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Abstract 

 
RECOMPILATION OF LITHOLOGICAL PROXIES ACROSS THE 

PERMIAN-TRIASSIC BOUNDARY 

 

Heather Brauer, MS 

 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Arne M. E. Winguth 

The largest mass extinction occurred near the Permian-Triassic 

boundary (PTB; 251.902 ± 0.024 Ma; Shen et al., 2011), with the demise of 

more than 90% of marine species and 70% of terrestrial species. This study 

expands sedimentary data bases created by Rees and others (2002) and 

the PALEOMAP Project by Scotese (2001). Lithological data was 

categorized as Upper Permian (259.1-254.902 Ma) or Lower Triassic 

(251.902-247.2 Ma), and the paleogeographic information of the proxies 

were reconstructed using GPlates 2.0. These lithological proxies are 

compared with climate sensitivity simulations from the fully coupled 

comprehensive Community Climate System Model (CCSM3). The climate 

simulation using radiative forcing 4 x CO2 relative to preindustrial 

atmospheric levels (or 4 x CO2 PAL) is consistent the reconstruction of Late 
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Permian whereas the most extreme scenario, climate conditions of a 12.7 

x CO2 simulation with lower cloud optical depth may be comparable to the 

hothouse climate of the Early Triassic as inferred from the sedimentary 

record. 
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Chapter 1 

Introduction 

1.1 The end-Permian extinction 

Understanding rapid climate transitions of the past is of importance 

to improve prediction of climate change in the future. One of the largest and 

most rapid climate transitions in the geologic history occurred from the 

Paleozoic to Mesozoic eras (Rees et al., 2002) across the Permian-Triassic 

boundary (PTB; 252.28 ±0.08 Ma; Shen et al., 2011). This transition into a 

hothouse world (Joachimiski et al., 2012, Sun et al., 2012), is characterized 

by the most severe mass extinction in the Phanerozoic. This wide scale 

biotic catastrophe is referred to as “The Great Dying” as a result of the 

extinction of more than 90% of marine species (Raup, 1979; Erwin, 1993), 

and 70% of terrestrial species (Maxwell, 1992; King, 1991). The recovery of 

marine and terrestrial species was a protracted process that exceeded 5 

million years (Twitchett, 1999; Payne et al., 2006; Bottjer et al., 2008). The 

end-Permian extinction can give context to understanding the scale and rate 

of the current mass extinction of species under anthropogenic-induced 

climate change.  

  



 

 9 

1.2 The Permian-Triassic boundary 

The formal designation of the Permian-Triassic boundary is the 

Global Stratotype Section and Point (GSSP) recognized in the base of Bed 

27c of the Meishan Section D, Changxing County, Zhejiang Province South 

China based on the first occurrence of the conodont Hindeodus parvus (Yin 

et al., 2001). Hindeodus parvus has been discovered in shallow water and 

pelagic deposits (Kozur, 1996; Lai, 1998; Yin et al., 2001) and is an 

exceptional index marker because it is not latitudinally restricted; however, 

using a marine organism such as H. parvus, does not assist in establishing 

terrestrial boundaries.   

Problems may arise when using the occurrence of H. parvus to 

correlate sections because this conodont may have appeared earlier or later 

in global sections other than in Meishan. According to Ellwood et al. (2017), 

the Lowest Observed Occurrence Point (LOOP) should be used in 

identifying the lowest appearance of H. parvus in sections other than at the 

GSSP section. Correlation to a GSSP is difficult and not always based on 

the local first occurrence of the boundary identifying taxa; therefore, graphic 

correlation (Shaw, 1964; Edwards, 1984, 1989) or constrained optimization 

(Kemple et al., 1995; Sadler, 2004), should be used in identifying the 

Permian-Triassic boundary in sections other than the GSSP section. 

Notably, graphic correlation to Meishan has been successful, utilizing 
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magnetic susceptibility, stable isotope and elemental chemistry, and 

biostratigraphic analyses, in the marine sections of Lung Cam, Vietnam 

(Nestell et al., 2015), and Slovenia (Lan et al., 2018). The same types of 

taxa found in the free specimens of foraminifers and microconchids in the 

Lung Cam section, can been seen from other Permian-Triassic sections in 

Iran (Brönnimann et al., 1972); Hungary (Bérczi-Makk, 1987); Italy (Groves 

et al., 2007); Turkey (Groves et al., 2005). 

Geochronological constraints surrounding the Permian-Triassic in 

most continental basins are poor; however, the Sydney-Gunnedah-Bowen 

Basin system in eastern Australia preserves a well-calibrated and complete 

stratigraphic record (Fielding et al., 2019). The Permian-Triassic boundary 

was equated with the first common occurrence of Lunatisporites pellucidus 

at the top of the Illawarra Coal Measures (Helby, 1973; Metcalfe et al., 

2015). There is a consensus that the end of coal accumulation in the 

eastern Australian basins (Michaelsen, 2002; Metcalfe et al., 2015; Laurie 

et al., 2016) signifies a major crisis in terrestrial ecosystems (Fielding et al., 

2019).  

1.3 Causes of the end-Permian extinction 

Several hypotheses have been proposed that suggest a synergistic 

effect of various mechanisms that caused the end-Permian extinction. One 

controversial proposal is that an extraterrestrial impact (Becker et al., 2001; 
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Kaiho et al., 2001; Basu et al., 2003) could have triggered rapid volcanism 

that produced the Siberian Traps (Renne and Basu, 1991; Renne et al., 

1995; Kamo et al., 2003; Korte et al., 2010); however, extensive Siberian 

volcanism (Bowring et al., 1998), associated volatile releases (Black et al., 

2012), and methane release by magmatic intrusion into coal beds (Svensen 

et al., 2009) are generally accepted as the main causes that triggered the 

extinction event (Fig. 1.1). Svensen et al. (2004) estimated approximately 

100,000 Gt of carbon released by degassing of the Siberian Traps. There 

are uncertainties regarding the magnitude and timing of the carbon influx 

into the atmosphere and if it was a gradual, one-step, or a multi-stepped 

process (Payne and Clapham, 2012); however, associated greenhouse gas 

emissions derived from Siberian volcanism are presumed to have triggered 

a global climate change (Hallam and Wignall, 1997; Kidder and Worsley, 

2004; Algeo et al., 2011; Retallack et al., 2011; Joachimiski et al., 2012) 

during the Late Permian to Early Triassic.   
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Figure 1.1 Flowchart model of cause-and-effect relationships during the end-Permian 

extinction. Modified from Wignall (2001) and Algeo et al. (2011). 

 
The increased greenhouse radiative forcing from this event could 

have led to a climatic warming and increase in tropical sea surface 

temperatures (SSTs) that were detrimental to marine biota. In South China, 

δ18Oapatite values from conodonts reveal a rapid increase in sea surface 

temperatures from 21°C to 36°C (over ~0.8 million years; Myr) that 

potentially exceeded 40°C by the Early Triassic (Sun et al., 2012). 

Furthermore, volcanic degassing could have led to enhanced production of 

carbon dioxide (Hallam and Wignall, 1997; Brand et al., 2012), and a 

change in ocean chemistry to acidic conditions (Payne et al., 2010), with a 
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change in ocean salinity (Kidder and Worsley, 2004). Acid rain (Benton and 

Newell, 2014), and wildfires (Algeo et al., 2011; Hudspith et al., 2014) 

devastated plants and the land which added nutrient input that stimulated 

the marine carbon pump. An enhanced carbon pump, ocean stratification, 

and global warming would have triggered widespread anoxia (Wignall and 

Twitchett, 1996; Isozaki, 1997) providing inhospitable conditions for marine 

biota. 

Another factor that potentially exacerbated the extinction event was 

the size and configuration of the land and ocean during this time. Present-

day Earth is uniquely divided by north-south trending continents and oceans 

that define climate biomes based on flora and fauna; however, by the Late 

Permian, most of the world’s landmasses were amalgamated to form a 

supercontinent, Pangea (Köppen and Wegener, 1924), spanning from the 

northern landmasses Laurasia and southern continent Gondwana (Fig. 2.; 

Ziegler et al., 1997), which provided a wide expanse of tropical and 

subtropical land with minimum marine influence (Gordon et al., 1975). In 

addition, the Late Paleozoic superocean, Panthalassa, covered nearly two- 
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Figure 1.2 Reconstruction of the latest Permian paleogeography and topography from 

PALEOMAP Project by Scotese (2001). 

 
thirds of the Earth’s surface (Scotese, 1987) with a mediterranean sea, 

Tethys, that was partially enclosed by the Cimmerian microcontinents. The 

role of land and ocean distribution in shaping ancient climates has long 

been recognized and the differences in latent heat flux and heat capacity 

between land and ocean, would have greatly influenced atmospheric and 

oceanic processes that further exacerbated the extinction event. With one 

large landmass, we expect a maximum continentality and monsoon 
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circulations (Kutzbach and Gallimore, 1989). According to Ziegler (1982), 

Pangea showed signs of instability in the Late Permian and more so during 

the Triassic.  

The geologic record contains globally lithological proxies that can be 

utilized to reconstruct past climate regions. The present study analyzes the 

paleogeographic distribution of lithological proxies across Pangea in 

conjunction with climate simulations to identify climate transitions across the 

Permian-Triassic boundary associated with the mass extinction event. 
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Chapter 2 

Objectives 

This study focuses on climate changes and the related 

paleogeographic distribution of lithological proxies in response to the 

perturbation in radiative forcing across the PTB. Lithological proxies as 

described by Ziegler et al. (1998) have been compared to simulations of a 

fully coupled climate-model (Winguth et al., 2015), similar to Gibbs et al. 

(2002) and Osen (2014), to understand the transition of climate regions 

during the onset and continuation of Siberian Flood volcanism. The 

comparison of these proxies with modeling studies could reveal large-scale 

change in the climate comparable to those we predict for the future (Kidder 

and Worsley, 2012). Understanding the Earth’s historical response to 

greenhouse gas emissions could serve as a suitable analog for 

understanding the implications of anthropogenic induced climate change.  

The objectives for this study are the following: 

1. Recompile a Late Permian to Early Triassic database of lithological 

proxies from Rees et al. (2002), the PALEOMAP Project by Scotese 

(2001). 

2. Isolate controlling factors for each proxy formation and identify global 

distribution patterns of the lithological proxies across the Permian-

Triassic boundary.  
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3. Compare the paleogeographic distribution of lithological proxies to 

simulated climate regions from a fully coupled comprehensive model 

(Community Climate System Model version 3.0; CCSM3).  
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Chapter 3 

Lithological proxies 

We begin our approach with present-day sedimentary rock formation 

and distribution. The present-day continental configurations and 

corresponding rock records have parallels to understanding past climate. 

Today, just as in the past, these rock types are influenced by 

biogeochemical and climatic changes. The later will be the focus of this 

study: patterns of lithological proxies will be compared with those inferred 

from paleoclimate simulations (e.g., Rees et al., 2002; Ziegler et al., 1998, 

2003). Previous studies incorporate the following lithological proxies that 

may be suitable to infer past climatic conditions: peat and coal, evaporites 

(including, gypsum, halite and anhydrite), carbonate deposits and reefs. We 

analyze the global distribution of these proxies and apply present-day 

correlations of depositional settings with simulated climate conditions to 

reconstruct the climate zones of the past.  

It must be noted that previous studies refer to the lithological proxies 

presented here as “climate-sensitive sediments”; although in geologic 

terminology, the term “sediment” is not equivocal to a rock. Moreover, 

although the present and previous studies utilize lithological proxies to infer 

climates of past, it must be emphasized that the formation of each 

sedimentary rock type is not restricted to a singularly defined depositional 
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environment; however, we will attempt to identify global trends and 

distribution patterns. A description of lithological proxies used in the present 

study and by Ziegler et al. (1998) is described in the following sections. 

The formation of peat and coal occurs in regions characterized by 

wet or temperate climates that favor an excess of precipitation (Parrish et 

al., 1982; Hallam, 1985). Coal can form along equatorial regions near the 

intertropical convergence zone (ITCZ) where precipitation is continuous 

throughout the annual cycle. Other important rain-producing systems 

include the orographic and diurnal land-sea systems (Gyllenhaal et al., 

1991) that can influence the formation of peat and coal as seen in upland 

peat deposits on mountainsides in deserts as a result of regular orographic 

precipitation. Peat also forms in mangrove swamps, which derive moisture 

from the seawater, not rainfall; however, mangrove peats are well 

developed in areas with the highest precipitation (Woodroffe et al., 1992).  

Evaporites are minerals that are formed as precipitates from the 

evaporation of a saline solution. This study encompasses evaporitic salts 

such as, halite, gypsum, and anhydrite. These salt deposits form in 

environments with where evaporation exceeds precipitation and/or rate of 

water flow (Sellwood et al., 1993). Thick evaporite deposits are mostly 

formed behind a barrier beach or barrier islands with multiple inlets rather 

than in a basin within regions where a level of isolation from the ocean is 
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established. Today, these areas are limited to lagoons, but in the past 

evaporite basins reached millions of square kilometers (Ziegler et al., 1997). 

Evaporites typically form in arid regions associated with Earth’s deserts 

which can form by various causes including, the descending limbs of the 

Hadley cell, continentality, and orography (Ziegler et al., 2003).  

Carbonate formation is favorable in tropical and subtropical regions, 

approximately from 30° South to 30° North, that represent clear water 

associated with downwelling and low surface productivity. Transparent 

tropical water masses are dependent on light penetration which is a function 

of the solar zenith angle. Solar radiation with a high zenith angle on the sea 

surface has a low the albedo and thus a high amount radiation received at 

the sea floor in shallow subtropical waters (Ziegler et al., 1984) where most 

limestones are deposited.  The subtropics are characterized by areas of 

Ekman convergence and high sea surface height that are typically centered 

over the high-pressure systems with low cloud cover, and thus low 

precipitation and low productivity thus enhancing the suitable clarity for reef 

formations. Chave (1967) pointed out that carbonates could form at all 

latitudes regardless of water temperature if the input of terrigenous clastic 

sediments was low. Modern limestones occur in the Caribbean Sea, Indian 

Ocean, Persian Gulf, Gulf of Mexico, around Pacific Ocean islands, and 

within the Indonesian archipelago. An example is the Bahamas Platform, 
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where abundant corals, algae and other organisms produce vast amounts 

of calcium carbonate skeletal debris that blanket the platform and producing 

extensive limestone deposit. A common misconception is that a warm water 

environment is essential for limestone formation because carbonate 

productivity is lowest in cold climates; however, the deposition of marine 

carbonate sediments in cool water environments has long been recognized 

(James, 1997) and some of the best exposed examples occur in Australia 

and New Zealand.  

Present-day reefs are archetypal of tropical biomes because of the 

diversity of invertebrates, algae and fish. Sea surface height is crucial 

because photosynthesis supports the symbiotic zooxanthellae of reef-

building corals. Coral formation favors oligotrophic waters with hospitable 

temperatures to sustain the symbiotic zooxanthellae that are critical for the 

survival of the coral reef. Because some carbonate and reef formation can 

be generally representative of warm tropical climate conditions influenced 

by oceanic processes, we focus on the factors that limit coral reef 

development including, temperature and light penetration to the sea floor. 

Reefs seem to be limited by temperature (Fraser and Currie, 1996) because 

warm temperatures enhance calcium carbonate precipitation. Using 

temperature as the only limiting factor for reef formation is controversial 

because some of the Earth’s west-facing coasts are sufficiently warm, but 
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devoid of reefs (Vernon, 1995). Coral reefs are sessile organisms that are 

limited to latitudes where light refraction is continuous throughout the annual 

cycle and clastic runoff is minimal to not impede water clarity, particularly 

areas of Ekman convergence and associated high sea surface height. 

These factors are taken in consideration when comparing these lithological 

proxies with climate simulations (e.g. Gibbs et al., 2002; Winguth et al., 

2002; Ziegler et al., 2003; Osen, 2014).  
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Chapter 4 

Methodology 

4.1 Community Climate System Model 

A fully coupled comprehensive model, the Community Climate 

System Model version 3.0 (CCSM3), developed by NCAR has been applied 

for climate sensitivity experiments across the Permian-Triassic boundary.  

The climate model CCSM3 consists of four components: the 

atmosphere, land, ocean and sea-ice (Collins et al., 2006a; Yeager et al., 

2006; Kiehl and Shields, 2005) which are linked through a central coupler 

(CPL6). The model coupler exchanges the flux and state information among 

these components (Collins et al., 2006; Yeager et al., 2006; Kiehl and 

Shields, 2005). The model employs a spectral horizontal resolution of T31, 

which corresponds to a low resolution 3.75° × 3.75° grid and the vertical 

dimension consists of 26 unevenly spaced terrain-following levels (Collins 

et al., 2006). The Community Atmosphere Model version 3.0 (CAM3; Collins 

et al., 2004, 2006a) encompasses a zonal resolution of 3.75° at the equator 

for the T31 configuration. The Community Land Surface Model version 3.0 

(CLM3; Oleson et al., 2004; Dickinson et al., 2006) utilizes the same 

horizontal grid as the atmosphere; however, each grid box is further divided 

into land units, soil columns, and plant types. CLM3 is comprised of 10 

subsurface soil layers. The oceanic model is based upon the Parallel Ocean 
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Program version 2.0 (POP2; Smith and Gent, 2002) and uses a grid with a 

nominal horizontal resolution of 3°. The grids have two poles, one located 

at the true South Pole and the second over Greenland (Smith et al., 1995). 

The vertical dimension is treated with 25 layers extending to 4.75 km. The 

Community Sea Ice Model version 5.0 (CSIM5; Briegleb et al., 2004) is 

integrated on the same horizontal grid as the ocean model.  

4.2 Boundary condition for the Late Permian and Early Triassic 

 This study employs boundary conditions for the model as 

summarized in Table A.1 (Appendix A) and are discussed in the following 

(see Kiehl and Shields, 2005; Winguth et al., 2015). The solar insolation 

constant (S0) for the Permian-Triassic boundary was adjusted to 1338 W m-

2, which represents approximately a 2.1% decrease relative to the present-

day value (based on calculations by Boothroyd; see Caldeira and Kasting, 

1992; Winguth et al., 2002) to reflect a fainter sun.  To represent equal 

receipt of solar insolation for both hemispheres, we assume a circular orbit 

with an eccentricity value of 0°, and Earth’s obliquity (axial tilt) at 23.5° 

(Gibbs et al., 2002). Greenhouse gas concentrations were set to 0.7 ppmv 

pCH4, and 0.275 ppmv pN2O as obtained from Kiehl and Shields (2005; see 

Tab. 4.1).  

Two greenhouse gas levels were considered for the sensitivity 

experiments to simulate a transition across the boundary. We assume, 
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following Kidder and Worsely (2004), that the Late Permian atmospheric 

pCO2 was at 4 x CO2 relative to preindustrial value (PAL) of 280 ppmv, and 

that a perturbation massive release of greenhouse gas emissions by 

Siberian volcanism equivalent to 4,872 Pg C led to a rise in atmospheric 

pCO2 of 12.7 x CO2 PAL at the PTB. Furthermore, reconstructions of 

greenhouse gas concentrations remain provisional because of the 

uncertainty encompassing the amount of carbon injection from the Siberian-

Trap volcanism (Svensen et al., 2009) and the uncertainty of the 

atmospheric pCO2 estimate from paleoproxies (Foster et al., 2017). The 4 

x CO2 simulation represents the Wuchiapingian stage and the 12.7 x CO2 

simulation represents the Changhsingian stage that also marks the end of 

the Permian period.  A third climate sensitivity simulation uses a 12.7 x CO2 

level with thin cloud cover. This portion of the experiment examines the role 

of cloud albedo in response to a reduction in cloud droplet concentration, 

following the approach of Kump and Pollard (2008) and Winguth et al. 

(2015). An increase in CO2 would decrease marine productivity, reducing 

the emission of dimethyl sulfide (DMS) or dimethylsulfoniopropriate (DMSP) 

into the atmosphere (Charlson et al., 1987; Kump and Lovelock, 1995; 

Lovelock and Kump, 1994). The reduction in DMS concentrations would 

reduce cloud condensation nuclei and cloud optical depth, further 

exacerbating global warming (Winguth et al., 2015). This extreme scenario 
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represents a hothouse world assumed for the Early Triassic (combined 

Induan and Olenekian stages) climate conditions.  
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Chapter 5 

Data Compilation 

This study is a collaborative effort to compile lithological and 

phytogeographic data to identify global distribution patterns to reconstruct a 

climate transition across the Permian-Triassic boundary (Fig. 5.1; see 

Appendix C). The compilation and analysis of geologic data for the present 

study is based on the approach as described by Rees et al. (2002). The 

compiled data is used for the paleogeographic distribution and quantitative 

analysis. The lithological database was compiled from previous studies by 

Rees et al. (2002), the PALEOMAP Project by Scotese (2001), and 

additional literature. The data selected for analyses encompass the stages 

from the Late Permian (Wuchiapingian and Changhsingian stages) and 

Early Triassic (combined Induan and Olenekian stages). The database 

includes 504 proxies that are classified Upper Permian deposits which 

include: 91 evaporites, 104 peat/coal, 51 carbonates, 233 reefs, and 25 oil 

source rocks. The reef database comprising the taxonomic list has been 

gathered from the Paleobiology Database (www.paleodb.org). There are 84 

proxies that are classified as Lower Triassic deposits which include: 42 

evaporites, 19 peat/coal, and 23 carbonates. Note that reefs in the Lower 

Triassic are limited and this period is referred as reef gap, potentially linked 

http://www.paleodb.org/
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to ocean acidification (Kiessling and Simpson, 2011). The database 

provides information on current and paleogeographic coordinates, 

approximate age range of proxy formation and supporting literature 

references.  

 

 

Figure 5.1 Methodology for the reconstruction of climate regions across the PTB 

(courtesy of Arne Winguth; adapted from Rees et al., 2002). 

 
 

With the Permian-Triassic boundary in a global state of flux, it is 

difficult to categorize lithological data into appropriate stages unless the 

strata contain volcanic ash that can be constrained using first or last 

appearance fossil datum. The lithological data was categorized as Upper 

Permian (259.1 - 251.9 Ma) or Lower Triassic (251.9 - 247.2 Ma). The 
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present-day geographic coordinates for each proxy type were input into an 

open‐source, cross‐platform plate tectonic geographic information system, 

enabling the interactive manipulation of plate‐tectonic reconstructions and 

the visualization of geodata through geological time, GPlates version 2.0 

(Müller et al., 2018). Present-day geographic coordinates were transformed 

via GPlates to paleolocations of the boundaries between the last two Late 

Permian stages and the first two Early Triassic stages. For the Upper 

Permian data, we assumed an age of 254.14 Ma which is the boundary 

between the Wuchiapingian and Changhsingian stages according to 

International Commission of Stratigraphy (ICS) International 

Chronostratigraphic Chart of 2020/01 (Cohen et al., 2013). Lower Triassic 

proxies were assigned an age of a 251.2 Ma (Cohen et al., 2013), which is 

the boundary age between the Induan and Olenekian stages.  

The distribution of lithological proxies was projected on a 

paleogeographic map of Pangea and compared to climate regions inferred 

from evaporation and precipitation patterns, sea surface height and 

temperature from CCSM3 paleoclimate simulations (Winguth et al., 2015). 

Finally, the distribution and frequency of lithological proxies is analyzed in 

both hemispheres based on paleo-latitudinal location. 
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Chapter 6 

Results 

6.1 Climate pattern inferred from present-day lithological proxies 

In the following we discuss present-day correlations between 

sedimentary deposits and climate patterns. We then apply these 

correlations to the Permian-Triassic by using data sets described in Chapter 

5 and paleoclimate simulation described in Chapter 4. 

 Evaporites can be representative of arid climate conditions where 

evaporation exceeds precipitation, where in contrast coal deposits can be 

representative of humid regions with ever wet conditions. We follow the 

approach of Ziegler et al. (2003; Fig. 6.1) comparing the occurrence of 

evaporites and coal to model simulated atmospheric processes. 

Reef formation can be dependent on oligotrophic waters that do not 

exceed critical temperatures thresholds that are imperative to the survival 

of the symbiotic zooxanthellae that are crucial for the survival of the coral. 

Because carbonate formation can be influenced by oceanic processes, we 

focus on the factors that limit coral reef development, including temperature 

and light penetration to the sea floor. These factors are taken into 

consideration as we follow the approach of Ziegler et al. (2003; Fig. 6.2) 

when comparing carbonate formation to model simulated oceanic  
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Figure 6.1 Present-day distribution of evaporites (triangles) and peat (squares). Barbed 

lines indicate regions where evaporation exceeds precipitation (E>P). Adapted from 

Ziegler et al. (2003). 

 

Figure 6.2 Present-day distribution of carbonates (boxes) and reefs (asterisks), with 

dynamic sea elevation heights and sea surface temperatures. Sea surface elevations of 

0.5, 0.75, and 1 m above average (labeled lines), and the low latitude zone where the 

temperature exceeds 20°C throughout the annual cycle. Adapted from Ziegler et al. 

(2003). 
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processes such as, simulated sea surface height (SSH) and sea surface 

temperature (SST).  

A common naming convention is to use the present-day country 

name that was referenced in the corresponding data sets; however, we will 

refer to the plotted lithological localities using the corresponding 

paleogeographic regions (see Tab. B.1 Appendix B; Fig. 1). 

6.2 Paleogeographic distribution and frequency of evaporites and coal 

deposits of across the Permian-Triassic boundary 

In the following section, we present the paleogeographic distribution 

and frequency of evaporite and coal deposits across the Permian-Triassic 

boundary. The paleogeographic locations of Upper Permian and Lower 

Triassic lithological proxies are plotted on a paleogeographic map of 

Pangea and further compared to sensitivity experiments from the CCSM3. 

Our study includes      Permian evaporite deposits that are distributed across 

the regions of northern Cathaysia, Cimmeria, eastern and southwestern 

Euramerica, eastern and central Gondwana (Fig. 6.3). These deposits are 

largely confined to low and middle latitudes in both hemispheres (Fig. 6.4). 

In the Northern Hemisphere, evaporites are concentrated between 10° and 

20°N across eastern Euramerica. In the Southern Hemisphere evaporite 

deposits are located within 20° and 30°S in eastern and central Gondwana; 

however, some of the evaporite deposits that are plotted along the eastern 
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coast of Gondwana are recorded in the data as present-day Iran, which is 

not consistent with paleogeographic reconstructions (see Chapter 7); taking 

this into consideration, the evaporite deposits in this region should be 

interpreted as Cimmerian evaporite and not identified as eastern Gondwana 

deposits. Furthermore, the highest latitudinal frequencies of these 

evaporites in both latitudes coincide with the latitudes of aridity as simulated 

by the 4 x CO2 scenario (Fig. 6.4). Evaporites are more prevalent in the 

Northern Hemisphere during the Late Permian, which could be accounted 

for by more shallow marine environments in the Northern Hemisphere 

relative to the Southern Hemisphere.   

Lower Triassic evaporite deposits (Fig. 6.5) extend into regions of 

southern Cathaysia, eastern and southwestern Euramerica and the central 

and eastern Gondwana. Lower Triassic evaporites are extensive in the 

Northern Hemisphere between 10° and 20°N in southwestern Euramerica. 

In the Southern Hemisphere, these deposits are located between 0° and 

10°S in southeastern Euramerica (Fig. 6.6). These deposits form a broad 

belt along the margin of Tethys and are nearly continuous in latitudes from 

40° north and 50° south, that may be consistent to a pole-ward expansion  
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Figure 6.3 Upper Permian evaporites (red triangles) and peat and coal (green squares) 

are projected onto a paleogeographic reconstruction of Pangea. 

 
of subtropical arid belts in the Early Triassic described by Erwin et al. 

(2006). Note that the expansion of the subtropics cannot be reproduced by 

CCSM3. The wide evaporite belts coincide with latitudes that are occupied 

by the subtropical highs today and infer that they have remained in the same 

broad bands through long periods of geological time (Ziegler et al., 2003). 

Furthermore, the geologic data supports the model simulated zonal 

averages for evaporation minus precipitation for the 4 x CO2 scenario (Fig 

6.6). 
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Figure 6.4 Paleo-latitudinal frequency of Upper Permian evaporites with simulated 

evaporation minus precipitation (mm day-1) for the 4 x CO2 simulation with CCSM3. 

 

The database includes Upper Permian peat and coal deposits that 

occur in the regions of Angara, northern and southern Cathaysia, 

Euramerica, and southern Gondwana (Fig. 6.3). In the Northern 

Hemisphere these deposits are concentrated relative to the equator 

between 0° and 10°N along the intertropical convergence zone (ITCZ) in 

southern Cathaysia. Peat and coal in this region are supported by rainfall 

that is continuous throughout the annual cycle. Coal deposits in southern 

Cathaysia are plotted within a region where conditions were consistently 

wet with rainforests (Rees et al., 2002). Peat and coal in low latitudes in the 
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proximity of the ITCZ are consistent with the model simulated zonal 

averages of evaporation minus precipitation, where a humid climate is 

dominant (Fig. 6.7). Coal deposits also occur in wet temperate zones where 

a humid climate exist. Upper Permian peat and coal deposits extend into 

high latitudes in both hemispheres and in the Southern Hemisphere coal 

deposits are recorded between 50° and 60°S in southeastern Gondwana 

(Fig. 6.7). Furthermore, the coal in this region supports the trend that 

precipitation exceeds evaporation (Fig. 6.6). Angara and Gondwanan floras 

of the north and south temperate zones are associated with coal deposits. 

Evidence of these floras in high latitudes are suggestive of a migration and 

possible retreat from extreme environmental conditions. Present-day peat 

and coal of the south temperate latitudes are truncated between 35°N and 

55°S simply because the continents terminate at these latitudes. Coal 

deposits for the Early Triassic are not discussed because of the coal gap 

(Retallack et al., 1996; see Chapter 7). 

 In the following, we compare these lithological proxies to the 

differences in the simulated mean annual precipitation from the mean 

annual evaporation (P-E) for the 4 x CO2 simulation, representing the 

Wuchiapingian (Fig. 6.8), and the 12.7 x CO2 simulation, representing the 

Changhsingian stages of the Late Permian (Fig. 6.9). The Lower Triassic 

lithological proxies are compared to simulated P-E for 12.7 x CO2 WC with  
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Figure 6.5 Lower Triassic evaporites (red triangles) are projected onto a paleogeographic 

reconstruction of Pangea. Note coal data are not shown because of the goal gap in the 

Early Triassic (see Chapter 7). 

 

Figure 6.6 Paleo-latitudinal frequency of Lower Triassic evaporites with simulated 

evaporation minus precipitation (mm day-1) for the 12 x CO2 WC simulation with CCSM3. 
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Figure 6.7 Paleo-latitudinal frequency of Upper Permian peat and coal with simulated 

evaporation minus precipitation (mm day-1) for the 4 x CO2 simulation with CCSM3. 

 

a thin cloud cover, representing the Early Triassic Induan and Olenekian 

stages (Fig. 6.10). There is a simulated decrease in precipitation across 

Pangea when comparing the P-E for the 4 x CO2 and 12.7 x CO2 WC 

scenarios (Figs. 6.8, 6.10). According to these figures vast areas of Pangea 

are arid to semiarid with evaporation exceeding precipitation over most of 

the continental interior, consistent with the findings of Kutzbach and 

Gallimore (1989). These results correlate well with the evaporites plotted 

within the continental interior of Euramerica and Gondwana where 
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differences do not exceed 1 mm day-1 to 2 mm day-1. In southwestern 

Euramerica a transition from a dominant humid climate to an arid climate 

has been simulated which corresponds well with the evaporite deposits 

along the southwestern coast. In eastern Gondwana, evaporation exceeds 

precipitation by 2 mm day-1 and 3 mm day-1 which are consistent to the 

evaporite deposits along the southeastern coast. The extensive evaporite 

deposits in the Upper Permian suggest an exceptionally dry period and the 

patterns of P-E indicate aridity between 40°N and 40°S suggesting that 

major arid zones extended poleward to middle latitudes. In a transition to 

warmer climate a poleward shift of the tropospheric jet streams and their 

associated subtropical dry zones may shift poleward (Fu et al., 2006). The 

high aridity in the Early Triassic stages is supported by evaporite deposits 

across Pangea and are extensive in southwestern Euramerica. The 

formation of evaporites in these regions are consistent with low available 

atmospheric moisture content and aridity due to continentality in the interior 

(Ziegler et al., 2003). Parrish et al. (1982) discusses extreme monsoonal 

circulation that would have made the equatorial region very dry and 

maximized seasonality along the coastal regions of the Tethys. Deviations 

of evaporates from the zonal models might be accounted for by monsoonal 

influence since it has the greatest perturbation effect on latitudinal climate 

zones; however, there are only minor discrepancies in evaporite distribution 
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compared to the present-day climate, and these may be attributed to 

variations in paleogeographic reconstructions, etc. Across the Late 

Permian, the interpreted evaporite belts within the continental interior of 

Pangea demarcate the coal belts in higher latitudes.  

Across both Latest Permian stages, the simulated precipitation 

exceeds evaporation for the 4 x CO2 and 12.7 x CO2 scenarios (Figs. 6.8, 

6.9). Analysis of differences between precipitation and evaporation for the 

12.7 x CO2 and 4 x CO2 simulation suggest that precipitation in the Northern 

Hemisphere exceeds that of the Southern Hemisphere due to higher 

continentality in the later and dominant marine influences in the former 

(Figs. 6.8, 6.9). The differences near the ITCZ range from 4 mm day-1 to 8 

mm day-1. In southern Cathaysia P-E is 2-5 mm day-1 and increases in the 

Early Triassic scenario by 1 mm day-1. These findings are consistent with 

the peat and coal deposits in southern Cathaysia and areas of simulated 

rise of humid climates over the Tethys along the ITCZ in regions where 

conditions were consistently wet with rainforests (Rees et al., 2002). Peat-

forming swamps in the coastal regions are suggestive of the continuity of 

precipitation through the annual cycle (Lottes and Ziegler, 1994) and 

therefore of fresh-water runoff and stratified water masses. when increases 

latitudinally over the ITCZ (Figs. 6.10, 6.8). While the ITCZ comparing the 
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Figure 6.8 Total annual precipitation minus evaporation (mm day-1) for the 4 x CO2 

simulation with CCSM3. 

 

Figure 6.9 Total annual precipitation minus evaporation for the 12.7 x CO2 simulation with 

CCSM3. 

 



 

 42 

 

Figure 6.10 Total annual precipitation minus evaporation (mm day-1) for the PTB 12.7 x 

CO2 WC simulation with CCSM3. 

 
12.7 x CO2 WC and 4 x CO2 scenarios, precipitation dominates the coal 

deposits within 10° of the equator, higher latitudes support coal deposits in 

wet temperate zones. In middle to high latitudes, an increase in humid 

climate (P>E 1 mm day-1 to 3 mm day-1) across the PTB over the ocean and 

land is in general agreement with the patterns of the lithological deposits in 

southern Gondwana.  
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6.3 Paleogeographic distribution and frequency of carbonates and reef 

deposits of across the Permian-Triassic boundary 

In this section the paleogeographic distributions of carbonate and 

reef deposits are compared to CCSM3 climate simulations. Upper Permian 

carbonates are distributed in regions of Angara, southern Cathaysia, 

eastern Euramerica, and eastern Gondwana (Fig. 6.11). In the Northern 

Hemisphere these deposits occur mostly between 10° and 20°N in eastern 

Euramerica (Fig. 6.12). Carbonates are located within 20° and 30°S in 

eastern Gondwana may be rather assigned to be Cimmerian carbonate 

deposits; the reason for these differences are uncertainties in the 

paleolocalities since the samples originates from present-day Iran (see 

Chapter 7). Carbonate deposits within these regions correlate well with the 

simulated high-pressure zones and surface air temperatures above 20° C 

as simulated for the 4 x CO2 scenario from CCSM3 (Fig. 6.12). These 

findings are fairly consistent with enhanced calcium carbonate production 

in warm waters.  
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Figure 6.11 Upper Permian carbonates (blue squares) and reefs (asterisks) are projected 

onto a paleogeographic reconstruction of Pangea. 

 

 
Figure 6.12 Paleo-latitudinal frequency of Upper Permian carbonates with simulated 

surface air temperature (SAT, in °C) for the 4 x CO2 simulation with CCSM3. 
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Lower Triassic carbonates are distributed throughout regions of 

eastern Euramerica, and south central Gondwana (Fig. 6.13). In the 

Northern Hemisphere, these proxies are centrally located between 10° and 

20°N in eastern Euramerica. In the Southern Hemisphere, carbonate rocks 

are prevalent in higher latitudes between 60° and 70°S in south central 

Gondwana (Fig. 6.14). The carbonates recorded in higher latitudes indicate 

and expansion of warmer temperatures in the polar regions which is 

supported by the 12 x CO2 WC simulation. Limestone deposition may 

depend to a certain degree on water masses that have a sufficient high 

temperature; however, the rate and extent of terrigenous sediment dilution 

appears to be the primary factor that determine limestone deposition at 

nearshore or continental shelf depths.  

Upper Permian reefs occur in regions that coincide with carbonate 

deposits and plot similar due simply to reefs being the most obvious 

element of the carbonate system, so that there is an inherent bias at the 

data assembly level. These proxies are distributed in regions of southern 

Cathaysia, eastern Euramerica, and eastern Gondwana (Fig. 6.11). In the 

Northern Hemisphere these deposits are mostly concentrated between 

10° and 20°N in the Tethys (Fig. 6.15). In the Southern Hemisphere reefs   
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Figure 6.13 Lower Triassic carbonates (blue squares) are projected onto a 

paleogeographic reconstruction of Pangea. Note there are not sufficient reef data 

available for the early Triassic (reef gap; see text).  

 

 
Figure 6.14 Paleo-latitudinal frequency of Lower Triassic carbonates with simulated 

surface air temperature (SAT, in °C) for the PTB 12.7 x CO2 WC simulation with CCSM3. 
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Figure 6.15 Paleo-latitudinal frequency of Upper Permian reefs with simulated sea 

surface air temperature (SAT, in °C) for the 4 x CO2 simulation with CCSM3. 

 

are concentrated between 40° and 50°S in southeastern Gondwana. Upper 

Permian reefs occur in subtropical regions whereas equatorial regions are 

characterized by Ekman-induced upwelling of cool water masses, high 

rainfall associated with ITCZ, and high surface runoff from adjacent coastal 

regions (Ziegler et al., 2003). Cooler water and upwelling favor productivity 

which impedes light penetration. The frequency of Upper Permian reefs in 

low latitudes of the Northern Hemisphere, coincide well with the model 

simulated zonal mean sea surface temperature above the 20°C isotherm 

for the 4 x CO2 scenario from CCSM3 (Fig. 6.15). Distributions of the early 
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Triassic reefs are not discussed because the lack of available data 

associated with the reef gap linked to extreme environmental stress (hot 

temperature and ocean acidification; see Kiessling and Simpson, 2011, and 

Ziegler et al. 2003). 

 In the following, we will discuss the corresponding PTB climate 

simulations with focus on temperature change and sea surface height. 

Differences in sea surface height in the Tethys do not vary substantially 

from the Permian to the Triassic as inferred from differences between the 

12.7 x CO2 experiment and the 4 x CO2 experiment (Fig. 6.16), representing 

changes in the latest Permian, and differences between 12.7 x CO2 WC 

scenario and the 4 x CO2 (Fig. 6.17) scenario, representing changes from 

the latest Permian to the earliest Triassic. Ziegler et al. (2003) suggest that 

areas of highs in sea surface height, representing regions of high solar 

radiation and Ekman convergence, and warm sea surface temperature 

>20°C may be suitable conditions for abundant reef deposits. Since reef 

deposits (Fig. 6.11) have been mostly centered in the Tethys realm one 

could infer that the changes in sea surface height did not contribute 

substantially to the reef gap in this region. The difference in simulated sea 

surface height exceeds 20 cm along the eastern coast of northern 

Cathaysia which corresponds with a difference in sea surface temperatures 

exceeding 9°C (Fig. 6.16). The coastal polar regions of western Pangea 
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simulate a difference in sea surface height of approximately 20 cm.  

Similarly, the difference in sea surface temperatures in this region is 

approximately 1°C. The simulated difference in sea surface temperature 

along the equatorial region is 3°C -4°C. 

The difference between the 12.7 x CO2 WC scenario and 4 x CO2 

(Fig. 6.17) scenario exceeds 30 cm along the eastern coast of northern 

Cathaysia. This difference is correlated with changes in sea surface 

temperatures that exceeds 12°C in this area. The coastal polar regions of 

western Pangea simulate a difference of approximately 20 cm consistent 

with the 4 x CO2 scenario. Similarly, the difference in sea surface 

temperatures in this region is approximately 5-6°C. There is an increase in 

simulated difference in sea surface temperature along the equatorial region 

is 6-8°C relative to the pre-PTB conditions. When comparing the differences 

in simulated sea surface temperatures across the boundary, we see the 

eastern Gondwana carbonates favor formation in regions with a relatively 

slight difference in sea surface temperatures. Shallower depth in the 

eastern Panthalassa can be attributed to upwelling of subsurface water 

masses and Ekman transport producing variations in the sea surface height; 

although we do have not fully incorporated carbonate data along the 

western coast of Pangea, this upwelling region is comparative to regions 

that favor reef formation which we discuss later. 
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Figure 6.16 Difference in simulated sea surface height (SSH, in cm) and sea surface 

temperature (SST, in °C) for 12.7 x CO2 scenario minus 4 x CO2 scenario. Contour lines 

from -60 cm to 60 cm with interval of 10 cm.  

 

 
 

Figure 6.17 Difference in simulated sea surface height (SSH, in cm) and sea surface 

temperature (SST, in °C) for 12.7 x CO2 scenario minus 4 x CO2 scenario. Contour lines 

from -60 cm to 60 cm with interval of 10 cm. 
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Chapter 7 

Discussion 

 
The sensitivity experiments presented in this study exemplify 

potential feedbacks in the climatic transition from a greenhouse to a 

hothouse climate during the end Phanerozoic (Winguth et al., 2015). 

Siberian volcanism (Renne and Basu, 1991; Renne et al., 1995; Kamo et 

al., 2003; Svensen et al., 2009), coal bed intrusions (Retallack and Jahren, 

2008), and forest fires (Hudspith et al., 2014) associated with coal-fly ash 

deposits (Nestell et al., 2015) would have resulted in a significant influx of 

carbon into the atmosphere (Svensen et al., 2009; Retallack et al., 2011; 

Brand et al., 2012) that potentially induced a climatic warming (Hallam and 

Wignall, 1997; Kidder and Worsley, 2010; Joachimski et al., 2012; Sun et 

al., 2012; Schobben et al., 2014) across the Permian-Triassic boundary.  

For this study, we consider two greenhouse gas levels that were 

considered for the sensitivity experiments to simulate a transition across the 

boundary. We follow Kidder and Worsely (2004), by assuming that the Late 

Permian atmospheric pCO2 was at 4 x CO2 relative to preindustrial value 

(PAL) of 280 ppmv, and that a perturbation massive release of greenhouse 

gas emissions by Siberian volcanism equivalent to 4,872 Pg C led to a rise 

in atmospheric pCO2 of 12.7 x CO2 PAL at the PTB. The reconstructions of 
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greenhouse gas concentrations remain not well determined because of the 

uncertainty encompassing the amount of carbon influx from Siberian 

volcanism (Svensen et al., 2009) and the uncertainty of the atmospheric 

pCO2 estimate from paleoproxies (Foster et al., 2017). Our results yield 

differences in simulated sea surface temperature of 3-4°C (equivalent to an 

atmospheric increase of 5000 Pg C) across the simulated Wuchiapingian (4 

x CO2) and Changshingian (12.7 x CO2) stages. In addition, Joachimski et 

al. (2012) inferred a warming of ~8°C in the Tethys Ocean. According to 

Svensen et al. (2009), it was possible to have an atmospheric increase of 

more than 5000 Pg C in the Early Triassic. 

Another crucial boundary condition is the continental positioning for 

climate modeling and more uncertainties exist with this condition the farther 

back the reconstructions occur in deep geologic time. Although the 

configuration of Pangea is reasonably consistent regarding modeling 

reconstructions, the positions of the southeastern Asian microplates in the 

Tethyan realm are more uncertain (Gibbs et al., 2002). Some discrepancies 

exist between plotted lithological data and the simulated configuration of 

Pangea. The coastlines are not well resolved, which could account for why 

some marine/terrestrial deposits appear onshore/offshore (e.g. 

southeastern Gondwana, northern Cathaysia, and eastern Euramerica). 

These discrepancies may also be accounted for by the fact that CCSM3 
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does not simulate a continental drift of Pangea or the Cimmerian 

microcontinents across our boundary experiments; although, it does not 

seem plausible that the rate of plate movement would be substantial enough 

to account these small errors. The most uncertainties regarding 

paleocoordinates are associated with the Cimmerian lithological data, 

particularly regarding the present-day regions of Iran, Tibet, Turkey, and 

Vietnam. Following the latest plate tectonic reconstructions, some of this 

data is off by approximately 10° in latitude and/or longitude which can 

account for a misinterpretation of data and inferred climate regions; 

therefore, we attempt to isolate global patterns based on the frequency of 

the lithological distributions. Uncertainties in the paleocoordinates of the 

lithological data could be attributed to incorrect assignment of plate IDs 

within GPlates or the application of a uniform age for all proxy data when 

determining paleocoordinates. In addition, some disagreements may arise 

in the classification of data as Upper Permian or Lower Triassic because 

the boundary is in a global state of flux and may be incomplete or poorly 

constrained in some localities unless the strata contains volcanic ash 

deposits, or first or last appearance fossil datum.  

In addition, all factors regarding lithological formation must be 

considered when utilizing lithological data as proxies to infer global climate 

patterns. The formation of sedimentary rocks is largely controlled by 
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atmospheric and oceanic processes that are considerably consistent; 

however, the formation of some rock types are not always dependent on 

the same physical or geochemical factors and these factors need to be 

noted when regarding generalized climatic interpretations, as the formation 

of some proxies may be a result of regional and not global effects. The 

extensive evaporite deposits in the Upper Permian suggest an exceptionally 

dry period and some authors have been tempted to correlate broad 

evaporite basins with this dry period; however, Ziegler et al. (2003) argues 

that there is an inherent bias regarding the lithological data because of the 

broad epeiric basins located in subtropical latitudes of Euramerica. Ziegler 

et al. (2003) also notes that desert deposits that are typical of the continental 

interior are less likely to be preserved in the geologic record. Kozary et al. 

(1968) notes that the only Paleozoic evaporites that still exist are those 

which were formed in intracratonic basins. Algeo et al. (2011) argues that 

extinction event studies have been focused on marine records because they 

are more stratigraphically complete and likely to preserve globally 

integrated signals compared to terrestrial records; therefore, interpreting 

climate changes in regions over the continental interior with low 

preservation of may be limited.  

Coal formation is prevalent along the equatorial regions near the 

intertropical convergence zone (ITCZ) where precipitation is continuous 
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throughout the annual cycle; however, other important rain-producing 

systems include the orographic and diurnal land-sea systems (Gyllenhaal 

et al., 1991) influence the formation of peat and coal as seen in upland peat 

deposits on mountainsides in deserts as a result of regular orographic 

precipitation. Peats also form in mangrove swamps, which derive moisture 

from the seawater, not rainfall; however, mangrove peats are well 

developed in areas with the highest precipitation (Woodroffe et al., 1992); 

therefore, caution should be taken when inferring climate patterns based on 

precipitation patterns regarding these lithological proxies. Furthermore, 

Parrish et al. (1982) suggests that the most reliable test of the rainfall maps 

would be those that compare the patterns with paleo-phytogeographical 

patterns across the boundary. An extensive comparison is outside the 

scope of this study and one refer the reader to other studies (see e.g. Ziegler 

et al., 1998; Rees et al., 1999; Rees et al., 2002; Gautam et al., 2019). We 

do not discuss Lower Triassic coal data because of the Early to Mid-Triassic 

“coal gap” (Retallack et al., 1996) that is recognized with the disappearance 

of the coal swamps of the tropical and temperate zones at or about the end 

of the Permian period (Ziegler et al., 2003). Approximately 95% of peat-

producing plants went locally extinct at the boundary (Michaelsen, 2002). 

The lack of coals in the geologic record may be attributed to their migration 

to regions that did not preserve an Early Triassic sedimentary record rather 
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than a disappearance of coal-producing ecosystems (McElwain et al., 

2007). Vertebraria- and Glossopteris- dominated floras were last recorded 

in eastern Australia for 5-10 Myr before peat-forming ecosystems 

reestablished in the Middle Triassic (Retallack et al., 1996). Moreover, floras 

are documented in high latitude regions, which implicated a retreat from 

lower latitude critical temperature thresholds to “cooler” polar latitudes.  

Rees et al. (2002) argued the extinction of peat-forming plants are a result 

of regional not global effects. 

Discrepancies occur with the plotted carbonate data within the 

continental regions of Pangea, which is a discrepancy related to the 

reconstruction of paleocoordinates and/or the paleogeographic 

reconstruction of Pangea; therefore, caution should be taken when 

interpreting these proxies to simulated oceanic factors. Lower Triassic 

carbonates are recorded in higher latitudes which indicate an expansion of 

warmer temperatures in the polar regions; however, the rate and extent of 

terrigenous sediment dilution appears to be the primary factor that 

determine limestone deposition at nearshore or continental shelf depths. 

Moreover, a common misconception is that a warm water environment is 

essential for limestone formation and although calcium carbonate 

productivity is lowest in cold climates, cool-water carbonates can form in 

ocean temperatures between 10-16ºC (Leonard et al., 1981) and 
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carbonates in cool water environments have long been recognized (James, 

1997).  

 Modern reef and carbonate plots are similar due simply to reefs being 

the most obvious element of the carbonate system, so that there is an 

inherent bias at the data assembly level. The number of modern reefs is 

high and should provide a cautionary note concerning the reliability of the 

fossil record of reefs. In addition, the database lacks Lower Triassic reef 

records because there was an annihilation of reef-building organisms at the 

end of the Permian followed by an absence of platform margin reefs during 

the Early Triassic, 5-6 Myr (Martin et al., 2001; Mundil et al., 2004). This 

extinction determined the disappearance of tabulate and rugose corals from 

reef ecosystems (Hallam and Wignall, 1997). Corals did not recover until 

the Middle Triassic when scleractinians emerged (Pruss and Bottjer, 2005). 

Because of the absence of metazoan reef builders, the Early Triassic has 

been dubbed a ‘reef gap’ (Fagerstrom, 1987); the “reef gap” in the Early 

Triassic, is parallel with the coal gap of the terrestrial realm (Zeigler et al., 

2003). The acceptance of a ‘reef gap’ has been revisited with the discovery 

Early Triassic build-ups that are limited to domal and conical stromatolites 

and thrombolites (Baud et al., 2007). Although Early Triassic patch reefs 

are globally documented, we do not include this data in the present study; 

however, it must be mentioned that microbial patch reefs are documented 
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in South China (Lehrmann, 1999; Lehrmann et al., 2003), southern Turkey, 

Armenia, Iran, Oman (Baud et al., 1997; Baud et al., 2002), Greenland 

(Wignall and Twitchett, 2002), and western North America (Pruss and 

Bottjer, 2004). The replacement of metazoan reefs by microbial reefs has 

been interpreted by to represent long-term stressful conditions associated 

with the end-Permian extinction (Hallam, 1991; Lehrmann et al., 2001; 

Lehrmann et al., 2003). Sea surface temperatures typically exceeding 30°C 

may lead to environmental stress and diseases on coral system but some 

coral species are tolerant to higher temperatures. Zooxanthellae, which live 

in symbiosis with the corals, may decline in population due to environmental 

stress which could lead coral bleaching. An increase in sea surface 

temperatures of 1°C can cause stress on zooxanthellae and coral bleaching 

(Glynn, 1993). Sea surface temperatures difference between the Early 

Triassic climate 12.7 x CO2 WC scenario and the Late Permian 4 x CO2 

scenarios exceeded 5°C in the Tethys. The increase in greenhouse 

radiative forcing could have provoked global warming and increased 

tropical sea surface temperatures that were critical to marine biota (Winguth 

et al., 2015). The Early Triassic scenario supports the hypothesis that 

temperature thresholds exceeded the minimum values that would cause 

stress on zooxanthellae and coral bleaching which would have endangered 

the survival of reef-building organisms. These findings are consistent with 
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δ18Oapatite values from conodonts that there was an increase in sea surface 

temperatures from 21 to 36°C and potentially exceeded 40°C by the Early 

Triassic (Sun et al., 2012). In both hemispheres, sea surface temperature 

differences were amplified in polar regions. Manabe and Wetherald (1980) 

suggested that large-scale monsoonal circulation could contribute to a 

substantial poleward transported. The simulation with reduced cloud albedo 

(12.7 x CO2 WC) produced amplification in sea surface temperatures which 

can be explained by the substantial influence that clouds have on polar 

energy budgets (Sloan and Pollard, 1998; Kiehl and Shields, 2013; 

Upchurch et al., 2015) and temperature amplification (Winton, 2006; Kay et 

al., 2012). The Early Triassic shows temperatures that are in excess of 

modern equatorial annuals sea surface temperatures (Shen et al., 2011). 

These simulated temperature thresholds can present a case for lack of reef-

building metazoans across the boundary. 

 Furthermore, increasing carbon dioxide concentrations lowers the 

oceans pH resulting in ocean acidification. Although the impact of low pH 

on coral reefs continues to be examined, decreases in pH can reduce the 

calcification rates of corals and other calcifying organisms (Reis et al., 

2009). The sharp increase in atmospheric CO2 has changed the carbonate 

chemistry of the surface oceans (Sabine et al., 2004). Since the pre-

industrial revolution, model estimates suggest that the average surface 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036282%23grl25411-bib-0025
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ocean pH has decreased by 0.1 units, which corresponds to an increase in 

the hydrogen ion concentration and acidity by 25% (Orr et al., 2005; Doney 

et al., 2009). Sea surface seawater pH may decrease by 0.3-0.4 units by 

the end of this century (Caldeira and Wickett, 2003; Orr et al., 2005). Major 

changes in ocean chemistry pose concerns for corals and reef-building 

ecosystems (Kleypas et al., 1999). An increase in dissolved CO2 

concentration is inevitably linked to ocean acidification, with the following 

equation: 

CO2 + H2O + CaCO3 ⇔ Ca2+ + 2HCO3- (eq. 1), 

and greater rates of CaCO3 dissolution within the carbonate framework of 

coral reefs (Yates and Halley, 2006; Manzello et al., 2008). A more acidic 

ocean may lead to preferential extinction of heavily calcified taxa and other 

signals in the rock record (Payne et al., 2010). Marine calcifiers would have 

difficulty depositing skeletons made of CaCO3 under lower seawater pH 

conditions (Kroeker et al., 2013); furthermore, the dissolution of CaCO3 

under these conditions are likely to increase (Andersson et al., 2009; 

Tribollet et al., 2009). Analyzing the simulated pH with Lower Triassic 

carbonates and the lack of reefs may further highlight the environmental 

stresses during Early Triassic. In addition, the model does not distinguish 

between warm-water and cool-water carbonates, and between different 

biogeochemical processes that may led to coral bleaching.

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036282%23grl25411-bib-0005
https://en.wikipedia.org/wiki/Ocean_acidification
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036282%23grl25411-bib-0032
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2008GL036282%23grl25411-bib-0019
https://en.wikipedia.org/wiki/Acid
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Chapter 8 

Conclusion 

In this study, we have compared the Upper Permian to Early Triassic 

lithological proxies to sensitivity experiments from the Community Climate 

System Model 3.0. The patterns of climate model simulations across the 

boundary correlate reasonably well with those from the geological record; 

however, the model cannot explain the warm polar conditions and the 

poleward expansion of the subtropical latitudes as potentially revealed from 

the sedimentary record. This is likely due to missing biophysical feedbacks 

associated with clouds as suggested in e.g. Kump and Pollard (2008). 

Evaporites are concentrated within middle latitudes and correlate to regions 

where simulated evaporation exceeds precipitation with moderately low 

rainfall. Coal deposits of high latitudes correspond with regions where 

simulated precipitation exceeds evaporation, although model-data biases in 

the interior of the continents remains. The lack of Early Triassic reef data is 

supported by simulated temperature extremes that would have exceeded 

thresholds critical to marine biota. Hostile climate conditions that culminated 

in the end-Permian extinction find parallels in the past two centuries affected 

by widespread deforestation, decline in biodiversity, anthropogenic-induced 

climate change, and ocean acidification. Hence the signature of physical 

climate change and exceptional extinction rates at the PTB may provide 
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lessons for future changes. Quantifying these environmental thresholds and 

defining the drivers of climate changes are of importance in understanding 

the biotic responses to abrupt anthropogenic-induced global warming. 
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Appendix A 

Boundary Conditions  
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Table A.1. Boundary conditions for the PTB simulations (adapted from Kiehl and Shields (2005) and Winguth et al., (2015)).  

Experiments 

Atm. CO2 

conc. 

(ppmv) 

CH4 

(ppmv) 

N2O 

(ppmv) 

S0 

(Wm-2) 
Eccentricity 

Obliquity 

(degrees) 

CDNC 

(cm-3) 

4 x PAL CO2 1120 0.7 0.275 1338 0 23.5 400 

12.7 x PAL 

CO2 
3550 0.7 0.275 1338 0 23.5 400 

12.7 x PAL 

CO2 WC 
3550 0.7 0.275 1338 0 23.5 50 

*Note: PAL is Present Atmospheric Level (280 ppmv) 
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Appendix B 

Paleogeographic Regions 
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Table B.1 Paleogeographic regions of Pangea with associated the present-day region. 

PALEOGEOGRAPHIC REGION PRESENT-DAY REGION 

Angara Russia 
Siberia 

China North China 
South China 

Cimmeria 

Afghanistan 
Iran 
Tibet 

Turkey 
Vietnam 

Euramerica Europe 
North America 

Gondwana 

Africa 
Antarctica 
Australia 

India 
Saudi Arabia 

South America 
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Appendix C 

 Database of Lithological Proxies 
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Table C.1 The lithological proxies were compiled from previous studies by Rees et 

al. (2002), the PALEOMAP Project by Scotese (2001), and additional literature. The data 

selected for analyses encompass the stages from the Late Permian (Wuchiapingian and 

Changhsingian stages) and Early Triassic (combined Induan and Olenekian stages). The 

database includes 504 lithological proxies that are classified as Upper Permian deposits 

and include: 91 evaporites, 104 peat and coal, 51 carbonates, 233 reefs, and 25 oil source 

rocks. The Lower Triassic database includes 84 lithological proxies which include: 42 

evaporites, 19 peat and coal, and 23 carbonates. The database provides information on 

current and paleogeographic coordinates, approximate age range of proxy formation, and 

supporting literature references. The lithological database is included in the supplemental 

documents for the thesis and is available at the University of Texas at Arlington library 

(https://libraries.uta.edu). 
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