 
sections of the Tianwan section. A) foraminifera, spinctozoan, and additional fragmented fossils B) gastropods 
C) ostracods D) microbial fabric and micrite fill post extinction E) bryozoan F) calcispheres within microbialite fabric  
G) foraminifera and fusilinid fragmented fabric H) further forminifera fabric I) pelagic foraminifera J) scant fragmented 
fossils within microbial fabric K) microbial fabric L) gastropod M) microbial fabric with  a crinoid present. Trends for 
both subsections are increased fauna in Permian units to microbial fabrics and scant fauna in the Triassic units. 



Using faunal succession data (number of macro and micro invertebrates in order according to 

appearance in the rock record), Simpson’s Index and Simpson’s Index of Diversity were 

calculated to quantify species diversity (number of different species in a community) and 

dominance (the magnitude to which a species is more plentiful than its competitors) 

(Whittaker, 1965). It is important to note that point counting using the quadrat sampling 

method was not completed at the species level as the amount of time and resources was 

limited for the depth of this project. Instead, taxa of organisms were counted based on the 

types of the micro and macro invertebrates (Figure 6). The equations are as follows 

(Whittaker, 1965): 

 Simpson’s Index:  𝑫𝑫 =  ∑𝒏𝒏(𝒏𝒏−𝟏𝟏)
𝑵𝑵(𝑵𝑵−𝟏𝟏)

 

 Simpson’s Index of Diversity: 𝟏𝟏 − 𝑫𝑫 

Where: 

 D is Simpson’s Index which quantifies diversity of a specific sample; 

the greater the number (between 0 and 1), the lower the diversity 

(Simpson, 1949). 

 n is the total number of organisms of a particular taxa 

 N is the total number of organisms of all types 

 Simpson’s Index of Diversity gives the dominance of organisms of a 

specific sample size; the greater the number (between 0 and 1), the 

greater the dominance. 

Simpson’s Index measures the probability that two individual fossils randomly 

selected from a sample will belong to the same taxa by taking into account both species 

richness and evenness. However, Simpson’s Index alone does not prove useful when 
14 



quantifying the faunal succession from before, during, and after the Permian-Triassic mass 

extinction as dominance must be taken into account rather than just diversity; this principle is 

explained by the term “disaster taxa” (Correa and Baker, 2011). Disaster taxa are 

opportunistic genera that dominate a community post natural disaster or extinction and in the 

case of the late Permian mass extinction, mollusks, brachiopods, and vertebrates serve as 

dominant, disaster taxa (Twitchett et al., 2004). By quantifying the dominance of disaster 

taxa, a more general understanding of the severity and conditions of the late Permian mass 

extinction can be made. Moreover, Simpson’s Index of Diversity quantifies dominance of 

taxa as their presence indicates changes at the ecological level. These observed changes are 

the most useful when representing mass extinctions and their effects in a specific community 

(Whittaker, 1965; Droser et al., 2000) quadrat sampling has not traditionally been used for 

mass extinctions and moreover, when used for mass extinctions, it was used by DiMichele et 

al. (2001) for flora making quadrat sampling of late Permian Tianwan carbonate deposits a 

multidisciplinary and contemporary approach never before recorded.  

Shannon’s Index was used as an additional method to quantify diversity to take into 

account the entropy or uncertainty of the specific environment/community. Entropy is 

explained by attempting to characterize the “unpredictability” or randomness between two 

random variables (in this case, differing taxa) (Gorelick, 2006). The equation is as follows: 

 Shannon’s Index: 𝐻𝐻 = −∑ 𝑝𝑝𝑖𝑖ln𝑝𝑝𝑖𝑖𝑆𝑆
𝑖𝑖=1  

 Where: 

 H is Shannon’s Diversity Index where the greater the number (between 0 and 

∞), the greater the diversity (Shannon, 1948) 

 R is the total number of taxa in the given community 
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 pi is proportion of S made up of the ith species (randomness or 

“unpredictability”) 

The data collected using Shannon’s Index can be contrasted to Simpson’sIndex values which 

mitigate the limitations of point counting by taxa and not by species as entropy/uncertainty is 

taken into account (Whittaker, 1965).  

The observed emergence of gastropods in the Triassic Tianwan samples is an 

additional key and understudied aspect of faunal succession across the late Permian mass 

extinction specifically in the Tian’e platform. Using the reflecting microscope, thin sections, 

and polished slabs, the numbers of gastropods were quantified up-section and their 

morphology was catalogued.  

All marine organisms counted were grouped into hypercalcifiers, moderate calcifiers, 

and non-calcifiers to further define the mechanisms of extinction during the late Permian. 

Knoll et al. (2007) define hypercalcifiers as 1) “animals with a calcium carbonate skeleton 

that was massive with respect to supporting living organic tissue and formed from fluids 

minimally buffered by physiology” 2) moderate calcifiers as “animals with a calcium 

carbonate skeleton of moderate mass with respect to living organic tissue and formed from 

fluids that are relatively well buffered with respect to the factors that govern carbonate 

precipitation” and non-calcifiers as 3) “animals with skeletons made of materials other than 

calcium carbonate or with minimal, internal calcium carbonate spicules not used for 

mechanical support.” No non-calcifiers were found using the quadrat sampling method in 

this study but conodont (non-calcifiers) richness are documented to have recovered and 

boomed post extinction (Chen et al., 2009;  Petsios and Bottjer, 2016). 
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δ13C and δ18O stable isotopes were collected and analyzed from before, during, and 

after the late Permian mass extinction from both subsections of the Tianwan section to 

determine paleoenvironmental conditions as well as the extent of diagenesis (either meteoric 

or marine). 

a. 100 mg of bulk carbonate from six samples (three from each subsection within the 

Tianwan section) was collected to represent before, during, and after the late 

Permian mass extinction for 𝛿𝛿13C and 𝛿𝛿18O stable isotope analysis. 

b. Samples were sent to Isotech Laboratories for 𝛿𝛿13C and 𝛿𝛿18O stable isotope 

analysis. 

c.  Stable isotope data was compared to its respective location along the Tianwan 

section as well as to existing data of additional sections completed by Lehrmann 

et al. (2015). 

A brief literature review of additional stable isotopes not utilized in this study will be 

summarized in the Future Work section as they are critical to the understanding of the 

mechanisms of the late Permian mass extinction.   

Twenty-one thin sections were examined using a reflected light microscope. Hand 

sample slabs were observed for locations of diagenetic structures such as stylolites (pressure-

dissolution structures as a result of burial) and aragonite fans (believed to be the result of 

ocean acidification) (Greene et al., 2012). Analysis of diagenetic structures will not have a 

quantitative data component, but instead is a working hypothesis of new proxies for paleo-

ocean acidification. 
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RESULTS 

Faunal Succession: Tianwan subsection 1 and 2 
 

Figure 7. Faunal succession of the first subsection of the Tianwan section. The late Permian mass extinction is indicated 
by the dashed, red line with Permian at the bottom and Triassic at the top. Note the dramatic decrease in abundance of 
organisms post extinction as well as the emergence if gastropods in TW-5-11 into TW-10-11. 
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Figure 7 shows the faunal succession of eleven taxa of marine macro and 

microorganisms in subsection 1 of the Tianwan section.  Figure 7 shows a trend of increased 

taxa abundance until thin section TW-4-11 (the extinction boundary is between TW-3-11 and 

TW-4-11) where taxa abundance decreases. In terms of evenness, the abundance of taxa 

decreases up section meaning fewer taxa are more prominent signifying they dominate the 

section post extinction. Additionally, gastropods emerge in sample 5 and dominate into 

sample 10. 

Figure 8. Simpson’s Index (in blue) vs. Simpson’s Index of Diversity (in red). Note the erratic cyclicity of both graphs post 
late Permian mass extinction indicated by the dashed red line with Permian to the left and Triassic to the right of the dashed 
line. The erratic nature suggests chaos within the biological community post extinction.   

Figure 8 shows the Simpson’s Index versus Simpson’s Index of Diversity for 

subsection 1 of the Tianwan section. Simpson’s Index shows a general positive trend 



meaning the samples are more diverse up section (into the Triassic). While it would not be 

expected to increase in diversity, the positive trend inaccurately represents the diversity of 

subsection 1 due to the erratic nature of the graph. Moreover, the R-squared value for 

Simpson’s Index is 0.0452 which is lower than the statistically significant value of 0.6 

meaning the values do not correlate to the line of best fit (trend line in Figure 8). However, it 

is not expected that mass extinctions have an R-squared value that is statistically significant 

as mass extinctions create irregular patterns of diversity (Figure 8). The dramatic ebbs and 

flows of Simpson’s Index suggest erratic changes in not only the abundance of organisms but 

also the community.  

In the case of Simpson’s Index of Diversity for subsection 1, the trend is negative 

meaning less taxa dominate the samples up section (into the Triassic) (Figure 8). Similarly to 

Simpson’s Index for the first subsection, a decrease in taxa dominance post extinction would 

not be expected, but the trend inaccurately represents dominance due to the erratic nature of 

the graph. The R-squared value for the Dominance Index is 0.2678 which is lower than the 

statistically significant value of 0.6 meaning the values do not correlate to the line of best fit 

(trend line). However, as with Simpson’s Index, mass extinctions are not expected to have an 

R-squared value that is statistically significant because mass extinctions create irregular 

patterns of taxa dominance (Figure 8). The chaotic cyclicity suggests dramatic changes in 

taxa dominance and the community as a result of the late Permian mass extinction.  
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Figure 9 shows Shannon’s Index for subsection 1 of the Tianwan section. This is an 

additional method of quantifying diversity that takes into account the chaos of the 

community. The overall trend is negative meaning that diversity decreases up-section into the 

Triassic units which is what we would expect when dealing with a mass extinction. The R-

squared value is 0.5835 meaning the values do not correlate to the line of best fit but only by 

a margin of 0.0265. Shannon’s Index more accurately represents diversity for the first 

subsection in comparison to Simpson’s Index as it accounts for the chaos of the community 

(Figure 8 and 9). 

Figure 9. Shannon’s Index for the first subsection of the Tianwan section which is an additional method of quantifying 
diversity but takes into account the chaos of the community. Note the overall negative trend and dramatic decrease in 
diversity post extinction indicated by the dashed red line (Permian to the left and Triassic to the right).   
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Figure 10. Faunal succession of the second subsection of the Tianwan section. The late Permian mass extinction is indicated 
by the dashed, red line with Permian at the bottom and Triassic at the top. Note the dramatic decrease in abundance of 
organisms post extinction as well as the emergence of gastropods in TW-24-11 to TW-28-11.  



Figure 10 shows the faunal succession of eleven taxa of marine macro and 

microorganisms in subsection 2 of the Tianwan section.  The graph shows a trend of 

increased taxa abundance until thin section TW-24-11 (the extinction boundary is between 

thin section TW-23-11 and thin section TW-24-11) where the abundance of taxa dramatically 

decreases. In terms of evenness, the abundance of taxa decreases up section meaning fewer 

taxa are more prominent signifying they dominate the section post extinction. Moreover, 

gastropods emerge in thin section TW-24-11 and dominate into thin section TW-28-11.  

 

 

 

Figure 11. Simpson’s Index (in blue) vs. Simpson’s Index of Diversity (in red). Note the erratic cyclicity of both graphs post 
late Permian mass extinction indicated by the dashed red line with Permian to the left and Triassic to the right of the dashed 
line. The erratic nature suggests chaos within the biological community post extinction.   
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Figure 11 shows the Simpson’s Index versus Simpson’s Index of Diversity for 

subsection 2 of the Tianwan section. Simpson’s Index shows a general negative trend 

meaning there is a lower diversity of taxa up section (into the Triassic). A decrease in 

diversity is what we would expect as the result of the late Permian mass extinction, but it is 

important to note the erratic nature of the graph best represented by the low R-squared value. 

The R-squared value for Simpson’s Index is 0.0212 which is lower than the statistically 

significant value of 0.6 meaning the values do not correlate to the line of best fit (trend line in 

Figure 11). However, mass extinctions are not expected to have an R-squared value that is 

statistically significant as mass extinctions create irregular patterns of diversity (Figure 11). 

The dramatic ebbs and flows of Simpson’s Index suggest erratic changes in not only the 

abundance of organisms but also the community itself as a result of the late Permian mass 

extinction.  

In the case of Simpson’s Index of Diversity for subsection 2, the trend is positive 

meaning fewer taxa dominate the samples up section (into the Triassic) (Figure 11). Similarly 

to Simpson’s Index for the second subsection, we would expect an increase in taxa 

dominance post extinction, but it is important to note the erratic nature of the graph 

represented by the low R-squared value. The R-squared value for the Dominance Index is 

0.216 which is lower than the statistically significant value of 0.6 meaning the values do not 

correlate to the line of best fit (trend line). However, as with Simpson’s Index, we do not 

expect mass extinctions to have an R-squared value that is statistically significant because 

mass extinctions create irregular patterns of dominant taxa (Figure 11). The chaotic cyclicity 

suggests dramatic changes in taxa dominance and the community as a result of the late 

Permian mass extinction. 
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Figure 12 shows Shannon’s Index for subsection 2 of the Tianwan section. The 

overall trend is slightly negative meaning that diversity decreases up-section into the Triassic 

units which is what we would expect when dealing with a mass extinction. The R-squared 

value is 0.001 meaning the values do not correlate to the line of best fit. Shannon’s Index 

more accurately represents diversity for the first subsection in comparison to Simpson’s 

Index as it accounts for the chaos of the community (Figure 11 and 12). 

 

 

Figure 12. Shannon’s Index for the first subsection of the Tianwan section which is an additional method of quantifying 
diversity but takes into account the chaos of the community. Note the overall negative trend and dramatic decrease in 
diversity post extinction indicated by the dashed red line (Permian to the left and Triassic to the right).   
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Stable Isotope Geochemistry 
 

 

 

 

 

 

 

 

 

Figure 13 shows the bulk carbonate δ13C stable isotope values from samples taken 

before, during, and after the late Permian mass extinction respectively of subsection 1. The 

excursion value (numerical difference between samples) between TW-2-11 and TW-4-11 is 

0.53 ‰ (Figure 13). The excursion value between TW-4-11 and TW-6-11 is -1.33 ‰ (Figure 

13). The overall trend for δ13C is negative as the value decreased into the Triassic units (TW-

6-11).  

 

 

 

 

 

 

 

 

Figure 13. δ13C values across the late Permian mass extinction indicated by the dashed red line (Permian is to 
the left and Triassic is to the right). The initial trend before the mass extinction is positive while the trend post 
extinction is negative. Overall, the trend is negative indicated by the trend line.  
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Figure 14. δ18O values across the late Permian mass extinction indicated by the dashed red line (Permian 
is to the left and Triassic is to the right). The initial trend before the mass extinction is positive while the trend post 
extinction is negative. Overall, the trend is negative indicated by the trend line.  

Figure 14 shows bulk carbonate δ18O stable isotope values from samples taken from 

before, during, and after the late Permian mass extinction respectively for subsection 1. The 

excursion between TW-2-11 and TW-4-11 is 1.33 ‰ (Figure 13). The excursion between 

TW-4-11 and TW-6-11 is -2.68 ‰ (Figure 13). The overall trend for δ18O is negative as the 

values decrease into the Triassic units (TW-6-11).  
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Figure 15. δ13C values across the late Permian mass extinction indicated by the dashed red line (Permian isto the left and 
Triassic is to the right). The initial trend before the mass extinction is positive while the trend post  
extinction is negative. Overall, the trend is negative indicated by the trend line. 

 

Figure 15 shows the bulk carbonate δ13C stable isotope values from samples taken 

from before, during, and after the late Permian mass extinction respectively for subsection 2. 

The excursion value between TW-21-11 and TW-24-11 is 0.78 ‰ (Figure 15). The excursion 

value between TW-24-11 and TW-26-11 is -1.82 ‰ (Figure 15). The overall trend is 

negative and the values decrease into the Triassic units (TW-26-11) much like the first 

subsection values. 

 
 
 
 



 

 
 
Figure 16. δ18O values across the late Permian mass extinction indicated by the dashed red line (Permian  
is to the left and Triassic is to the right). The initial trend before the mass extinction is positive while the trend post 
extinction is negative. Overall, the trend is negative indicated by the trend line. 

 
Figure 16 shows the bulk carbonate δ18O stable isotope values from samples taken 

from the before, during, and after the late Permian mass extinction respectively for 

subsection 2. The excursion value between TW-21-11 and TW-24-11 is 1.55 ‰ (Figure 16). 

The excursion value between TW-24-11 and TW-26-11 is -0.88 ‰ (Figure 16). The overall 

trend is slightly positive, but the values decrease into the Triassic units (TW-26-11). 
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Diagenetic Structures  
  

Figure 17 shows the location of diagenetic structures (aragonite fans and stylolites) in 

both subsections of the Tianwan section. Of particular importance is the location of the 

diagenetic structures in respect to the truncation surface (dashed blue line) and mass 

extinction boundary (dashed orange line) (Figure 17). The diagenetic structures are 

centralized along the truncation surface and mass extinction boundary. It is important to note 

that there is not a quantitative component to the diagenetic structures, only their location 

along the stratigraphic column in both subsections (Figure 13).  

 

  
 
 
 

 
 
  
 
  
 

 
  
 

 
 
  
 
  
 

 
 
  
 
 
  
 

 

Figure 17. Diagenetic structures from both subsections of the Tianwan section. The dashed orange line indicated the 
Permian-Triassic boundary. Note the location of aragonite fans and stylolites in respect to the location of the truncation 
surface and extinction boundary.  
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Figure 18 shows a polished slab of the late Permian mass extinction boundary. Of 

particular interest is the location of stylolites and aragonite fans in respect to the extinction 

Figure 18. The late Permian mass extinction boundary 
indicated by the dashed red line. Note the difference in 
fabric between the Permian and Triassic units. 



boundary and truncation surface. The aragonite fans propagate along the truncation surface in 

the Triassic microbial boundstone units. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

32 



DISCUSSION 

Faunal Succession and Dominance: The faunal succession data collected shows a 

dramatic drop in the abundance of taxa for both subsections of the Tianwan section. For both 

subsections, hypercalcifiers flourished (foraminifera, brachiopods, bryozoan, crinoids, 

ostracods, and sphinctozoans) during the late Permian (thin sections TW-1-11 through TW-3-

11 for subsection 1 and thin sections TW-18-11 through TW-23-11 for subsection 2) (Knoll 

et al., 2007). Furthermore, the faunal succession accurately shows the rapidity and severity 

expected from the late Permian mass extinction. In thin sections TW-3-11 and TW-4-11 (pre 

mass extinction) 8 and 6 taxa were counted respectively while in thin section TW-5-11 (early 

Triassic or post mass extinction), only four total taxa were counted. Similarly, taxa from TW-

21-11 through TW-23-1 (pre mass extinction) of subsection 2 has nine, ten, and ten taxa 

counted respectively while in TW-24-11 through TW-28-11 (post mass extinction), five, 

four, six, seven, and seven taxa were counted respectively.  

It is clear from Figures 7 and 10 that the faunal succession accurately matches what is 

to be expected from a mass extinction event—major loss in abundance and a decline in the 

number of individual taxa post extinction, especially that of hypercalcifiers, if ocean 

acidification is to be invoked. Post extinction, only gastropods, algae and a few (values 

ranged from 0 to 8 individuals) forams as well as sponges (sphinctozoans) and criniods 

remained, meaning moderate calcifiers dominated the community in the early Triassic.  

By recognizing that hypercalcifiers were most heavily affected, not only in the 

Tianwan section but the Late Permian mass extinction as a whole, ocean acidification proves 

to be the most probable cause of extinction as hypercalcifiers are physiologically not able to 

buffer carbonate fluids as a result of hypercapnia (excess CO2) in acidic conditions (Kershaw 
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et al., 2012). Thus data from the Tianwan section supports ocean acidification as a probable 

kill mechanism for marine organisms based on faunal succession of different calcifiers. 

An interesting observation is that of the emergence and domiance of gastropods post 

extinction. This observation fits the moderate calcifier description of organisms being able to 

withstand ocean acidification and its accompanying effects (Knoll and Fischer, 2011). 

Because gastropods are better able to buffer calcifying fluids due to their metabolism and 

complex morphology, it is not surprising that they filled niches and survived by 

approximately 42.4% overall post extinction (Knoll and Fischer, 2011; Knoll et al., 2007). 

Because of these traits, gastropods serve as the disaster taxa for the Tianwan locality (Petsios 

and Bottjer, 2016). In order to understand Permian/Triassic gastropod’s morphology, a 

synthesis of modern gastropods living in acidic conditions must be made and compared to 

both Permian and Triassic gastropods. Additionally, it is the hope of this thesis that stable 

isotope geochemistry can be performed in the future on the shells of gastropods before and 

after extinction as the composition of their shell potentially changed in response to lowered 

pH (Capdevielle, n.d.).  

In respect to Simpson’s Index and Simpson’s Index of Diversity values for subsection 

1 of the Tianwan section illustrated by Figure 8, a trend line was applied to both graphs to 

show either positive or negative general trends. Simpson’s Index had a positive trend overall 

implying diversity increased post extinction into the Triassic Period, and Simpson’s Index of 

Diversity showed a general negative trend implying dominance decreased. This trend does 

not necessarily make sense as one would expect that diversity would decrease and dominance 

would increase. Rather than focus on the general trend of both Simpson’s Index and 

Simpson’s Index of Diversity, it is important to consider chaotic cyclicity between each thin 
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section. TW-1-11 through TW-3-11 (pre mass extinction) show little variance between 

probability values, but TW-4-11 through TW-10-11 (post extinction) show sharp rises and 

falls suggesting erratic changes in the abundance of taxa and the community. The R-squared 

values for both Simpson’ Index and Simpson’s Index of Diversity were 0.0452 and 0.2678 

respectively, but it can be argued that R-squared values should not be accepted as definitive 

proof of statistical insignificance as values for Simpson’s Index and Simpson’s Index of 

Diversity are irregular and display the irregularity and severity of a mass extinction. Mass 

extinctions do not follow an expected ecological trend, especially in regards to the end 

Permian, thus it is not surprising to see these types of changes. The end Permian mass 

extinction, as stated previously, acted with swiftness and magnificent force. Figures 8 and 11 

outline that force clearly as values are not steady and change dramatically once the extinction 

occurred.  

As a way to mitigate the irregularity of Simpson’s Index and Simpson’s Index of 

Diversity trends, Shannon’s Index takes into account the “entropy” or chaos accompanying 

ecological events and uses it as an aspect of its equation. Shannon’s Diversity Index for both 

subsections is negative in terms of its trend. This negative trend for Shannon’s Index 

indicates that diversity decreased post extinction which fits the expected mass extinction 

trend (Jin et al., 2000). The R-squared values (0.5835 for subsection 1 and 0.001 for 

subsection 2) for Shannon’s Index are considered insignificant as they are both below 0.6, 

but more sampling from the Tianwan section of the Tian’e platform must be completed in the 

future to ensure statistical significance.  

The scope of this research remains small; more sampling is needed from multiple 

localities in the Tianwan section to ensure statistical values can be accepted. However, for 
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the purpose of this study and for understanding the kill mechanisms (specifically ocean 

acidification) of the late Permian mass extinction, faunal succession as well as the chaotic 

cyclicity of both Simpson’s Index and Simpson’s Index of Diversity values shed the most 

light on the late Permian mass extinction.  

Stable Isotopes: An isotope is an atom whose nuclei contain the same number of 

protons but a different number of neutrons. Stable isotopes, unlike their unstable counterparts 

are not radioactive.  Many light elements such as carbon and oxygen have different 

proportions of at least two isotopes. The heavier of the two usually reacts more slowly. The 

difference in the reaction rates results in different isotope ratios in the resultant material 

(International Atomic Energy Agency, 2017). Biological processes known as vital effects and 

changes in temperature and climate (e.g. more arid versus more humid) can result in 

fractionation of these stable isotopes. Knowing how these processes affect the isotopic ratios 

allows the interpretation of ancient environments with respect to biological activity and 

climate (International Atomic Energy Agency, 2017). An important facet to understanding 

stable isotope values from both subsections of the Tianwan section is that three main 

processes constrain carbonate systems; CO2 from earth sources, chemical weathering of 

silicate minerals, and carbonate mineral precipitation (Knoll and Fischer, 2011). These 

constraints are taken into account when analyzing both δ13C and δ18O to ensure variabilities 

are considered and quantified.  

δ18O is influenced by three major variables: water temperature, variations in global 

ice volume, and mineral precipitates (opal or calcite) (Maslin and Swann, 2006). The ratio 

between δ18O and δ16O reveals paleoclimatology conditions because the heavier δ18O goes 

into the ocean during periods of warming while the lighter δ16O is trapped in ice during 
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cooling periods (Maslin and Swann, 2006). δ18O data for subsection 1 shows a negative 

overall trend while the trend for subsection 2 is slightly positive. However, deciphering 

excursion values between each sample proves more useful when determining paleo 

environmental conditions. For subsection 1, the excursion value between TW-2-11 and TW-

4-11 (Figure 14, before and during extinction) is 1.33 ‰ which suggests a general decrease 

in global temperature. Conversely, between TW-4-11 and TW-6-11 (Figure 14, during and 

after extinction) the excursion value is -2.68 ‰ suggesting the temperature begins to rise and 

warms (Maslin and Swann, 2006).  For the subsection 2, the excursion between TW-21-11 

and TW-24-11 (Figure 16, before and during extinction) the excursion value is 1.55 ‰ 

suggesting a decrease in global temperature, but between TW-24-11 and TW-26-11 (Figure 

16, during and after extinction) the excursion value is -0.88 ‰ suggesting a global average 

temperature increase and warming period. Both subsections show a very similar trend of 

cooling then warming. The decrease of global average temperature pre extinction is 

explained by the hypothesis of the emplacement of the Siberian Traps igneous province as 

global average temperatures would have decreased as a result initially but warmed post-

extinction. Moreover, an increase in global average temperature post extinction correlates to 

literature that states the earth entered a global warming phase post mass extinction (Bond and 

Grasby, 2016). 

δ13C reflects ocean productivity, ocean circulation, and storage of carbon in organic 

material through the ratio of δ13C and δ12C.  δ12C is lighter and therefore more favored by 

organisms leaving  δ13C in the water as an indicator of primary productivity and oceanic 

mixing (Maslin and Swann, 2006). δ13C data for both subsections shows a general negative 

trend (Figures 13 and 15). However, deciphering excursion values between each sample is 
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more useful in this case. For TW-2-11 and TW-4-11 (Figure 13, before and during 

extinction) the excursion value is 0.53 ‰ indicating increased CO2 and higher primary 

productivity. The excursion value between TW-4-11 and TW-6-11 (Figure 13, during and 

after extinction) is -1.33 ‰ indicating decreased primary productivity and CO2. For 

subsection 2 the excursion value between TW-21-11 and TW-24-11 (Figure 15, before and 

during extinction) is 0.78 ‰ indicating increased CO2 and increased primary productivity. 

The excursion value between TW-24-11 and TW-26-11 (Figure 15, during and after 

extinction) is -1.82 ‰ indicating decreased CO2 levels as well as primary productivity. The 

increase in CO2 in both subsections before the late Permian mass extinction is likely due to 

the emplacement of the Siberian Traps igneous province releasing large amounts of volatiles 

(specifically CO2) into the atmosphere which were then dissolved into the ocean (Knoll et al., 

2007). After the mass extinction, CO2 levels decreased which fits the current atmospheric 

lifetime of CO2 of millennia to thousands of years (Archer and Brovkin, 2008). 

  Extensive δ13C work has been completed for six sections in the Nanpanjiang Basin by 

Lehrmann et al. (2015) and the values from subsection 1 and 2 have been compared to data 

for these six sections along the extinction boundary. The values from both subsections of the 

Tianwan section determined in this study fit data from the additional six sections; an increase 

pre extinction and decrease post extinction in δ13C values (Lehrmann et al., 2015). Further 

stable isotope data of δ13C must be done for the Tianwan section in order to gain a more 

complete understanding; however, the analyses completed thus far add further evidence of 

paleoenvironmental conditions during the late Permian and early Triassic including that of 

increased CO2 potentially resulting in ocean acidification; acidic conditions, however, cannot 

be entirely extrapolated from the δ13C and δ18O data collected herein. While not used in this 
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research study as monetary constraints did not allow for testing, δ11B and δ44Ca isotopes are 

incredibly useful tools for understanding the mechanisms of the late Permian mass extinction 

and are discussed in the Future Work section. 

Diagenetic Structures: Stylolites are secondary aspects of this study as they do not 

have a quantitative component to their analysis but rather a qualitative interpretation based 

on their stratigraphic location. In general, they occur most around the extinction boundary, 

and more specifically the truncation surface as detailed by Lehrmann et al. (2015) (Figures 

17 and 18). Stylolites are defined as irregular lines in vertical cut sections of carbonate rocks 

as a result of pressure dissolution that can result in centimeters of rock lost from the 

sedimentary record thereby obscuring paleoenvironmental data (Kershaw et al., 2012). This 

research posits the opposite—that stylolites, if caused by chemical and not just pressure 

dissolution, document oceanic and chemical conditions at the time and shortly after 

deposition. The issue with stylolites lies in the fact that their origin and extent are incredibly 

understudied. Rather for subsections 1 and 2, a synthesis of the position of stylolites with 

respect to the subsections can be made. In the Sichuan and Chongqing sites in the 

Nanpanjiang Basin, there has yet to be a transition that does not exhibit stylolites along the 

extinction boundary by recorded by any researcher (Kershaw et al., 2012). More field 

research is needed at additional Permian-Triassic boundaries to determine if the formation of 

stylolites is associated with dissolution by ocean acidification, which anecdotally seems 

plausible, but this fact alone seems far from coincidence, especially considering fossil data 

suggests ocean acidification occurred. Moreover, stylolites are understudied so gaining more 

information on their formation is critical to future studies. The Future Work section provides 
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a synthesis of stylolite growth and characterization which proves useful to the understanding 

of stylolite formation.   

Aragonite fans at the Permian-Triassic boundary have been noted from personal 

communication with Lehrmann in the Tianwan section above the truncation surface and are 

detailed as extensive throughout the Nanpanjiang Basin (Payne and Kump, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Proposed aragonite fan deposition model as a result of lowered pH proposed by Greene et al., 2012. 
(A) Demonstrates the assimilation of CO2 into the oceans, (B) demonstrates the acidified sediment layer 
composed primarily of calcium carbonate due to CO2 assimilation reducing the pH, (C) demonstrates sulfate 
reducing bacteria at the unacidified-acidified boundary increasing the pH to allow for aragonite fan deposition, 
and (D) demonstrates the extent of aragonite fan growth in the acidified layer of sediment.   

 

Greene et al. (2012) take an alternative approach to the ocean acidification induced 

extinction event (Triassic-Jurassic)  by analyzing diagenetically induced aragonite fans. 

Diagenetic structures have been largely ignored because they have been thought to be 

secondary and unimportant as they precipitate after deposition (Greene et al., 2012). 

However, the Black Bear Ridge units (British Columbia) display unique aragonite fans at the 



boundary of the extinction event, leading the authors to believe the structures are uniquely 

tied to ocean acidification (Greene et al., 2012). By analyzing nucleation surfaces, growth 

patterns, and isotopic data, the authors were able to postulate that diagenetic structures are 

incredibly useful to the understanding of the origin of mass extinction events. Figure 14 

shows the aragonite fan deposition model thought to be a result of ocean acidification 

through the acidification of calcium carbonate sediments as a result of increased pCO2 and 

the presence of sulfate reducing bacteria at the unacidified-acidified boundary increasing the 

pH to allow precipitation of aragonite fans. Data from the Tianwan section, specifically 

location of aragonite fans (Figures 17 and 18) fits the model of aragonite fan deposition as 

their location is shortly after the mass extinction (within the early Triassic microbialites) in 

the presumably acidified sediments. Further research, specifically qualitative data collection, 

on aragonite fans in the Tianwan section must be completed; however, the presence of 

aragonite fans is yet another indicator of large-scale ocean acidification during the late 

Permian mass extinction. 
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FUTURE WORK 

The methods discussed in this section would have proved useful to the understanding 

of paleoenvironmental conditions during the late Permian mass extinction primarily in 

respect to ocean acidification; but, monetary restrictions limited the study to that of faunal 

succession and traditional stable isotopes, both of which proved useful for the scope of this 

study.  Each method is discussed in terms of their advantages and limitations 

Stable Isotopes: In the case of ocean acidification, boron can be used as a paleo-pH 

indicator as δ10B and δ11B stable isotopes from foraminifera are a unique and understudied 

proxy for paleo-pH reconstructions. Two species of boron exist in seawater: B(OH)3 is more 

abundant at pHs below 7 and B(OH)4- is more abundant at pHs above 11 (Maslin and Swann, 

2006).  Of particular interest to paleo-ocean acidification research are biogenic sources of 

calcium carbonate as they preferentially take up B(OH)4- meaning δ11B precipitated in calcite 

is used as a function of seawater pH (Maslin and Swann, 2006). Uniform shell size of the 

foraminifera is needed for isotope analysis as major shifts have been noted in previous 

experiments with varying shell size and partial dissolution of said shells (Maslin and Swann, 

2006).  This particular facet of using boron isotopes can be incredibly difficult to maintain as 

diagenetic processes and biological diversity all cause variation in shell size (Maslin and 

Swann, 2006). Furthermore, an understanding of pK*B (boric acid) is needed to explain δ11B 

as a function of pH which is then dependent on temperature, salinity, and pressure during the 

time of deposition. Oftentimes, these values are assumed by the researcher further adding to 

the uncertainty of using boron as a proxy of ocean acidification (Maslin and Swann, 2006). 

By understanding the strengths and weaknesses of the potential stable isotopes used as 
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proxies, particularly boron for ocean acidification, new insight can be added to the 

understanding of how and why the late Permian mass extinction occurred.  

Griffith et al. detail the use of δ44Ca as a tool to reconstruct paleoclimates and 

paleooceanographic conditions, specifically preserved in carbonate rocks. An issue that arises 

with the use of carbonate rocks is that they are susceptible to diagenetic processes through 

dissolution (Griffith et al., 2015). Of particular interest is widespread dissolution due to 

ocean acidification which is oftentimes marked by abrupt and immense carbon release into 

the ocean-atmosphere system (Griffith et al., 2015). Griffith et al.’s paper investigates 

carbonate dissolution as a result of ocean acidification during the Paleocene-Eocene Thermal 

Maximum and explains the large variation (0.8 parts per million) in δ44Ca as a result of ocean 

acidification. Their results showed that one can compare δ44Ca values to that of the global 

record and if they do not agree, it can be inferred that dissolution is responsible for the 

increase in variation (Griffith et al., 2015). By placing a quantitative value on ocean 

acidification proxies, one will be able to compare values of known diagenetic origin to those 

that require further evidence and analysis (Griffith et al. 2015). This article is imperative to 

understanding proxies of paleo pH as they add to the hypothesis that the late Permian mass 

extinction was a result of ocean acidification. With stable isotopes as a strong base of 

quantitative data, one is then able to analyze qualitative data such as diagenetic structures and 

processes. 

Diagenetic Structures: Rolland et al. (2011) detail the theoretical growth of 

stylolites and the accompanying style of stress associated with each respective stylolite. They 

also compute the dissolution rate as it relates to stress. By outlining how stylolites are formed 

and the differences between the differing geometries, one will be better able to understand 
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the localized stress related to the style of stylolite and gain a broader sense of the structural 

evolution; whether it is chemically induced or of pure structural form is up for debate 

(Rolland et al., 2011).  

Koehn et al. (2016) begin their paper by outlining what defines a stylolite and the 

conditions upon which they grow (intergranular pressure, diagenesis, and tectonic strain). By 

modeling layer-dominated stylolites, the authors were able to understand the structural 

evolution which then enabled them to classify the stylolites based on shape and suture 

structure into four unique categories (Koehn et al., 2016). For the scope of this thesis, one is 

able to gather that rectangular style type stylolites are what one should research further 

because they exemplify chemical compaction (Koehn et al., 2016). Because stylolites are 

only used when interpreting structural stress via pressure, their use in chemical dissolution 

has not been proposed. Their proposed use as indicators of chemical dissolution in this study 

has the potential to serve as parameters of oceanic conditions during and after deposition, but 

further research and modeling must be published in order to do so which is both an 

opportunity and drawback to focusing on ocean acidification as a kill mechanism during the 

late Permian mass extinction. 

If one understands the origin and development of stylolites, one will then be able to 

apply this information to the study of stylolites as a result of chemical rather than pressure 

dissolution, further providing insight into boundaries of ocean acidification. While factual 

knowledge is gained through understanding the modeling of stylolites due to tectonic stress, 

the formation of stylolites semi-penecontemporaneously in respect to sub-marine and shallow 

marine environments must be investigated. So far, there is little research on either aspect 
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adding to the overall need for investigation on the use of stylolites as proxies of ocean 

acidification.  
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CONCLUSION AND IMPLICATIONS 

 As an overview, faunal succession data from subsections 1 and 2 suggests a general 

decrease in diversity (Figures 9 and 12) and increase in taxa specific dominance (Figures 8 

and 11). Moreover, the R-squared values for both Simpson’s and Simpson’s Index of 

Diversity are believed to be unimportant aspects to the general understanding of the kill 

mechanisms as it is important to note the erratic nature of the graphs in Figures 8 and 11. The 

erratic nature points to the irregularity of marine conditions and the response of marine 

organisms during the late Permian and early Triassic. This data matches what would be 

expected from a mass extinction event; a decrease in diversity and an increase in taxa 

specific dominance, or “disaster taxa” coupled with erratic changes in the environment 

during and post extinction (Correa and Baker, 2011). Hypercalcifiers suffered the most in 

terms of decreased abundance; gastropods (moderate calcifiers) then filled the niche of 

hypercalcifiers due to their ability to buffer fluids that govern calcium carbonate precipitation 

likely affected by ocean acidification conditions (Knoll et al., 2007). 

In terms of stable isotope geochemistry analysis, δ13C and δ18O were used to 

determine paleoenvironmental conditions that would shed light on potential kill mechanisms 

of the late Permian mass extinction, specifically ocean acidification. δ13C excursion values 

for subsections 1 and 2 revealed an increase in CO2 levels pre and during mass extinction. 

After the mass extinction, CO2 levels decreased (Figures 13 and 15). While exact 

atmospheric CO2 concentrations are not quantified using the δ13C excursion values, they do 

reveal the general increase in CO2 before and during extinction followed by a general 

decrease that would accompany the emplacement of a large igneous province, in this case the 

Siberian Traps (Bond and Grasby, 2016). δ18O excursion values for both subsection 1 and 2 
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revealed a general decrease in global average temperature before and during mass extinction 

then a general increase in levels post mass extinction. The general decrease then increase in 

global average temperature fits what is to be expected as a result of the Siberian Traps 

emplacement (Bond and Grasby, 2016). Both the faunal succession and stable isotope 

geochemistry values match that of published data further adding to the overall understanding 

of the mechanisms of the late Permian mass extinction.  

While a secondary component to this thesis, the analysis of stylolites and aragonite 

fans provided potential as well as additional proxies of ocean acidification respectively. The 

location of stylolites was documented in a general fashion around the truncation surface that 

coincides with the mass extinction boundary (Figure 17). This observation could indicate that 

stylolites potentially form as a result of chemical rather than pressure dissolution as 

documented in literature, but this is a hypothesis that deserves more research (Kershaw et al., 

2012). Chemical dissolution driven formation of stylolites was based loosely upon the 

aragonite fan deposition model presented by Greene et al. (2012) that explains the 

acidification of calcium carbonate sediment as a result of ocean acidification and interplay of 

sulfate reducing bacteria which allow aragonite fans to nucleate at the unacidified-acidified 

boundary (Figure 19). Aragonite fans have been documented in subsections 1 and 2 directly 

after the extinction in the microbial boundstone unit as well as at additional Permian-Triassic 

boundary localities in the Nanpanjiang Basin (Lehrmann, personal communication). Because 

aragonite fans are hypothesized to be a result of ocean acidification, their presence directly 

above the late Permian mass extinction boundary is an additional indicator that ocean 

acidification is a likely kill mechanism that occurred as a result of the Siberian Traps 

emplacement. Limitations of this thesis lie in the fact that no deep marine rock record is 
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available for either subsection so kill mechanisms such as seafloor anoxia cannot be 

analyzed. Moreover, fossils inherently are an imperfect record of environmental conditions 

because they do not represent the entirety of any system (Kershaw et al., 2012). However, 

their presence, while not complete, is the only indicator of biotic diversity during the late 

Permian mass extinction. 

The late Permian mass extinction is a complex 252 million year old mystery. Its clues 

as to the demise of 90% of marine and 70% of terrestrial organisms are gradually becoming 

unveiled as technology and interest progresses. Perhaps the most interesting facet of the late 

Permian mass extinction is its applications to modern oceanic conditions and trends. Recent 

estimates for the total CO2 release during the P-T over 400 kyr was ~0.1 to 1.0 PgC whereas 

2008 was 9.9 PgC (Bond and Grasby, 2016). While the percentage of species extinction 

during the late Permian is startling, current extinction rates are ten to one-hundred times 

greater than any previous mass extinction (Turley and Gattuso, 2012). This has led to the 

general consensus that Earth is in the midst of a sixth mass extinction as a result of 

anthropogenic induced climate change (Zalasiewicz et al., 2010). The current pH of the 

ocean is 8.1 but projected pH is expected to reach 7.7 to 7.9 by 2100 and the effects are not 

only biological but social and economic as well (Turley and Gattuso, 2012).  

While the Law of Uniformitarianism states the present is key to understanding the 

past, evidence of past climate change events could provide answers to current climate change 

driven environmental issues, specifically that of ocean acidification, as a result of increased 

anthropogenic CO2. It would appear that CO2 dissolving into Earth’s oceans could serve as a 

remedial exchange to end rising, global temperatures, but it has devastating, long-term 

consequences. As CO2 dissolves into the ocean, it reacts with water to form carbonic acid 
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which then reduces the pH of the ocean. This lowered pH has been documented to harm shell 

building marine organisms through dissolution of their carbonate shells (The Ocean Portal 

Team, 2016). Additional physiological processes affected by lowered pH include ion 

transport, enzyme activity, and protein function (Turley and Gattuso, 2012). These effects are 

oftentimes taxa specific with hypercalcifiers most heavily affected, which is a trend 

witnessed by Permian-Triassic organisms in Figures 7 and 10 (Wittmann and Pörtner, 2013). 

The main focus of ocean acidification research has centered on the biologic response to 

lowered pH on various marine organisms, primarily corals, planktons, echinoderms, 

mollusks, crustaceans, and fish (Brander et al., n.d.). Fish, coral, and plankton are the most 

sensitive to ocean acidification and have the potential to alter the biologic composition of the 

oceans as well as society’s dependence on the ocean for various uses (Brander et al., n.d.) 

Moreover, the base of marine food chains (~50%) is primarily composed of planktons adding 

to the synergistic and detrimental effects on all biologic levels of ocean acidification 

(Wittman and Pörtner, 2013). 

The social and economic implications of anthropogenic induced ocean acidification 

are far-reaching and vast, but in totality are incredibly understudied. This is largely due to the 

fact that global population, supply, demand, and oceanic services are always changing 

(Brander et al., n.d.). Economically, ~80% of world trade takes place across the ocean 

making it an artery of growth and development (Turley and Gattuso, 2012). Moreover, 

oceanic resources such as aquaculture and tourism provide work for over 38 million people, 

95% of which live in developing countries (Turley and Gattuso, 2012). As a result of ocean 

acidification, it is projected that $870 billion will be lost from recreational economic services 

provided by the ocean in 2100, and even more unfortunate, this projection does not account 
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for coastal protection by reefs and loss of biodiversity. Loss of diversity can be quantified by 

inflation of marine food prices but it is difficult to project those values. By the year 2050, 

catch potentials are estimated to decline by 20 to 30% globally and have the potential to 

decrease more if biodiversity loss increases as well (Brander et al., n.d.).  

Socially, it is important to understand that vulnerability with respect to ocean 

acidification is spatial; coastal communities and those that rely on services provided by the 

ocean are most susceptible and, therefore, have a low capacity to adapt to changing 

environmental conditions (Brander et al., n.d.). As stated previously, a large number of 

people are dependent on the ocean for their livelihood, but more innately they are also 

dependent on the ocean as their source of food (Turley and Gattuso, 2012). In the United 

States, 16% of protein is provided through marine organisms and is the main source of 

protein for over 1 billion people (Turley and Gattuso, 2012). Ocean acidification has the 

potential to create food security issues across the globe and it can even be argued that the 

preservation of the services provided by the ocean is a human right. This creates the need for 

international policy action because while the literature surrounding social and economic 

implications of ocean acidification is sparse, what is published is riveting and cause for 

global concern. 

In order to create efficient and encompassing international policy, the mechanisms 

and effects of ocean acidification must be understood. Considering this understanding is not 

yet complete, it begs the question of when is too late to institute international policy? Is it 

already too late? Ocean acidification was first recognized by the Intergovernmental Panel on 

Climate Change only ten years ago making its presence as an international concern current 

and pressing (Turley and Gattuso, 2012).  In terms of policy facilitation, the United Nations 
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serves as the most effective platform to execute action but local jurisdiction can take place 

through amending various acts, introducing laws and policies, and increasing awareness of 

the effects of ocean acidification through educational programs and seminars. While research 

is in development, there is nothing barring citizens from understanding the implications of 

their actions. The underlying cause of ocean acidification is climate change and the effects of 

climate change are well understood (Zalasiewicz et al., 2010). In order to mitigate the effects 

of ocean acidification, one must mitigate the effects of climate change. Commonly cited 

methods such as reducing a given individual’s carbon footprint, introducing renewable forms 

of energy, buying local goods, and simply educating oneself on what it means to be a mindful 

inhabitant of Earth will enable a more complete awareness of one’s actions and their effect 

on valuable environmental resources.  
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