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ABSTRACT 

 
PREDICTING THE ANCIENT OCCURRENCE 

OF COAL DEPOSITS USING 

PALEOCLIMATE 

MODELING 

 

Mandi Beck, M.S. 

 

The University of Texas at Arlington, 2012 

 

Supervising Professor:  Christopher Scotese 

 Coals are accumulated and consolidated remains of plant material, which means that in 

order to form coals, a certain amount of annual precipitation is required. This study uses paleo-

precipitation data obtained from Fast Ocean Atmosphere Model (FOAM) and predicts where 

paleo-coal deposits might occur. All predicted coal localities were plotted on paleogeographic 

reconstructions (obtained from the PALEOMAP Project) for thirteen time intervals from the Early 

Carboniferous to present. Once these predicted coal deposits were plotted, observed coals from 

the Boucot et al., 2012 database were then plotted on the same reconstructed basemaps. The 

predicted coal deposits were then compared with the observed coals to determine if a statistical 

correlation between the predicted and observed coal deposits could be made. The results show 

poor visual correlation between the predicted and the observed coals for the Cenozoic and the 

Mesozoic and works for most of the Paleozoic. There are many factors that could cause this 

thesis prediction to fail the hypothesis. First, it can be observed that any time interval that has 

predicted coals in higher latitudes is more likely to pass the null hypothesis. It can also be seen
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 that there is less predicted coal area for the older time intervals. With less prediction you have 

less opportunity to have hits. Finally, climate patterns may have been different during the older 

time intervals. We do not fully understand the climates during the older time intervals and 

prediction models use modern climate patterns to model past climates. With future exploration, 

this technique can possibly predict where other climate indicators formed to help better 

understand past climates and paleo-geology.  
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CHAPTER 1 

INTRODUCTION 

1.1 Presentation of the Data 

The focus of this thesis is to map the location of coal deposits across geologic time and 

to test the hypothesis that coal deposits can be predicted using paleoclimate simulations. A 

statistical analysis was conducted to determine the predictability between the predicted coal 

deposits and known coal deposits occurrences.  This chapter, the Introduction, describes the 

nature and formation of coal deposits.  

This thesis is arranged into six chapters. Chapter 1 contains the introduction for this 

thesis. Chapter 2 contains information pertaining to the data, method used, and statistical 

procedures used to test whether the predicted distribution of coals passes the null hypothesis. 

Chapters 3, 4, and 5 outline the tectonic and climate settings of coal deposits for the Cenozoic, 

Mesozoic, and Paleozoic, and provides statistical results for each time period within each Era. 

Chapter 6, the final chapter, reviews the results for each Era and describes whether the 

prediction model is significant.  

1.2 Formation of Coals 

Coal is the family name for a group of accumulated and consolidated remains of plant 

material. A rock must contain more than 50% by weight and 70% by volume carbonaceous 

material to be considered a coal (Considine et al., 2008). The typical environments that produce 

coals are fresh water swamps or deltas, coastal plains, or in inland lake basins (Considine et al., 

2008). When the parent plant material is physically or chemically altered by metamorphism or 

diagenesis, the processes is known as coalification (Considine et al., 2008). Through 

coalification, the swamp deposits progress through one or more stages and produce various 

grades of coals. Coal deposits are not uniform, and there are many different factors that can
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 cause various coal deposits to form. Different grades of coal are formed by differences in plant 

materials, degree of metamorphism, and the kinds of impurities (Considine et al., 2008). 

The grades of coal include peat, lignite, sub-bituminous, bituminous, and anthracite. 

The most abundant grade of coal by volume is peat, since it is the first product of compaction. 

Peat forms from plant material in subaqueous environments with anaerobic conditions (Dietrich, 

1979). The peat-to-anthracite theory of coal formation states that the process of coal formation 

is due to increasing metamorphism (Considine et al., 2008).  

1.2.1 Formation of Coal Deposits Through Geologic Time 

Coals are found worldwide (Figure 1.1). However, the modern distribution of coals does 

not reflect where coal deposits originally formed. In order to understand the formation of coals, it 

is necessary to plot coal deposits on paleogeographic reconstructions (Scotese, 2012).  

 

Figure 1.1 Map Showing the Earth’s Coal Deposits Distribution in the Present Day 

Looking back at the geologic record, numerous coal deposits formed during the 

Carboniferous, Cretaceous, Paleocene, and Eocene (Figure 1.2). The greatest volume of coal 

was deposited during the Pennsylvanian and the Permian. Most of the world’s lignite is of Late 

Mesozoic or Cenozoic age; most peat is of Pleistocene or recent age (Dietrich, 1979). 
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Figure 1.2 Geologic Time Scale with Names used in this Thesis 

Paleozoic coal deposits account for almost half of the coal reserves in the United States 

(Royer et al., 2004). During this major coal-forming period, the climate of North America was 

warm and humid. The coal-forming swamps were enormous, covering tens of thousands of 

square miles (about 30% of the total land), much like modern tropical rainforests. The Equator 

(where a majority of the coal deposits in Europe, North America and China during this time 

formed) was wet and hot. The calculated mean surface temperature for the Carboniferous was 

~ 14
o
 Celsius (Royer et al., 2004).  The cool temperate regions of Gondwana were located 

around 45
o
 North and South latitudes and most coal deposits in this region formed near the 

coast (Fig 1.3) (Scotese, 2001).  
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Figure 1.3 Earth during the Upper Carboniferous with the Distribution of Climate-Sensitive 

Sediments (Scotese, 2012) 

1.3 Importance of Coal 

This section will discuss the importance of coal in today’s society. It will review coal 

usage during the past, the present, and potential coal usage in the future. 

Coals have been studied extensively throughout time due to their importance as a 

natural resource and as a source of energy. Coals have been a vital part in the energy industry 

since the Industrial Revolution dated back to the 1800s. Coal is still important to the economy 

because approximately 40% of the world electricity is produced from coal (World Coal Institute, 

2005). 
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Coal has many important uses worldwide which make it economical. The four main 

uses for coal are steel production, electricity generation, cement manufacturing, and in the form 

of liquid fuel (World Coal Institute, 2005). 

Different types of coals have different economical uses. High ranking coals (coals that 

contain high carbon content and low moisture levels), such as bituminite and anthracite, are 

characterized by their harder texture and vitreous luster. These types of coals allows for more 

energy to be produced, so they are generally used in power generation and steel production 

(Considine et al., 2008). 

Other industries that use coal, besides power generators and steel producers, are paper 

manufacturers, alumina refineries, and chemical and pharmaceutical industries. Coal by- 

products can be found in many everyday materials and common household items: aspirin, soap, 

dyes, and synthetic fabrics (Considine et al., 2008). 

1.4 Coal Economy: Past, Present, and Future 

Coal has been an important fuel resource. The next three sections will look at coal 

usage in the past, the present, and future. 

1.4.1 Coal Economy: Past 

One of the earliest known usages of coal, in the United States, dates back to the 1300s, 

when Native Americans, in what is now North America, used coal for cooking, heat, and making 

pottery. The first coal mine was opened in Virginia in the mid-1700s (American Coal 

Foundation, 2011). 

Although coal usage began hundreds of years ago, coal began to be widely used during the 

Industrial Revolution (from 1750 to around 1850), when the demand for coal and energy 

sources rapidly increased. Soon after, steam-powered trains developed, which were fuelled by 

coal. These trains became a major form of transportation during the 19
th
 century, especially in 

the United States. During this time, coal was also used during the American Civil War to fuel 

factories for the production of weapons (American Coal Foundation, 2011). 
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      During the last 100 years, the United States coal used has peaked. Coal is used for: heating 

houses, providing heat for cooking, creating electricity, powering transportation vehicles, and 

fuelling factories. (American Coal Foundation, 2011). 

1.4.2 Coal Economy: Present 

 Even though coal has been replaced by oil as the main source of energy today, it is still 

used heavily in some industries. About fifty-six percent of electricity used in the United States is 

coal-generated. Other uses for coal include the making of chemicals, cement, paper, ceramics, 

metal products, plastics, medicines, fertilizers, and tar (American Coal Foundation, 2011). The 

United States exports approximately nine percent of the total coal mined to about forty 

countries: mainly, Canada, Japan, and Western Europe (American Coal Foundation, 2011). 

1.4.3 Coal Economy: Future 

 The demand for coal around the world is expected to increase due to the increase in 

electricity, manufacturing, and transportation needs of an increasing population. Although the 

demand for coal will increase in the United States, it is projected to greatly increase in areas 

such as China and India, where it will be used for electricity generation (American Coal 

Foundation, 2011).  

1.5 Previous Work 

This study uses many previous works pertaining to climate modelling. Climate is the 

long-term weather conditions within a certain region. Atmospheric properties that influence 

weather include temperature, precipitation, evaporation, air pressure, humidity, cloudiness, and 

winds. Regions with similar climatic conditions can be grouped into climatic zones (Walter, 

1985). 

  Coal deposits are found in climatic zones where precipitation exceeds evaporation, and 

can form in either warm or cool temperature regions. Warm coal deposits are found near the 

equator in tropical biomes, also known as the tropical rainforests (Morley, 2000). Rainforest 

floras extend from the equator to beyond the Tropics to about 30
o
 north and south (Negrelle, 
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2002). Although typically the rainforest extends from the equator to 30
o
, geologic records show 

evidence for tropical rainforests extending up into the 50
o
 range (Wolfe, 1985).  

 Tropical rainforests are the result of low-latitude atmospheric circulation called Hadley 

cells.  Figure 1.4 shows an example of the Hadley circulation cells (Parrish, 1998). This same 

process happens near 60
o
 north and south. Baroclinic waves bring warm moist air from the 

tropics and cause an increase in precipitation in these latitudes.  

 

Figure 1.4 Global Image Showing the Different Atmospheric Circulation Patterns (Ruddiman, 

2008) 

Coal deposits are dependent on the hydrological cycle, particularly on pattern of 

precipitation and evaporation. Coals form in humid areas where precipitation exceeds 

evaporation. Figure 1.5 shows latitudinal occurrence of coal deposits from the Permian to 

Recent (Ziegler et al., 2003). Three clear peaks are visible: one around the Equator from 30
o
 

north to 30
o
 south and two other peaks at 50

o
 north and 65

o
 south. These are the latitudinal 

zones where we should see coal being deposited. In this thesis, a hypothesis will be assessed, 

whether coals predominantly form in areas where precipitation exceeds evaporation.  
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Figure 1.5 Graphical Distribution of Present Day Precipitation from Pole to Pole (Ziegler et al., 

2003) 
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CHAPTER 2 

METHODOLOGY 

2.1 Method Introduction 

Climate indicators, such as coals, evaporites, bauxites, etc., can be used to test the 

results of paleoclimate models. Coals are known to form in wet climates; however, coals form in 

two separate temperature climatic zones: the equatorial rainy belt or the temperate rainy belt. 

Since moisture is the main contributing factor, this study will only consider the relationship 

between precipitation and coal formation.  

In this thesis, the data is organized into thirteen different time intervals and presented on 

paleogeographic reconstructions. These maps were produced by the PALEOMAP Project 

(Scotese, 2001). The process for creating these paleogeographic reconstructions will be 

discussed in this chapter. In this thesis, the hypothesis will test if coals form under specific 

climate conditions. The relationship between coals and climate is summarized in detail in the 

Introduction. To test this hypothesis, paleoclimate simulation results from the GANDOLPH 

Project (Scotese, 2005, 2006, 2007, 2011) will be compared with a database of Phanerozoic 

coal deposits compiled by Boucot et al., 2012. The coals were plotted on paleogeographic maps 

and gridded with a 5
o
x5

o
 latitudinal/longitudinal grid. For each time interval, 5

o
x5

o
 grid cells were 

also constructed that represented areas where paleo-precipitation exceeded paleo-evaporation. 

If a coal deposit occurred within a grid cell with sufficient precipitation (P-E > 0), then it was 

considered to be a “hit,” or a positive test that the formation of coals are controlled by 

precipitation. In this chapter, the hypothesis that coal formation is controlled by paleo-

precipitation will be described in detail.  
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2.2 FOAM Paleoclimate Simulation Data 

All paleoclimate maps were provided by the GANDOLPH Project (Scotese, 2007, 2008, 

2009, 2011). The paleoclimate conditions for the thirteen different time intervals were simulated 

using the Fast Ocean and Atmosphere Model (Tobis et al., 1997). FOAM uses oceanic and 

atmospheric dynamic models along with sea-ice, land topography, and river models to simulate 

paleoclimates on a global scale. The thirteen time intervals used in this study were: Miocene (10 

Ma), Oligocene (30 Ma), Mid-Eocene (45 Ma), K-T boundary (70 Ma), Late Cretaceous (90 Ma), 

Aptian (120 Ma), Barremian (140 Ma), Late Jurassic (160 Ma), Early Jurassic (180 Ma), Middle 

Triassic (220 Ma), Early Permian (280 Ma), Middle Carboniferous (340 Ma), and Early 

Carboniferous (360 Ma).  

2.3 Data Processing 

The modern precipitation values used in this thesis were from Legates and Wilmot 

Global Climate Database (Legates and Wilmot, 1990). Figure 2.1 is a modern map illustrating 

Annual Precipitation (Legates and Wilmot, 1990). 

 

Figure 2.1 Map Showing Modern Precipitation Values from Legates and Wilmot Global Climate 

Database (Legates and Wilmot, 1990) 
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2.4 Data Analysis in ArcGIS: Preparation of Landmass, Coal, and Precipitation Area Maps 

 In order to test the central hypothesis of this thesis (namely that the occurrence of coal 

deposits is strongly associated with areas of high paleo-precipitation), it was necessary to 

estimate the area of ancient landmass, the area of coal occurrences, and the area of paleo-

precipitation for each time interval. This section describes how these three different maps were 

constructed using ArcGIS. 

 Before discussing each type of map, the problem of equalizing area from equator to 

pole must be addressed. As mention in section 2.1, a 5
o
x5

o
 grid was used to reduce the 

problem of uneven data clustering. Each 5
o
x5

o
 grid cell is not the same amount of area from 

equator to the poles. Closer to the poles, the lines of longitude converge making each 5
o
x5

o
 grid 

cell smaller progressively smaller as you approach the pole. To create an equal area grid, each 

latitudinal band was multiplied by an area factor. The number of grid cells in a latitudinal band 

multiplied by this scaling factor is the actual area is considered the “Area.” To find the “Actual 

Area,” the “Area” values were multiplied by the area one 5
o
x5

o
 grid cell would be on Earth in 

square kilometers. Therefore, each “Area” value was multiplied by 308641.4 km
2
 to find the 

“Actual Area”. To simplify for this thesis all “Actual Area” values will be divided by one million. 

2.5 Area of Ancient Landmasses 

The distribution of land and its geographic distribution have changed through time. In 

this thesis, the paleogeographic maps of Scotese (Scotese, 2005, 2006, 2007, 2011) were used 

to create a 5
o
x5

o
 grid that represented land areas through time. A 5

o
x5

o
 grid was chosen to 

reduce the problem of uneven data cluster. For each map the amount of land was estimated by 

counting the number of 5
o
 grid cells in each latitudinal band. This count was then converted to 

an area estimate by taking into account how the relative area of a 5
o
x5

o
 cell changes from pole 

to equator. Table 2.1 gives the area of each 5
o
x5

o
 grid cell as a function of latitude. This table is 

an example using the land data for the Miocene.   
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Table 2.1 10 Ma Total Land Factored Table 

 

Latitude was plotted along the x-axis from -90
o
 to 90

o
. The scaled land value was 

plotted along the y-axis. Figure 2.2 shows an example of a land histogram with the area of land 

in each 5
o
 latitudinal zone for the Miocene.  
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Figure 2.2 Histogram of 10 Ma Total Landmass Area Latitude 

2.6 Area of Observed Coal Deposits 

 The same method used on total landmass was used to calculate the area of observed 

coal deposits. The known distribution of coal deposits were placed in their respective time 

interval layer on the paleogeographic maps. 5
o
x5

o
 cells were selected if they contained at least 

one coal deposit locality.  

The area of coal deposits was calculated in a manner identical to the technique used to 

estimate the area of ancient landmasses. The number of 5
o
x5

o
 grid cells was summed for each 

5
o
 latitudinal belt. This total represented the “raw” value for the number of coal localities. This 

“raw” value was then scaled as a function of latitude using the area parameter in Table 2.2 to 

obtain the true area represented by the grid cells. Table 2.2 is an example of the area of 

observed coal locations from the Late Miocene. 
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Table 2.2 10 Ma Observed Coals Factored Table 

 

Figure 2.3 shows an example of a coal intersection histogram. This histogram shows 

the distribution of known coals in each 5
o
 latitudinal zone for the Miocene.  
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Figure 2.3 Histogram of 10 Ma Observed Coal Deposit Area Latitude 

2.7 Area of High Precipitation/ Area of Predicted Coal Deposits 

This thesis is proposing that the amount of rain/runoff needed to form coal must be 

greater than the amount of evaporation. Certain biomes have more precipitation than 

evaporation. Figure 2.4 shows a graph of each modern day biome and how much temperature 

and precipitation is necessary to maintain each biome (Peppe et al., 2011). Tropical rainforest, 

temperate rainforest, temperate forests, boreal forests, tropical seasonal forests, and grassland 

are all biomes that coals can form in. Figure 2.5 shows a map of the modern Earth with all the 

biomes (Peppe et al., 2011). All FOAM paleo-runoff points that fell within the ice, tundra, and 

deserts were removed from the dataset. The remaining data points all fell within a minimum 

precipitation of 250 mm/year. Figure 2.6 shows the 10 million year 250 mm/year or greater 

precipitation map. 
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Figure 2.4 Graphical Display of Biomes Based on Mean Annual Temperature and Precipitation 

(Peppe et al., 2011) 

Figure 2.5 Map of Biomes for the Modern Day (Peppe et al., 2011) 
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Figure 2.6 Map of 10 Ma Annual Runoff Simulated with FOAM for 10 Ma 

A predicted coal deposit area shapefile was created for grid cells where simulated 

precipitation exceeded 250 mm/year.. Figure 2.7 shows the coal prediction grid for the Miocene 

(10 Ma). 

 

Figure 2.7 10 Ma Predicted Coal Deposit Area on 10 Ma Paleogeographic Map 
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The area where paleo-precipitation was sufficient to produce coal deposits was 

calculated in a manner identical to the techniques described in the two previous sections. Coal 

deposits were computed for each latitude, and adjusted to true area using the parameters in 

Table 2.3. As an example, the late Miocene was used. 

Table 2.3 10 Ma Predicted Coals Factored Table 
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Figure 2.8 shows an example of a predicted coal deposit area histogram. This 

histogram shows the area of the predicted coals in each 5
o
 latitudinal zone for the Miocene.  

 

Figure 2.8 10 Map Predicted Coal Deposit Area Histogram Plotted Along Latitude 

The predicted coals areas are found in three major latitudes. The warm and wet coals 

are found near the equator and span from around -20
o
 to 20

o
. The cool and wet coals are found 

in two localities. In the southern hemisphere, the predicted coals span from -85
o
 to -60

o
, and in 

the northern hemisphere, the predicted coals span from 40
o
 to 75

o
. Figure 2.9 is a histogram 

that shows the total predicted coal areas and their latitudinal coordinate along the x-axis and 

number of predicted coals along the y-axis for all time intervals in this thesis.  
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Figure 2.9 Histogram of Total Predicted Coal Deposit Area Latitude 

2.8 Hits vs. Misses 

When an observed coal 5
o
x5

o
 grid cell coincides with a predicted coal 5

o
x5

o
 grid cell, it 

is considered to be a “hit”. ArcToolbox was used to select the 5
o
x5

o
 grid cells that contained 

both an observed coal deposit and a predicted coal deposit grid cell. Figure 2.10 shows the 

observed coals intersected with the predicted coals for the Miocene (10 Ma). The pink boxes 

are the grid cells that contain both predicted and observed coal deposits within the Miocene.  
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Figure 2.10 10 Ma Hits vs. Misses Coal Deposit Area Plotted on 10 Ma Paleogeographic Map 

As you can see from Figure 2.10, there are more “hits” than “misses.” This is largely 

due to the fact that there are more grid cells where coals are predicted than where coals are not 

predicted. The total area of “hits” (i.e. matches) between the predicted coal localities and the 

observed coal localities was calculated in a manner identical to the procedures used to 

calculate the area of land, coal, and predicted coal localities. The number of 5
o
x5

o
 grid cells was 

summed for each 5
o
 latitudinal belt. This “raw” total was then converted to true area using the 

parameters in Table 2.4. As an example the Miocene was used.  
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Table 2.4 10 Ma Hits Factored Table 
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Figure 2.11 shows an example of a “hits” histogram. This histogram shows the 

distribution of the “hits” in each 5
o
 latitudinal zone for the Miocene. The next section will discuss 

the statistical procedure used to determine if the number of hits were statistically significant.  

 

Figure 2.11 Histogram of Hits with Latitude for 10 Ma 

2.9 Are the Number of Hits Statistically Significant? 

A statistical procedure was used in order to check how well the observed coals 5
o
x5

o
 

grid cells matched with the predicted coals 5
o
x5

o
 grid cells. A review of the statistical analysis 

used in this thesis will be shown using the late Miocene (10 Ma) as an example. In the following 

chapters, I will discuss in detail the statistical procedures and results for each geologic Era. 

Table 2.5 is an example calculation for the Miocene period. The table lists: 1) total land 

area, 2) predicted coal area, 3) percentage of land occupied by predicted coal area, 4) observed 

-2

0

2

4

6

8

10

12

90 80 70 60 50 40 30 20 10 -5 -15 -25 -35 -45 -55 -65 -75 -85

N
u

m
b

e
r 

(S
ca

le
d

) 

Latitude 

10 Ma Hits Area 



 24 

coals area, 5) predicted number of hits area, 6) actual hits area, 7) area of misses, and 

probability of randomness. 

After determining the areas of the four principle variables: land area, area of predicted 

coals, area of observed coals, and area of hits; a simple statistical test was made to determine if 

the number of “hits” were statistically significant. The null hypothesis states that the observed 

distribution of known coals is random and does not significantly match the pattern of predicted 

coal localities based on paleo-precipitation. This thesis will try to prove that this null hypothesis 

is false and assess to what degree the distribution of coal is non-random. 

Our expectations regarding the null hypothesis are as follows. The percentage of land 

area that is predicted to have coal deposits can be estimated by dividing the area of predicted 

coals (Apc) by the total land area (Aland). In the case of the Miocene, the total land area is 221 x 

10
6
 km

2
, and the area of predicted coals is 163 x 10

6 
km

2
. The ratio of predicted coals to total 

land area is 
   

   
 x 10

6 
km

2
 or 73%. This means if we were to place 100 coal localities randomly 

on the map 73% should fall in the area where coal is predicted to occur. If 73 x 10
6 

km
2
 or some 

number close to 73 x 10
6 

km
2
 were to occur then the null hypothesis would pass suggesting the 

observed distribution of coals is random.  

In the case of the Miocene the area of known coals is 41 x 10
6 

km
2
. According to 

prediction, 73% of this area should fall within the area of predicted coal deposits. These would 

be the predicted hits. In this case 73% of 41 x 10
6 

km
2
 is 30 x 10

6 
km

2
. The actual area of 

observed hits is 30 x 10
6 

km
2
. The actual number of hits is the same number as the predicted 

number of hits calculated (30/30=1). Since the actual hits area and the predicted hits area are 

the same, the null hypothesis stands suggesting that the distribution of observed coals is most 

likely random.  
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Table 2.5 10 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Area of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Area of 
observed 

coals 

Predicted 
number of 

hits 
hits Misses 

% of Observing 
the Number of 
Predicted Hits 

221 163 73 41 30 30 11 0.07 

 

2.10 Probability that Observed Hits are Random 

As described previously, the null hypothesis states that the expected number of hits 

should be proportional to the percentage of predicted coal grid cells. This leads to the question 

of whether or not the observed number of hits are random or not. Using Poisson distribution 

(Downing and Clark, 1989), the probability that the observed number of hits is due to 

randomness can be estimated.   

The Poisson distribution is defined as: the probability of the frequency of a particular 

event P(x) can be estimated if the expected frequency of the event (λ) and the observed 

frequency of the event (K) are known (Downing and Clark, 1989). Below is the equation for the 

Poisson distribution: 

                                                           P(x) = (e
-λ
) (λ

K
)/ K!                                                  (1) 

Where, 

P(x) = the probability of obtaining a particular number of hits 

K= observed frequency of an event (number of observed occurrences) 

λ= expected frequency of an event (number of predicted occurrences) 

In this thesis, the predicted number of actual coal hits is λ. And the number of actual 

coal hits is K. For the Late Miocene as an example; λ is equal to 30 predicted hits area. The 

number of hits area, K, is 30. Using equation (1), we can solve for the probability P(x) for hits 

that are random. In this example,  

            P(x) = (e
-30

) (30
30

)/ 30!, or 0.07. 
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A comparison of the expected number of hits to the observed number of hits shows that 

the observed number of hits is the same as the expected number of hits. This suggests that the 

observed hits are random and thus the null hypothesis stands. Figure 2.12 shows the Poisson 

distribution for 10 Ma. The red line represents the actual number of hits observed and the 

dashed black line represents the predicted number of hits for the Miocene. The red box 

represents areas of randomness while the green boxes represent areas of significant departure 

from randomness. Any point that falls within the green is significant to a degree. During the 

Miocene, the number of predicted hits area equals the number of actual hits area. This means it 

is random and not significant.  In the following 3 chapters, the statistical analysis results for the 

Cenozoic, Mesozoic, and Paleozoic Eras will be discussed.  

 

Figure 2.12 Poisson Distribution for 10 M
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CHAPTER 3 

CENOZOIC COALS 

3.1 Introduction 

This chapter and the following two chapters will discuss in detail the results of the 

Cenozoic, Mesozoic, and Paleozoic results, respectively. In each chapter, the observed coal 

deposit localities will be compared with the predicted coal deposit localities for each time 

interval and the statistical procedures described in Chapter 2 will be used to test if the coals 

pass or fail the null hypothesis.  

The Cenozoic Era is broken up into six different time periods: Paleocene (66 Ma), 

Eocene (45 Ma), Oligocene (30 Ma), Miocene (10 Ma), Pliocene (5 Ma), and Quaternary 

(recent). This chapter will discuss the results for the Miocene (10 Ma), Oligocene (30 Ma), and 

Middle Eocene (45 Ma).  

3.2 The Cenozoic Era 

The Cenozoic Era is known for its fluctuation between hot house and ice house 

climates (Zachos et al., 2008).  During the Eocene, the climate was warm and humid. Evidence 

of alligators and palm trees were found near the poles showing swamps were in these regions 

(Scotese, 2001). The Oligocene was slightly cooler than the Eocene, with ice covering the 

South Pole (Zachos et al., 2008). The Oligocene had warm temperate forests that covered 

northern Eurasia and North America (Scotese, 2001). The Miocene’s climate is similar to 

today’s climate but with slightly higher temperatures (Zachos et al., 2008). Australia was less 

arid than today and swamps could be found in northern Europe (Scotese, 2001).  

There are many factors that have influenced the climate during the Cenozoic Era: Solar 

input, orbital variations (eccentricity and tilt), galactic mechanisms, atmospheric composition
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(such as greenhouse gas concentration due to decreased spreading rate), changes in the 

Earth’s surface (like weathering processes), and continental distribution (Raymo et al., 1992). 

Scientists have wondered what climatic mechanisms forced dramatic climate changes 

during the Cenozoic. One popular idea is that the movement of the continents over the poles 

which could potentially cause a cooling effect (Raymo et al., 1992). Another mechanism is the 

development of the circum 

Antarctic current (Raymo et al., 1992). Before the development of the circum-Antarctic 

current, a meridional heat transport caused higher sea surface temperatures around Antarctica 

which prevented continental ice sheets to form (Raymo et al., 1992). This in turn could have 

helped develop the circum-Antarctic current which caused cooling of Antarctica (Raymo et al., 

1992). Scientists have also questioned the relationship between the Isthmus of Panama 

formation and the Northern Hemisphere glaciations (Raymo et al., 1992). One of the most 

interesting ideas is the uplift of the Tibetan plateau (Raymo et al., 1992). During the middle 

Eocene, the Indo-Australian plate collided with Asian plate causes an uplift of 5 km (Raymo et 

al., 1992). It is believed that the Tibetan plateau not only caused regional monsoon circulation 

but could also affect hemispheric atmospheric circulation (Raymo et al., 1992). These changes 

in circulation resulted in drier climates in certain regions around Asia (Raymo et al., 1992). 

Another factor causing changes in climate during the Cenozoic are known as Milankovich 

cycles (Raymo et al., 1992). Milankovich cycles take into consideration the precession (change 

in orientation of the rotational axis of the Earth), obliquity (Earth’s tilt), and eccentricity (Earth’s 

eccentric orbit) which cause different degrees of heat from the sun (Raymo et al., 1992).  

The following sections discuss the results of the Cenozic time periods used for this 

thesis. The area of land, area of predicted coal deposits, area of observed coal deposits, and 

area of hit localities will be presented in each period.  
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3.3 Miocene (~10 Ma) 

The Miocene period was approximately 10 million years ago. Climate at the time was 

cooler than other Cenozoic periods but warmer and more humid than present day climate 

(Schneck et al., 2012). The Northern Hemisphere was almost free of ice, although glaciations 

did start before the Miocene (Schneck et al., 2012). Vast forests and fewer deserts covered the 

Miocene compared to today’s Earth (Schneck et al., 2012). Areas such as the modern Sahara 

had seasonal forest or savannah vegetation (Schneck et al., 2012).  The boreal forests of today 

in the northern latitudes were more abundant and covered present day areas of tundra and ice 

(Schneck et al., 2012).  

Miocene climate could have been affected by many geological and atmospheric 

processes. Orogenic effects causing CO2 decline, plate tectonics, and land-sea distribution are 

considered major mechanisms for Miocene climate (Ramstein et al., 1997 and Fluteau et al., 

1999, and Ruddiman et al., 1997, and Kutzbach et al., 2004). High abundance of vegetation 

during the early Miocene could also increase the temperatures during the Miocene (Micheels et 

al., 2007). The following section will discuss the Miocene observed coal area, predicted coal 

area, and results of this study for the Miocene.  

3.3.1 Miocene Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Miocene was approximately 221 x 10
6 

km
2
 (Table 3.1). Since coals are 

formed from plant material, it can be inferred that all coals must form on land. Therefore, the 

amount of land during the Miocene is important because the areas where there is not land must 

be taken out of consideration for prediction.  

Predicted coal deposit areas for the Miocene were based on a minimum precipitation value of 

250 mm/year (Figure 3.1: by the blue squares).  A total of 163 x 10
6 

km
2
 fell within the 250 

mm/year annual runoff range. The predicted coals are found in North America, northern South 
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America, Central America, Europe, southern Africa, northern and western Asia, Antarctica and 

the Pacific West coast islands (Figure 3.1). 

 

Figure 3.1 Predicted Coal Deposits Area Plotted on 10 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in north-western North 

America, Central America, northern South America, Europe, western Asia and the Pacific west 

coast islands. A total of 41 x 10
6 
km

2
 of observed coal deposit area is plotted in Figure 3.2.  
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Figure 3.2 Observed Coal Deposits Area Plotted on 10 Ma Paleogeographic Map 

Figure 3.3 shows Miocene “hits” (areas of intersection between observed and predicted 

coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Miocene 30 x 

10
6 

km
2
 of “hits” were observed. “Hits” can been seen in north-western North America, Central 

America, Europe, northern Asia, southern Asia, and Pacific west coast islands. “Misses” are any 

observed coal 5
o
x5

o
 grid cell that did not intersect with predicted coal 5

o
x5

o
 grid cell. “Misses” 

can be seen in the Caribbean, southern Europe and west-central Asia.  
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Figure 3.3 Hits Area Plotted on 10 Ma Paleogeographic Map 

3.3.1.1 Statistical Analyzes for the Miocene 

For the Miocene, there were 221 x 10
6 

km
2
 of land observed. Of these 221 x 10

6
 km

2
 

land cells, 163 x 10
6
 km

2
 contained a predicted coal 5

o
x5

o
 cell. This means that 73% of total 

land area intersects with a predicted coal area. 41 x 10
6 

km
2 

contained observed coal area. 

Finally, 30 x 10
6 

km
2 

containing both observed and predicted coals (“hits”) were observed. The 

results for the entire Miocene can be seen in Table 3.1. Using the statistical analysis outlined in 

Chapter 2, the expected number of hits was 30 x 10
6 

km
2 

and the observed number of hits was 

30 x 10
6 
km

2
. This makes the probability of hits due to random process 0.07 which suggests that 

the observed hits are likely to be insignificant and the null hypothesis stands. Figure 3.4 shows 

the Poisson distribution for 10 Ma. The red line represents the actual number of hits observed 

and the dashed black line represents predicted “hits” during the Miocene. The red box 

represents area of randomness while the green boxes represent areas of significance. Any 

point that falls within the green is significant to a degree. During the Miocene, the number of 

predicted hits area equals the number of actual hits area. This means it is insignificant and 

random.   
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Table 3.1 10 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

221 163 73 41 30 30 11 0.07 

 

 

Figure 3.4 Poisson Distribution for 10 Ma 

3.4 Oligocene (~30 Ma) 

The Oligocene period was approximately 30 million years ago. A large scale global 

cooling event occurred at the beginning of the Oligocene. During this time period, major tectonic 

activity began when the Indo-Australian plate began to drift north. This increased spreading 

rate; increasing CO2 levels (Katz et al., 2008). The increase in CO2 levels increased 

temperatures, rain, and vegetation, which in turn increased chemical weathering, contributing to 

the decrease in CO2 removal and caused global cooling (Ruddiman, 2008).  At the same time, 

when Australia began to move northward, the Southern Ocean Seaway opened creating the 

Antarctic Circumpolar Current (Zanazzi et al., 2007). This current circled Antarctica and created 

a barricade preventing warm currents to reach Antarctica creating ice caps at the South Pole 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

Si
gn

if
ic

an
ce

 

Number of actual hits area 

Poisson Distribution for 10 Ma 

 



 34 

(Zanazzi et al., 2007).  The following section will discuss the Oligocene observed coal area, 

predicted coal area, and results of this study for the Oligocene.  

3.4.1 Oligocene Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Oligocene was approximately 225 x 10
6 

km
2
 (Table 3.2). Predicted coals 

for the Oligocene were based on a minimum precipitation value of 250 mm/year.  All 5
o
x5

o
 grid 

cells containing a 250 mm/year or greater were plotted (Figure 3.5: by the blue squares). A total 

of 164 x 10
6 

km
2 

fell within the 250 mm/year annual runoff range. The predicted coals are found 

in North America, northern South America, Central America, Europe, southern Africa, northern 

Asia, Australia, Antarctica and the Pacific West coast islands (Figure 3.5). 

 

Figure 3.5 Predicted Coal Deposits Area Plotted on 30 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot et al. were found in north western North 

America, northern South America, Europe, western Asia and the Pacific west coast islands. A 

total of 28 x 10
6 
km

2 
of observed coal area is plotted (Figure 3.6). 
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Figure 3.6 Observed Coal Deposits Area Plotted on 30 Ma Paleogeographic Map 

Figure 3.7 shows Oligocene hits (areas of intersection between observed and predicted 

coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Oligocene, 21 x 

10
6 

km
2 

of “hits” were observed. “Hits” can been seen in north-western North America, northern 

South America, Europe, northern Asia, and Pacific west coast islands. “Misses” are any 

observed coal 5
o
x5

o
 grid cells that did not intersect with predicted coal 5

o
x5

o
 grid cells. “Misses” 

can be seen in the southern Europe and central Asia. 
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Figure 3.7 Hits Area Plotted on 30 Ma Paleogeographic Map 

3.4.1.1 Statistical Analyzes for the Oligocene 

For the Oligocene, there were 225 x 10
6 
km

2 
of land observed. Of these 225 x 10

6 
km

2 
of 

land area, 164 x 10
6 

km
2 

contained a predicted coal area. This means that 73% of total land 

area intersects with a predicted coal 5
o
x5

o
 cell. 28 x 10

6 
km

2 
contained observed coals. Finally, 

21 x 10
6 

km
2 

containing both observed and predicted coals (“hits”) were observed. The results 

for the entire Oligocene can be seen in Table 3.2. Using the statistical analysis outlined in 

Chapter 2, the expected number of hits was 20 x 10
6 

km
2 

and the observed number of hits was 

21 x 10
6 
km

2
. This makes the probability of hits due to random process 0.08 which suggests that 

the observed hits are likely to be insignificant and the null hypothesis stands.  Figure 3.8 shows 

the Poisson distribution for 30 Ma. The red line represents the actual number of hits observed 

and the dashed black line represents the predicted number of hits during the Oligocene. The 

red box represents area of randomness while the green boxes represent areas of significance. 

Any point that falls within the green is significant to a degree. During the Oligocene, the number 

of predicted hits area is very close to the actual hits area. This means it is insignificant and 

random.  
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Table 3.2 30 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

225 164 73 28 20 21 7 0.08 

 

 

Figure 3.8 Poisson Distribution for 30 Ma 

3.5 Middle Eocene (~45 Ma) 

The middle Eocene was approximately 45 million years ago. The Eocene is known to 

have higher temperatures and higher amounts of precipitation comparable to other Cenozoic 

times (Scotese, 2001). The middle Eocene had an abundance of tropical rainforests and the 

temperature gradient between the poles and equator was low (Keating-Bitonti, 2011). Tectonic 

activity of the Indo-Australian plate began as India drifted north towards the Eurasian tectonic 

plate (Keating-Bitonti, 2011). This tectonic activity began the closing of the Tethys Ocean and 

started the creation of the Antarctic Circumpolar Current; when Australia began to pull away 

from Antarctica (Zanazzi et al., 2007).  The following section will discuss the Middle Eocene 

observed coal area, predicted coal area, and results of this study for the Middle Eocene.  
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3.5.1 Middle Eocene Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Middle Eocene was approximately 215 x 10
6 

km
2
 (Table 3.3). Predicted 

coals for the Middle Eocene were based on a minimum precipitation value of 250 mm/year. All 

5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 3.9: by the blue 

squares). A total of 162 x 10
6 
km

2 
fell within the 250 mm/year annual runoff range. The predicted 

coals are found in North America, northern South America, Central America, Europe, Africa, 

northern Asia, Australia, Antarctica, India, and the Pacific west coast islands (Figure 3.9). 

 

Figure 3.9 Predicted Coal Deposits Area Plotted on 45 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in north-western North 

America, Europe, north Asia, southern Australia, and the Pacific west coast islands. A total of 

15 x 10
6 
km

2 
of observed coal area is plotted (Figure 3.10).  
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Figure 3.10 Observed Coal Deposits Area Plotted on 45 Ma Paleogeographic Map 

Figure 3.11 shows Middle Eocene hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Middle 

Eocene 13 x 10
6 

km
2
 of “hits” were observed. “Hits” can been seen in north-western North 

America, Europe, northern Asia, Australia, and Pacific west coast islands. “Misses” are any 

observed coal 5
o
x5

o
 grid cells that did not intersect with predicted coal 5

o
x5

o
 grid cells. “Misses” 

can be seen in the southern North America and central Asia.  
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Figure 3.11 Hits Area Plotted on 45 Ma Paleogeographic Map 

3.5.1.1 Statistical Analyzes for the Middle Eocene 

For the Middle Eocene, there were 215 x 10
6 

km
2 

of land observed. Of these 215 x 10
6 

km
2 

of land area, 162 x 10
6 

km
2 

contained a predicted coal area. This means that 75% of total 

land area intersects with a predicted coal 5
o
x5

o
 cell. 15 million km

2 
contained observed coals. 

Finally, 13 x 10
6 

km
2 

containing both observed and predicted coals (“hits”) were observed. The 

results for the entire Middle Eocene can be seen in Table 3.3. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 11 x 10
6 

km
2 

and the observed number 

of hits was 13 x 10
6 

km
2
. This makes the probability of hits due to random process 0.09 which 

suggests that the observed hits are likely to be insignificant and the null hypothesis stands.  

Figure 3.12 shows the Poisson distribution for 45 Ma. The red line represents the actual number 

of hits observed and the dashed black line represents the predicted number of hits during the 

Middle Eocene. The red box represents area of randomness while the green boxes represent 

areas of significance. Any point that falls within the green is significant to a degree. During the 

Middle Eocene, the number of predicted hits area is very close to the actual hits area. This 

means it is insignificant and random.   
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Table 3.3 45 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

215 162 75 15 11 13 2 0.09 

 

 

Figure 3.12 Poisson Distribution for 45 Ma 
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CHAPTER 4 

MESOZOIC COALS 

4.1 Introduction 

The Mesozoic Era is broken up into three different time periods: Jurassic (70 Ma-160 

Ma), Triassic (160 Ma-220 Ma), and Cretaceous (220 Ma-280 Ma). This chapter will discuss the 

results for the Cretaceous/Tertiary boundary (70 Ma), Late Cretaceous- Cenomanian/Turonian 

(90 Ma), Late Early Cretaceous- Aptian (120 Ma), Early Cretaceous- Berriasian (140 Ma), Late 

Jurassic (160 Ma), Early Jurassic (180 Ma), and Middle Triassic (220 Ma). The following 

sections will review the observed coal area, predicted coal area, and statistical procedures 

described in Chapter 2 for each of the time periods listed above.  

4.2 The Mesozoic Era 

 The Mesozoic Era is thought by most scientists to be much warmer than present-day 

climates. The tropics extended into the mid-latitudes and temperate climates were experienced 

in the polar regions (Hallam, 1985). The Triassic and Jurassic faunal data suggests temperate 

conditions into the 60
o 

latitudes. During the Cretaceous, faunal data indicates temperate 

climates in present-day polar latitudes (Hallam, 1985). 

There are many factors that could have influenced the climate during this Era: Solar 

input, orbital variations (eccentricity and tilt), atmospheric composition (such as greenhouse gas 

concentrations and dust), etc. (Ruddiman, 2008). However, a major factor during the Mesozoic 

was tectonic-induced changes of the climate by variations in the greenhouse gas concentrations 

(Ruddiman, 2008). 

During the Mesozoic a global wide equable climate was present. One of the major 

factors for this was the tectonic activity during the Era (Hallam, 1985). Tectonically speaking, 

the Mesozoic was the Era when the super-continent Pangea reached it maximum and then
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 began to break apart (Hallam, 1985). The Mesozoic Era witnessed the closing of the 

Paleo-Tethys Ocean and the opening of the Tethys Ocean as well as the opening of the Pacific 

Ocean (Hallam, 1985). With major rifting of the continents and the opening of the new oceans, 

major seafloor spreading and volcanism occurred during the Mesozoic Era (Hallam, 1985). 

Increased volcanism pumped more CO2 into the atmosphere causing a greenhouse effect to 

occur and increased the global temperature (Ocampo, 2006).  

The shape and position of Pangea also played a large role in the global climate. 

Pangea spanned from pole to pole which made oceanic circulation impossible from equator to 

pole (Hallam, 1985). This made warm water transport to the poles and cooler water transport to 

the equator nearly impossible (Hallam, 1985). Thus, the global oceanic temperatures were 

rather equable. Since Pangea was large in width, this also brought problems for water transport 

in the atmosphere (Hallam, 1985). Mega-monsoons were in effect during most of the Mesozoic 

because as moisture filled winds from the Panthalassic Ocean reached the eastern coast of 

Pangea, the continent would act as a barrier, causing atmospheric winds to drop all precipitation 

on the eastern coast (Chandler, 1992). At the same time, these winds would continue across 

the continent without moisture, causing the interior of Pangea to be arid and hot (Chandler, 

1992). 

Another major factor determining the Mesozoic climate was the oceanic anoxic events 

that occur. This process is when high levels on CO2 in the atmosphere cause a hot house 

climate (Schlanger, 1976). This increase in CO2 causes an increase in marine organic 

productivity (Schlanger, 1976). The increase in marine organic productivity caused an 

expansion and intensified the oxygen minimum zone, which in turn added to the organic carbon, 

which was then buried in the ocean and causes a depletion of oxygen intensifying the hot house 

climate (Schlanger, 1976). 
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The following sections discuss the results of the Mesozoic time periods used for this 

study. The amount of land cell area, number of predicted coal area, observed coal area, and hit 

localities area will be presented in each period.  

 

4.3 Cretaceous/Tertiary Boundary (~70 Ma) 

The Cretaceous/Tertiary boundary, also known as the K-T boundary, was 

approximately 70 million years ago. This time marked the end of the Mesozoic and is one of the 

five mass extinctions. During this time, extinction of the non-avian dinosaurs occurred as well as 

many terrestrial plants (Ocampo, 2006). With the extinction of the dinosaurs, biological niches 

opened and mammalian creatures who survived the mass extinction began to evolve and thrive 

(Ocampo, 2006). Many hypotheses have surfaced to explain the causes of the mass extinction. 

The first possible cause is an asteroid impact around Yucatan, Mexico (Ocampo, 2006). The 

asteroid is approximately 110 miles wide. With the size of the asteroid, major destruction 

occurred (Ocampo, 2006). Many events such as mega tsunamis, large dust clouds, and influx of 

CO2 into the atmosphere could all cause mass extinctions on the Earth. Another possible cause 

of the mass extinction is the Deccan traps (Ocampo, 2006). The Deccan traps are flood basalts 

that began to flow around 68 Ma (Ocampo, 2006). These basalt flows could have caused an 

increase in CO2 emissions that increased aerosols in the atmosphere and thus increasing the 

greenhouse effect (Ocampo, 2006).   

The K-T boundary climate was affected by many geological and atmospheric processes.  There 

was a major drop in sea-level and a large increase in greenhouse gases which would cause the 

Earth to be dry and hot. The following section will discuss the K-T boundary observed coal area, 

predicted coal area, and results of this study for the K-T boundary.  

4.3.1 K-T Boundary Coal Deposits 

A paleogeographic map was provided the PALEOMAP project (Scotese, 2001). The 

land area during the K-T boundary was approximately 214 x 10
6 

km
2
 (Table 4.1). Predicted 
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coals for the K-T boundary were based on a minimum precipitation value of 250 mm/year. All 

5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 4.1: by the blue 

squares). A total of 152 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in North America, northern South America, Central America, Europe, 

northern Africa, northern and western Asia, Antarctica, Australia, and the Pacific west coast 

islands (Figure 4.1). 

 

Figure 4.1 Predicted Coal Deposits Area Plotted on 70 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coal area from Boucot was found in North America, Central 

America, Europe, north-western Asia, central Africa, and Australia. A total of 24 x 10
6 

km
2
 of 

observed coal area is plotted (Figure 4.2).  
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Figure 4.2 Observed Coal Deposits Area Plotted on 70 Ma Paleogeographic Map 

Figure 4.3 shows K-T boundary hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the K-T 

boundary 15 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North America, central 

Africa, northern and western Asia, and Australia.  “Misses” are any observed coal 5
o
x5

o
 grid 

cells that did not intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in the 

Europe, central North America and Australia.  
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Figure 4.3 Hits Area Plotted on 70 Ma Paleogeographic Map 

4.3.1.1 Statistical Analyzes for the K-T Boundary 

For the K-T boundary, there were 214 x 10
6 

km
2
 of land observed. Of these 214 x 10

6 

km
2
 of land area, 152 x 10

6 
km

2
 contained a predicted coal area. This means that 71% of total 

land area intersects with a predicted coal 5
o
x5

o
 cell. 24 x 10

6 
km

2
 contained observed coals. 

Finally, 15 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were observed. The 

results for the entire K-T boundary can be seen in Table 4.1. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 17 x 10
6 

km
2
 and the observed number 

of hits was 15 x 10
6 

km
2
. This makes the probability of hits due to random process 0.09 which 

suggests that the observed hits are likely to be insignificant and the null hypothesis stands.  

Figure 4.4 shows the Poisson distribution for 70 Ma. The red line represents the actual number 

of hits observed and the dashed black line represents the predicted number of hits during the K-

T boundary. The red box represents area of randomness while the green boxes represent areas 

of significance. Any point that falls within the green is significant to a degree. During the K-T 

boundary, the number of predicted hits area is very close to the actual hits area. This means it 

is insignificant and random.   
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Table 4.1 70 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

214 152 71 24 17 15 2 0.09 

 

 

Figure 4.4 Poisson Distribution for 70 Ma 

4.4 Late Cretaceous- Cenomanian/Turonian (~90 Ma) 

The Late Cretaceous was approximately 90 million years ago. During the Late 

Cretaceous, Pangea was almost completely broken up. Eastern Gondwana split into 

India/Australia and Antarctica and Laurasia divides into North America and Eurasia. At this time, 

the Pacific Ocean continued to open. It is defined as a warm house climate with little to no 

evidence of sea ice at the polar regions (Schlanger, 1976). There were high sea levels which 

gave rise to epicontiental and shallow shelf seas (Schlanger, 1976).  There are three main 

proposed ideas for warming during the Late Cretaceous. First, high sea levels gave rise to 

interior seaways and caused an increase in ocean heat transport to the poles (Schlanger, 

1976). At the same time, the Tethys Ocean began to close which caused an oceanic anoxic 
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event to occur near present-day Asia (Otto-Bliesner, 1997, 2003, 2004 and Polsen et al., 2007). 

This gave rise to the second factor, green house gases which cause tropical heating (Otto-

Bliesner, 1997, 2003 and Polsen et al., 2007).  A third factor, is high-latitude forest vegetation 

which creates many climatic changes in albedo, wind circulation, atmospheric CO2 

concentration, etc. (Otto-Bliesner, 1997).  The following section will discuss the Late Cretaceous 

period observed coal area, predicted coal area, and results of this study for the Late 

Cretaceous. 

4.4.1 Late Cretaceous Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Late Cretaceous was approximately 213 x 10
6 

km
2
 (Table 4.2). Predicted 

coals for the Late Cretaceous were based on a minimum precipitation value of 250 mm/year. All 

5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 4.5: by the blue 

squares). A total of 150 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in North America, northern South America, Central America, Europe, 

northern Africa, northern Asia, Antarctica, Australia, and the Pacific west coast islands (Figure 

4.5).   
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Figure 4.5 Predicted Coal Deposits Area Plotted on 90 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in North America, Central 

America, Europe, northern Asia, central Africa, and Australia/Antarctica. A total of 26 x 10
6 

km
2
 

of observed coal area is plotted (Figure 4.6).  
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Figure 4.6 Observed Coal Deposits Area Plotted on 90 Ma Paleogeographic Map 

Figure 4.7 shows Late Cretaceous hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Late 

Cretaceous 18 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North America, central 

Africa, northern Asia and, Australia/Antarctica.  “Misses” are any observed coal 5
o
x5

o
 grid cells 

that did not intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in the southern 

Europe.  
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Figure 4.7 Hits Area Plotted on 90 Ma Paleogeographic Map 

4.4.1.1 Statistical Analyzes for the Late Cretaceous 

For the Late Cretaceous, there were 213 x 10
6 

km
2
 of land observed. Of these 213 x 

10
6 

km
2
 of land area, 150 x 10

6 
km

2
 contained a predicted coal area. This means that 70% of 

total land area intersects with a predicted coal 5
o
x5

o
 cell. 26 x 10

6 
km

2
 contained observed 

coals. Finally, 18 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were 

observed. The results for the entire Late Cretaceous can be seen in Table 4.2. Using the 

statistical analysis outlined in Chapter 2, the expected number of hits was 18 x 10
6 

km
2
 and the 

observed number of hits was 18 x 10
6 

km
2
. This makes the probability of hits due to random 

process 0.09 which suggests that the observed hits are likely to be insignificant and the null 

hypothesis stands.  Figure 4.8 shows the Poisson distribution for 90 Ma. The red line represents 

the actual number of hits observed and the dashed black line represents predicted number of 

hits during the Late Cretaceous. The red box represents area of randomness while the green 

boxes represent areas of significance. Any point that falls within the green is significant to a 

degree. During the Late Cretaceous, the number of predicted hits area the exact same as the 

actual hits area. This means it is insignificant and random.   
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Table 4.2 90 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

213 150 70 26 18 18 8 0.09 

 

 

Figure 4.8 Poisson Distribution for 90 Ma 

4.5 Late-Early Cretaceous- Aptian (~120 Ma) 

The Aptian age of the Early Cretaceous was approximately 120 x 10
6 

years ago. During 

this age, the breakup of Pangea was occurring. Western (South America and Africa) and 

Eastern Gondwana (India, Antarctica, and Australia) were separating and rapid sea-floor 

spreading and thus high emissions of greenhouse gases occurred (Otto-Bliesner, 1997, 2003 

and Polsen et al., 2007). At this time, the Pacific Ocean continues to open between South 

America and Africa. It is defined as a warm house climate with little to no evidence of sea ice at 

the polar regions (Schlanger, 1976). The Earth’s climate was mild and equable, and near the 

poles, temperate and subtropical flora was abundant. There were high sea levels which gave 

rise to epi-contiental and shallow shelf seas (Schlanger, 1976).  An increase in volcanism and 
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sea-floor spreading is the proposed trigger for the climate warming during the Early Cretaceous 

(Keller, 2011). This in turn changed ocean circulation patterns and increased marine 

productivity. With an increase in marine productivity (especially within the lower to mid-latitudes 

within the Tethys Ocean), and Oceanic Anoxic Event occurred (Keller, 2011). Evidence for this 

are higher levels of black shale deposits during this time interval (Keller, 2011).The following 

section will discuss the Aptian age observed coal area, predicted coal area, and results of this 

study for the Late-Early Cretaceous. 

4.5.1 Late-Early Cretaceous- Aptian Coal Deposits 

A paleogeographic map was provided the PALEOMAP project (Scotese, 2001). The 

land area during the Late-Early Cretaceous was approximately 207 x 10
6  

km
2
 (Table 4.3). 

Predicted coals for the Late-Early Cretaceous were based on a minimum precipitation value of 

250 mm/year. All 5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 

4.9: by the blue squares). A total of 145 x 10
6 

km
2
 fell within the 250 mm/year annual runoff 

range. The predicted coals are found in North America, northern South America, Central 

America, Europe, northern Africa, northern Asia, Antarctica, Australia, and the Pacific west 

coast islands (Figure 4.9).   
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Figure 4.9 Predicted Coal Deposits Area Plotted on 120 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in North America, Europe, 

northern Asia, central Africa, and Australia/Antarctica. A total of 27 x 10
6 

km
2
 of observed coal 

area is plotted (Figure 4.10).  

 

Figure 4.10 Observed Coal Deposits Area Plotted on 120 Ma Paleogeographic Map 
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Figure 4.11 shows Late-Early Cretaceous hits (areas of intersection between observed 

and predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the 

Late-Early Cretaceous 23 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North 

America, Europe, central Africa, northern Asia and, Australia/Antarctica.  “Misses” are any 

observed coal 5
o
x5

o
 grid cells that did not intersect with predicted coal 5

o
x5

o
 grid cells. “Misses” 

can be seen in the North America and central Africa.  

 

Figure 4.11 Hits Area Plotted on 120 Ma Paleogeographic Map 

4.5.1.1 Statistical Analyzes for the Late-Early Cretaceous 

For the Late-Early Cretaceous, there were 207 x 10
6 

km
2
 of land observed. Of these 

207 x 10
6 
km

2
 of land area, 145 x 10

6 
km

2
 contained a predicted coal area. This means that 70% 

of total land area intersects with a predicted coal 5
o
x5

o
 cell. 28 x 10

6 
km

2
 contained observed 

coals. Finally, 23 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were 

observed. The results for the entire Late-Early Cretaceous can be seen in Table 4.3. Using the 

statistical analysis outlined in Chapter 2, the expected number of hits was 20 x 10
6 

km
2
 and the 

observed number of hits was 23 x 10
6 

km
2
. This makes the probability of hits due to random 

process 0.07 which suggests that the observed hits are likely to be insignificant and the null 
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hypothesis stands.  Figure 4.12 shows the Poisson distribution for 120 Ma. The red line 

represents the actual number of hits observed and the dashed black line represents the 

predicted number of hits during the Late-Early Cretaceous. The red box represents area of 

randomness while the green boxes represent areas of significance. Any point that falls within 

the green is significant to a degree. During the Late-Early Cretaceous, the number of predicted 

hits area is very close to the actual hits area. This means it is insignificant and random.   

Table 4.3 120 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

207 145 70 28 20 23 5 0.07 

 

 

Figure 4.12 Poisson Distribution for 120 Ma 

4.6 Early Cretaceous- Berriasian (~140 Ma) 

The Berriasian age of the Early Cretaceous was approximately 140 million years ago. 

During this age, the breakup of Pangea was occurring. Western (South America and Africa) and 

Eastern Gondwana (India, Antarctica, and Australia) were separating and rapid sea-floor 
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spreading was occurring while the Pacific Ocean continued to open (Schlanger, 1976).  It is 

defined as a warm house climate with little to no evidence of sea ice at the polar regions 

(Schlanger, 1976). The Berriasian was a time of arid climate globally (Föllmi, 2012). The aridity 

is believed to be caused by the super continent Pangea. With a super-continent centered on the 

equator, rainfall has a much harder time penetrating to the interior of the continent (Föllmi, 

2012). This cause widespread aridness and cause the formation of such lithologies like 

evaporites (Föllmi, 2012). An increase in volcanism and sea-floor spreading is the proposed 

trigger for the climate warming during the Early Cretaceous (Keller, 2011). This then changed 

ocean circulation paths and increased marine productivity. With an increase in marine 

productivity (especially within the lower to mid-latitudes within the Tethys Ocean) an Oceanic 

Anoxic Event occurred (Keller, 2011). Evidence for this is an increase in marine black shales 

during this time interval (Keller, 2011).  The following section will discuss the Berriasian age 

observed coal area, predicted coal area, and results of this study for the Early Cretaceous. 

4.6.1 Early Cretaceous- Berriasian Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Early Cretaceous was approximately 213 x 10
6 

km
2
 (Table 4.4). Predicted 

coals for the Early Cretaceous were based on a minimum precipitation value of 250 mm/year. 

All 5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 4.13: by the 

blue squares). A total of 146 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in North America, northern South America, Central America, Europe, 

northern Africa, northern Asia, Antarctica, Australia, and the Pacific west coast islands (Figure 

4.13).   
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Figure 4.13 Predicted Coal Deposits Area Plotted on 140 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et al 

(Boucot et al., 2012).  Observed coals from Boucot were found in North America, Europe, 

northern Asia, central Africa, Australia/Antarctica, and western South America. A total of 28 x 

10
6 
km

2
 of observed coal area is plotted (Figure 4.14).  

 

Figure 4.14 Observed Coal Deposits Area Plotted on 140 Ma Paleogeographic Map 
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Figure 4.15 shows Early Cretaceous hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Early 

Cretaceous 19 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North America, Europe, 

central Africa, South America, Asia, and Australia/Antarctica.  “Misses” are any observed coal 

5
o
x5

o
 grid cells that did not intersect with predicted coal 5

o
x5

o
 grid cells. “Misses” can be seen in 

the North America, Asia, and southern Africa.  

 

Figure 4.15 Hits Area Plotted on 140 Ma Paleogeographic Map 

4.6.1.1 Statistical Analyzes for the Early Cretaceous 

For the Early Cretaceous, there were 207 x 10
6 

km
2
 of land observed. Of these 207 x 

10
6 

km
2 

of land area, 146 x 10
6 

km
2
 contained a predicted coal area. This means that 69% of 

total land area intersects with a predicted coal 5
o
x5

o
 cell. 28 x 10

6 
km

2 
contained observed 

coals. Finally, 19 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were 

observed. The results for the entire Early Cretaceous can be seen in Table 4.4. Using the 

statistical analysis outlined in Chapter 2, the expected number of hits was 19 x 10
6 

km
2 

and the 

observed number of hits was 19 x 10
6 

km
2
. This makes the probability of hits due to random 

process 0.09 which suggests that the observed hits are likely to be insignificant and the null 
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hypothesis stands.  Figure 4.16 shows the Poisson distribution for 140 Ma. The red line 

represents the actual number of hits observed and the dashed black line represents the 

predicted number of hits during the Early Cretaceous. The red box represents area of 

randomness while the green boxes represent areas of significance. Any point that falls within 

the green is significant to a degree. During the Early Cretaceous, the number of predicted hits 

area is the exact same as the actual hits area. This means it is insignificant and random.   

Table 4.4 140 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

213 146 69 28 19 19 9 0.09 

 

 

Figure 4.16 Poisson Distribution for 140 Ma 

4.7 Late Jurassic (~160 Ma) 

The Late Jurassic epoch of the Jurassic period was approximately 160 million years 

ago. It is defined as a green house climate with little to no evidence of sea ice at the polar 

regions (Schlanger, 1976). During the Late Jurassic, Pangea continued to breakup causing an 
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increase in sea-floor spreading and volcanism which increased the CO2 levels in the 

atmosphere (Weissert and Mohr, 1996). With more CO2 in the atmosphere, an increase in 

marine carbonate production occurred (Budyko et al., 1987). This increase in production caused 

an increase in organic carbon burial and reef growth (Weissert and Mohr, 1996). These 

processes are commonly linked with an increase in greenhouse gases which caused an 

increase in temperature during the Late Jurassic (Budyko et al., 1987). The increased burial 

was also triggered by monsoonal rainfall patterns in Asia created by the breakup of the 

supercontinent Pangea (Weissert and Mohr, 1996). The following section will discuss the Late 

Jurassic observed coal area, predicted coal area, and results of this study for the Late Jurassic. 

4.7.1 Late Jurassic Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Late Jurassic was approximately 219 x 10
6 

km
2
 (Table 4.5). Predicted 

coals for the Late Jurassic were based on a minimum precipitation of 250 mm/year. All 5
o
x5

o
 

grid cells that contained a 250 mm/year or greater were plotted (Figure 4.17: by the blue 

squares). A total of 123 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in northern North America, northern South America, Central America, 

Europe, northern Africa, northern Asia, Antarctica, Australia, and the Pacific west coast islands 

(Figure 4.17).   
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Figure 4.17 Predicted Coal Deposits Area Plotted on 160 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in North America, Europe, 

northern Asia, northern Africa, India, and Australia/Antarctica. A total of 13 x 10
6 

km
2
 of 

observed coal area is plotted (Figure 4.18).  
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Figure 4.18 Observed Coal Deposits Area Plotted on 160 Ma Paleogeographic Map 

Figure 4.19 shows Late Jurassic hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Late 

Jurassic 8 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North America, Europe, 

northern Asia, Australia, Antarctica, and northern Africa.  “Misses” are any observed coal 5
o
x5

o
 

grid cells that did not intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in India, 

North America, and southern Asia.  
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Figure 4.19 Hits Area Plotted on 160 Ma Paleogeographic Map 

4.7.1.1 Statistical Analyzes for the Late Jurassic 

For the Late Jurassic, there were 219 x 10
6 

km
2
 of land observed. Of these 219 x 10

6 

km
2 

of land area, 123 x 10
6 

km
2 

contained a predicted coal area. This means that 56% of the 

total land area intersects with a predicted coal 5
o
x5

o
 cell. 13 x 10

6 
km

2
 contained observed 

coals. Finally, 8 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were observed. 

The results for the entire Late Jurassic can be seen in Table 4.5. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 7 x 10
6 

km
2 

and the observed number of 

hits was 8 x 10
6 

km
2
. This makes the probability of hits due to random process 0.13 which 

suggests that the observed hits are likely to be insignificant and the null hypothesis stands.  

Figure 4.20 shows the Poisson distribution for 160 Ma. The red line represents the actual 

number of hits observed and the dashed black line represents the predicted number of hits 

during the Late Jurassic. The red box represents area of randomness while the green boxes 

represent areas of significance. Any point that falls within the green is significant to a degree. 

During the Late Jurassic, the number of predicted hits area is very similar to the actual hits area. 

This means it is insignificant and random.   
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Table 4.5 160 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

219 123 56 13 7 8 5 0.13 

 

 

Figure 4.20 Poisson Distribution for 160 Ma 

4.8 Early Jurassic (~180 Ma) 

The Early Jurassic of the Jurassic period was approximately 180 million years ago. It is 

defined as a hot house climate with little to no evidence of sea ice at the polar regions 

(Schlanger, 1976). During the Early Jurassic, Pangea began to breakup with the rifting of 

Laurasia (North America and Eurasia) from Western Gondwana (South America and Africa) and 

Western Gondwana from Eastern Gondwana (India, Antarctica, and Australia) (Weissert and 

Mohr, 1996). This rifting caused an increase in seafloor spreading and volcanism which 

increased the CO2 levels in the atmosphere (Weissert and Mohr, 1996). With more CO2 in the 

atmosphere, an increase in marine carbonate production occurred (Budyko et al., 1987). This 

increase in production caused an increase in organic carbon burial and reef growth (Weissert 
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and Mohr, 1996). These processes are commonly linked with an increase in greenhouse gases 

which caused an increase in temperature during the Early Jurassic (Budyko et al., 1987). The 

increased burial was also triggered by mega-monsoonal rainfall patterns created by the breakup 

of the supercontinent Pangea (Weissert and Mohr, 1996). These mega-monsoons were 

creating when moisture bearing winds from the Panthalassic Ocean reached the Eurasian 

continent (Chandler, 1992). The Eurasian continent acted as a barrier for atmospheric winds 

which then dropped all precipitation it was carrying (Chandler, 1992). As the winds continued 

across the super continent of Pangea, they lacked moisture and created an arid and hot 

environment within the interior of the super continent (Chandler, 1992). The following section 

will discuss the Early Jurassic age observed coal area, predicted coal area, and results of this 

study for the Early Jurassic. 

4.8.1 Early Jurassic Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Early Jurassic was approximately 200 x 10
6 

km
2
 (Table 4.6). Predicted 

coals for the Early Jurassic were based on a minimum precipitation value of 250 mm/year. All 

5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 4.21: by the blue 

squares). A total of 132 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in southern North America, Central America, northern South America, 

Europe, Africa, northern Asia, Antarctica, Australia, and the Pacific west coast islands (Figure 

4.21).   
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Figure 4.21 Predicted Coal Deposits Area Plotted on 180 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in Asia, Europe, North 

America, Africa, Australia, and Antarctica. A total of 42 x 10
6 

km
2
 of observed coal area is 

plotted (Figure 4.22).  
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Figure 4.22 Observed Coal Deposits Area Plotted on 180 Ma Paleogeographic Map 

Figure 4.23 shows Early Jurassic hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Early 

Jurassic 26 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in Asia, Europe, Africa, 

Australia, and Antarctica.  “Misses” are any observed coal 5
o
x5

o
 grid cells that did not intersect 

with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in Europe and southern Asia.  
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Figure 4.23 Hits Area Plotted on 180 Ma Paleogeographic Map 

4.8.1.1 Statistical Analyzes for the Early Jurassic 

For the Early Jurassic, there were 200 x 10
6 

km
2
 of land observed. Of these 200 x 10

6 

km
2 

of land area, 132 x 10
6 

km
2 

contained a predicted coal area. This means that 66% of total 

land area intersects with a predicted coal 5
o
x5

o
 cell. 42 x 10

6 
km

2 
contained observed coals. 

Finally, 26 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were observed. The 

results for the entire Early Jurassic can be seen in Table 4.6. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 28 x 10
6 

km
2 

and the observed number 

of hits was 26 x 10
6 

km
2
. This makes the probability of hits due to random process 0.07 which 

suggests that the observed hits are likely to be insignificant and the null hypothesis stands.  

Figure 4.24 shows the Poisson distribution for 180 Ma. The red line represents the actual 

number of hits observed and the dashed black line represents the predicted number of hits 

during the Early Jurassic. The red box represents area of randomness while the green boxes 

represent areas of significance. Any point that falls within the green is significant to a degree. 

During the Early Jurassic, the number of predicted hits area is very similar to the actual hits 

area. This means it is insignificant and random.   
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Table 4.6 180 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

200 132 66 42 28 26 16 0.07 

 

 

Figure 4.24 Poisson Distribution for 180 Ma 

4.9 Middle Triassic (~220 Ma) 

The Middle Triassic of the Triassic period was approximately 220 million years ago. 

Tectonically speaking, the assemblage of the Asia began during this time as the Tethys Ocean 

began to close. Also, the super-continent of Pangea reached its maximum during this time 

period. This caused an arid equatorial climatic belt which caused many evaporites to form in the 

center of the super-continent (Preto et al., 2010). In the Tethys Ocean, the western portion 

experienced humid conditions which are supported by evidence of palynomorph associations 

(Preto et al., 2010). In the paleo-Tethys Ocean (the eastern portion of the ocean) a warm and 

more temperate climate was recorded with the preservation of certain plants such as ferns, 

conifers, and cycad (Preto et al., 2010). Differing from the Early Triassic, the Middle Triassic did 
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experience global seasonal changes. These changes were recorded in growth rings, wood in 

fluvial deposits, and permineralized peats (Preto et al., 2010). The following section will discuss 

the Middle Triassic age observed coal area, predicted coal area, and results of this study for the 

Middle Triassic. 

4.9.1 Middle Triassic Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Middle Triassic was approximately 209 x 10
6 

km
2
 (Table 4.7). Predicted 

coals for the Middle Triassic were based on a minimum precipitation value of 250 mm/year. All 

5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 4.25: by the blue 

squares). A total of 121 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in North America, northern South America, Central America, Europe, 

northern Africa, northern Asia, Antarctica, and Australia (Figure 4.25). 

 

Figure 4.25 Predicted Coal Deposits Area Plotted on 220 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coal deposits from Boucot were found in North America, 
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Europe, Asia, central-western Africa, and Australia/Antarctica. A total of 25 x 10
6 

km
2
 of 

observed coal area plotted (Figure 4.26). 

 

Figure 4.26 Observed Coal Deposits Area Plotted on 220 Ma Paleogeographic Map 

Figure 4.27 shows Middle Triassic hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Middle 

Triassic 12 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North America, Europe, 

central Africa, northern Asia and, Australia/Antarctica.  “Misses” are any observed coal 5
o
x5

o
 

grid cells that did not intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in the 

southern Asia, Europe, and western Africa.  
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Figure 4.27 Hits Area Plotted on 220 Ma Paleogeographic Map 

4.9.1.1 Statistical Analyzes for the Middle Triassic 

For the Middle Triassic, there were 209 x 10
6 

km
2
 of land observed. Of these 209 x 10

6 

km
2
 of land area, 121 x 10

6 
km

2 
contained a predicted coal area. This means that 58% of total 

land area intersects with a predicted coal 5
o
x5

o
 cell. 25 x 10

6 
km

2 
contained observed coals. 

Finally, 12 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were observed. The 

results for the entire Middle Triassic can be seen in Table 4.7. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 14 x 10
6 

km
2 

and the observed number 

of hits was 12 x 10
6 

km
2
. This makes the probability of hits due to random process 0.09 which 

suggests that the observed hits are likely to be insignificant and the null hypothesis stands.  

Figure 4.28 shows the Poisson distribution for 220 Ma. The red line represents the actual 

number of hits observed and the dashed black line represents the number of predicted hits 

during the Middle Triassic. The red box represents area of randomness while the green boxes 

represent areas of significance. Any point that falls within the green is significant to a degree. 
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During the Early Jurassic, the number of predicted hits area is very similar to the actual hits 

area. This means it is insignificant and random.   

Table 4.7 220 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

209 121 58 25 14 12 13 0.09 

 

 

Figure 4.28 Poisson Distribution for 220 Ma 
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CHAPTER 5 
 

PALEOZOIC COALS 

5.1 Introduction 

This chapter will discuss in detail the results of Paleozoic Era. In this chapter, the observed coal 

area will be compared with the predicted coal area for each time interval and the statistical 

procedures described in Chapter 2 are used to test if the coals pass or fail the null hypothesis.  

The Paleozoic Era is broken up into six different time periods: Cambrian (514 Ma), 

Ordovician (460 Ma), Silurian (425 Ma), Devonian (400 Ma), Carboniferous 

(Mississippian/Pennsylvanian) (360 Ma-280 Ma), and the Permian (280 Ma). This chapter will 

discuss the results for the Early Permian (280 Ma), Middle Carboniferous (340 Ma) and, Early 

Carboniferous (360 Ma). Since organic matter did not exist before the Devonian because of the 

lack of free oxygen, the Devonian, Silurian, Ordovician, and Cambrian will not be discussed.  

5.2 The Paleozoic Era 

The Paleozoic Era was highly tectonically active. The formation of Pangea happened 

during the Paleozoic Era starting in the Cambrian (Shangyou et al., 1990). By the Devonian 

period, the Paleozoic oceans were closing (Rheic Ocean, Iapetus Ocean, and the Khanty 

Ocean), and a new Ural Ocean was opening (Shangyou et. al., 1990). Gondwana was near the 

South Pole and the supercontinent Euramerica (Laurentia and Baltica) was centered along the 

equator (Shangyou et. al., 1990).  

The Paleozoic Era is known for its fluctuation between hot house and ice house 

climates. At the beginning of the Early Carboniferous, a large sea-level drop happened, creating 

large epi-continental seas (Bishop et al., 2009). This changed the climate towards a hot house 

climate (Bishop et al., 2009). These lower sea levels allowed for plant material to develop and 

thrive (Bishop et al., 2009). The Earth had many swamps and forests which is why many of our
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 present-day coals come from this period (Bishop et al., 2009). During the Early 

Carboniferous, terrestrial life had been established and amphibians were the dominant land 

vertebrate (Bishop et al., 2009). During the Mississippian, the climate was beginning to cool as 

large ice sheets began to wax and wane from the South Pole (Bishop et al., 2009).  Glaciation 

began in Gondwana as Gondwana moved farther south towards the pole (Bishop et al., 2009). 

This glaciation continued into the Permian (Bishop et al., 2009). This glaciation caused a 

decrease in sea levels which caused a mid-Carboniferous major marine extinction in which 

organisms like crinoids and ammonites began dying rapidly (Bishop et al., 2009). During the 

Early Permian, the most extensive glaciation (besides from the Pleistocene epoch) occurred 

(Tabor et al., 2008). Some of the contributing factors to this large-scale glaciation could have 

been: tectonic drifting, land-sea distribution, supercontinentality, monsoons, and changes in ice 

sheets (Tabor et al., 2008).  

The following sections discuss the results of the Paleozoic time periods used for this 

study. The amount of land cell area, number of predicted coal area, observed coal area, and hit 

localities area will be presented in each period. 

5.3 Early Permian (~280 Ma) 

The Early Permian period was approximately 280 million years ago. By the beginning of 

the Early Permian, the supercontinent of Pangea was almost complete (Tabor et al., 2008). 

There were two major oceans surrounding Pangea (the Panthalassa and the paleo-Tethys 

oceans) Pangea was centered and spanned roughly from pole to pole. With all but a few large 

islands in the paleo-Tethys ocean, most of the Earth’s continents were part of Pangea by this 

time (Tabor et al., 2008). These large islands during the Early Permian began to close the 

paleo-Tethys ocean and collided with the northern half of Pangea (Tabor et al., 2008).  During 

the Early Permian, the most extensive glaciation (besides from the Pleistocene epoch) occurred 

(Tabor et al., 2008). Some of the contributing factors to this large-scale glaciation could have 

been: tectonic drifting, land-sea distribution, supercontinentality, monsoons, and changes in ice 
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sheets (Tabor et al., 2008). Tectonic drifting began in the Pennsylvanian and continued through 

the Early Permian when Pangea began to move northward about 10
o
 to 14

0
 (Tabor et al., 2008). 

This movement caused changes in the atmospheric circulation which resulted in a decrease in 

precipitation (Tabor et al., 2008). Land-sea distribution during the Early Permian is very 

important because during the Early Permian, there was ~22% land and ~78% water covering 

the Earth (Tabor et al., 2008). This affects the atmospheric circulation as well as oceanic 

circulation which can cause a decrease in precipitation (Tabor et al., 2008). As Pangea began 

to assemble during the Early Permian, the concept of supercontinentality begins affect the 

climatic conditions. Large masses of land centered from pole to pole caused an aridification due 

to the large amount of land (Tabor et al., 2008).  This large landmass also created mega-

monsoons in the northern region of Pangea because moisture bearing winds from the 

Panthalassic Ocean to precipitate out and continued westward, which then dried out the interior 

of Pangea (Tabor et al., 2008). The atmosphere was also affected by large ice sheets that 

spanned during this time period (Tabor et al., 2008). These ice sheets acted like areas of uplift, 

causing the atmospheric winds to move around the ice sheets (Tabor et al., 2008). The 

following section will discuss the Early Permian observed coal area, predicted coal area, and 

results of this study for the Early Permian.  

5.3.1 Early Permian Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Early Permian was approximately 213 x 10
6 

km
2
 (Table 5.1). Predicted 

coals for the Early Permian were based on a minimum precipitation value of 250 mm/year. All 

5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 5.1: by the blue 

squares). A total of 100 x 10
6 

km
2
 fell within the 250 mm/year annual runoff range. The 

predicted coals are found in North America, northern South America, and southern South 

American, Central America, Europe, southern Africa, China, and Australia (Figure 5.1).   
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Figure 5.1 Predicted Coal Deposits Area Plotted on 280 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in north-western Europe, 

Asia, Australia, and southern Africa. A total of 23 x 10
6 

km
2
 of observed coal area is plotted 

(Figure 5.2).  

 

Figure 5.2 Observed Coal Deposits Area Plotted on 280 Ma Paleogeographic Map 
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Figure 5.3 shows Early Permian hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the Early 

Permian 14 x 10
6 
km

2
 of “hits” were observed. “Hits” can be seen in north-western Europe, Asia, 

southern Africa, and Australia. “Misses” are any observed coal 5
o
x5

o
 grid cells that did not 

intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in Asia and Australia.  

 

Figure 5.3 Hits Area Plotted on 280 Ma Paleogeographic Map 

5.3.1.1 Statistical Analyzes for the Early Permian 

For the Early Permian, there were 213 x 10
6 

km
2
 of land observed. Of these 213 x 10

6 

km
2
 of land area, 100 x 10

6 
km

2
 contained a predicted coal area. This means that 47% of total 

land area intersects with a predicted coal 5
o
x5

o
 cell. 23 x 10

6 
km

2
 contained observed coals. 

Finally, 14 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were observed. The 

results for the entire Early Permian can be seen in Table 5.1. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 11 x 10
6 

km
2
 and the observed number 

of hits was 14 x 10
6 

km
2
. This makes the probability of hits due to random process 0.07 which 

suggests that the observed hits are likely to be significant and the null hypothesis fails.  Figure 

5.4 shows the Poisson distribution for 280 Ma. The red line represents the actual number of hits 
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observed and the dashed black line represents the predicted number of hits during the Early 

Permian. The red box represents area of randomness while the green boxes represent areas of 

significance. Any point that falls within the green is significant to a degree. During the Early 

Permian, the number of predicted hits area varies from the actual number of hits. This means it 

is most likely significant and probable.   

Table 5.1 280 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

213 100 47 23 11 14 9 0.07 

 

 

Figure 5.4 Poisson Distribution for 280 Ma 

5.4 Middle Carboniferous-Visean age (~340 Ma) 

The middle Carboniferous was approximately 340 million years ago. The tectonic plates 

were in a much different assemblage than today. Most of the continental plates were located in 

the southern hemisphere near the South Pole, with mostly small islands toward the more 

northern latitudes (Bishop et al., 2009). This was a time of active plate tectonics as Pangea was 
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being formed together (Bishop et al., 2009). During middle Carboniferous, the climate was 

beginning to cool as large ice sheets began to wax and wane from the South Pole (Bishop et 

al., 2009).  Glaciation began in Gondwana as Gondwana moved farther south towards the pole 

(Bishop et al., 2009). This glaciation continued into the Permian (Bishop et al., 2009). This 

glaciation caused a decrease in sea levels which caused a mid-Carboniferous major marine 

extinction in which organisms like crinoids and ammonites began dying rapidly (Bishop et al., 

2009).  The following section will discuss the Middle Carboniferous observed coal area, 

predicted coal area, and results of this study for the Middle Carboniferous. 

5.4.1 Middle Carboniferous Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Middle Carboniferous was approximately 210 x 10
6 

km
2
 (Table 5.2). 

Predicted coals for the Middle Carboniferous were based on a minimum precipitation value of 

250 mm/year. All 5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 

5.5: by the blue squares). A total of 113 x 10
6 

km
2
 fell within the 250 mm/year annual runoff 

range. The predicted coals are found in North America, Europe, South America, Africa, 

Antarctica, Australia, and Asia (Figure 5.5). 
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Figure 5.5 Predicted Coal Deposits Area Plotted on 340 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in Europe, Asia, Australia, 

Africa, South America, and northern North America. A total of 24 x 10
6 

km
2
 of observed coal 

area is plotted (Figure 5.6). 
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Figure 5.6 Observed Coal Deposits Area Plotted on 340 Ma Paleogeographic Map 

Figure 5.7 shows Middle Cretaceous hits (areas of intersection between observed and 

predicted coals).  All 5
o
x5

o
 grid cells highlighted pink represent areas of “hits.” During the middle 

Cretaceous 14 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in Europe, South America, 

northern North America, Asia, Africa, and Australia. “Misses” are any observed coal 5
o
x5

o
 grid 

cells that did not intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in Asia, 

Europe, North America, and South America.  
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Figure 5.7 Hits Area Plotted on 340 Ma Paleogeographic Map 

5.4.1.1 Statistical Analyzes for the Middle Carboniferous 

For the Middle Carboniferous, there were 210 x 10
6 

km
2
 of land observed. Of these 210 

x 10
6 

km
2
 of land area, 113 x 10

6 
km

2
 contained a predicted coal area. This means that 54% of 

total land area intersects with a predicted coal 5
o
x5

o
 cell. 24 x 10

6 
km

2
 contained observed 

coals. Finally, 14 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were 

observed. The results for the entire Middle Carboniferous can be seen in Table 5.2. Using the 

statistical analysis outlined in Chapter 2, the expected number of hits was 13 x 10
6 

km
2
 and the 

observed number of hits was 14 x 10
6 

km
2
. This makes the probability of hits due to random 

process 0.10 which suggests that the observed hits are likely to be insignificant and the null 

hypothesis stands.  Figure 5.8 shows the Poisson distribution for 340 Ma. The red line 

represents the actual number of hits observed and the dashed black line represents the 

predicted number of hits during the Middle Carboniferous. The red box represents area of 

randomness while the green boxes represent areas of significance. Any point that falls within 

the green is significant to a degree. During the Middle Carboniferous, the number of predicted 

hits area is very similar to the actual hits area. This means it is insignificant and random.   
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Table 5.2: 340 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

210 113 54 24 13 14 10 0.10 

 

 

Figure 5.8 Poisson Distribution for 340 Ma 

5.5 Early Carboniferous (~360 Ma) 

The Early Carboniferous period was approximately 360 million years ago. By the 

beginning of the Early Carboniferous, the supercontinent of Pangea was almost complete 

(Bishop et al., 2009).  Most of the continental plates were located in the southern hemisphere 

near the South Pole with mostly small islands toward the more northern latitudes. This was a 

time of active plate tectonics as Pangea was being formed together (Bishop et al., 2009). At the 

beginning of the Early Carboniferous, a sea-level increase happened, creating large epi-

continental seas (Bishop et al., 2009). This changed the climate towards a hot house climate 

(Bishop et al., 2009). The Earth had many swamps and forests which is why many of our 

present-day coals come from this period (Bishop et al., 2009). During the Early Carboniferous, 
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terrestrial life had been established and amphibians were the dominant land vertebrate (Bishop 

et al., 2009). The following section will discuss the Early Carboniferous observed coal area, 

predicted coal area, and results of this study for the Early Carboniferous.  

5.5.1 Early Carboniferous Coal Deposits 

A paleogeographic map was provided by the PALEOMAP project (Scotese, 2001). The 

land area during the Early Carboniferous was approximately 206 x 10
6 

km
2
 (Table 5.3). 

Predicted coals for the Early Carboniferous were based on a minimum precipitation value of 250 

mm/year. All 5
o
x5

o
 grid cells that contained a 250 mm/year or greater were plotted (Figure 3.5: 

by the blue squares). A total of 106 million km
2
 fell within the 250 mm/year annual runoff range. 

The predicted coals are found in North America, Europe, South America, Africa, Antarctica, 

Australia, and Asia (Figure 5.9).   

 

Figure 5.9 Predicted Coal Deposits Area Plotted on 360 Ma Paleogeographic Map 

The distribution of observed coal localities was based on the compilation of Boucot et 

al. (Boucot et al., 2012).  Observed coals from Boucot were found in North America, Africa, 

Asia, Australia, and South America. A total of 4 x 10
6 

km
2
 of observed coal is plotted (Figure 

5.10).  
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Figure 5.10 Observed Coal Deposits Area Plotted on 360 Ma Paleogeographic Map 

Figure 5.11 shows Early Carboniferous hits (areas of intersection between observed 

and predicted coals).  All 5
o
x5

o
 grid cells highlighted red represent areas of “hits.” During the 

Early Carboniferous 3 x 10
6 

km
2
 of “hits” were observed. “Hits” can be seen in North America, 

South America, Africa, and Asia. “Misses” are any observed coal 5
o
x5

o
 grid cells that did not 

intersect with predicted coal 5
o
x5

o
 grid cells. “Misses” can be seen in North America and 

Australia.  
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Figure 5.11 Hits Area Plotted on 360 Ma Paleogeographic Map 

5.5.1.1 Statistical Analyzes for the Early Carboniferous 

For the Early Carboniferous, there were 206 x 10
6 
km

2
 of land observed. Of these 206 x 

10
6 

km
2
 of land area, 106 x 10

6 
km

2
 contained a predicted coal area. This means that 51% of 

total land area intersects with a predicted coal 5
o
x5

o
 cell. 4 x 10

6 
km

2
 contained observed coals. 

Finally, 3 x 10
6 

km
2
 containing both observed and predicted coals (“hits”) were observed. The 

results for the entire Early Carboniferous can be seen in Table 5.3. Using the statistical analysis 

outlined in Chapter 2, the expected number of hits was 2 x 10
6 
km

2
 and the observed number of 

hits was 3 x 10
6 

km
2
. This makes the probability of hits due to random process 0.18 which 

suggests that the observed hits are likely to be significant and the null hypothesis fails.  Figure 

5.12 shows the Poisson distribution for 360 Ma. The red line represents the actual number of 

hits observed and the dashed black line represents the predicted number of hits during the 

Early Carboniferous. The red box represents area of randomness while the green boxes 

represent areas of significance. Any point that falls within the green is significant to a degree. 

During the Early Carboniferous, the number of predicted hits area varies from the actual number 

of hits. This means it is most likely significant and probable.  
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Table 5.3 360 Ma Total Results used during the Statistical Analysis 

Total 
Land 

Number of 
Predicted 

Coals 

% Total 
Land 

Occupied by 
Predicted 

coals 

Number 
of 

observed 
coals 

Predicted 
number of 

hits 
hits Misses 

Probability that 
Hits are 
Random 

206 106 51 4 2 3 1 0.18 

 

 

Figure 5.12 Poisson Distribution for 360 Ma 
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CHAPTER 6 

MERIDIONAL DISTRIBUTION OF CENOZOIC, MESOZOIC, AND PALEOZOIC COAL 

DEPOSITS 

6.1 Introduction 

This chapter will discuss in detail the meridional distribution Cenozoic, Mesozoic, and 

Paleozoic coal deposits.  Previously, each different time interval was looked at closely, but in 

this chapter, a study of each Era will be observed. For each Era, the number of predicted coal 

area, hits area, and misses area will be observed.  This will give a better understand of each 

Era and a more macroscopic look at the data from the previous chapters.  

6.2 The Cenozoic Era 

All Cenozoic history, paleo-tectonics, and paleo-climate details were discussed in 

Chapter 3. The Cenozoic is the most recent of the Eras, and thus has the most information 

about the climate and history than the other two Eras. The following sections will discuss the 

Cenozoic total land area, predicted coal deposit area, observed coal area, hits area, and misses 

area.  

6.2.1 Cenozoic Total Land 

During the Cenozoic Era, most of the land mass has been centered around -15
o
 and 

70
o 

latitude with the exception of Antarctica which is at -75
o
 to -90

o
 latitude.  Figure 6.1 shows a 

graphical distribution of the 5
o
x5

o
 grids that contained a land point. A total of 661 x 10

6 
km

2
 of 

land was observed, which is approximately 220 x 10
6 

km
2
 of land per time interval discussed.
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Figure 6.1 Histogram Showing the Area of Total Land within the Cenozoic Era by Latitude 

6.2.2 Cenozoic Observed Coal Deposits 

 During the Cenozoic, three areas of major coal deposits have been observed. The first 

is between 70
o
 and 40

o
 latitude; the second between 20

o
 and -5

o
 latitude, and the third between 

-50
o
 and -60

o
 latitude. Typically for observed coals, a bell curve is observed because coals form 

in low latitude rainy belts and cool mid-latitude rainy belts. The total number of observed coals 

for the Cenozoic is 165 x 10
6 

km
2
 of observed coals. That is approximately 55 x 10

6 
km

2
 of 

observed coals per time interval discussed for the Cenozoic.  
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Figure 6.2 Histogram Showing the Area of Observed Coal Deposits within the Cenozoic Era by 

Latitude 

6.2.3 Cenozoic Predicted Coal Deposits 

As discussed in Chapter 3, coal deposits were predicted using FOAM simulations. The 

predicted coals for the Cenozoic Era created three major curves. The first is from 70
o
 to 55

o
 

latitude. The second curve is from 20
o
 to -15

o
 latitude. The last curve spans from -70

o
 to -85

o
 

latitude. A total of 488 x 10
6 

km
2
 of predicted coals were observed during the Cenozoic Era 

which is approximately 163 x 10
6 

km
2
 of predicted coals per time period discussed for the 

Cenozoic.  
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Figure 6.3 Histogram Showing the Area of Predicted Coal Deposits within the Cenozoic Era by 

Latitude 

6.2.4 Cenozoic Hits vs. Misses  

As discussed in the previous chapters, “hits” are 5
o
x5

o
 grid cells that have both an 

observed coal and a predicted coal. During the Cenozoic a total of 64 x 10
6 

km
2
 of hits were 

observed. That is approximately 21 x 10
6 

km
2
 of hits per time interval. A “miss” is a 5

o
x5

o
 grid 

cell containing an observed coal does not contain a predicted coal. A total of 101 x 10
6 

km
2
 of 

“misses” were observed during the Cenozoic. That is approximately 34 x 10
6 

km
2
 of misses per 

time interval discussed for the Cenozoic. Figure 6.4 shows the graphical distribution of hits 

versus misses. 10 million
 
years has the most hits followed by 30 million years and then followed 

by 45 million years. Some reasons for this could be lack of data the farther back in time, number 

of predicted coal area, or number of observed coal area. Likewise, with the number of misses, 

10 million years has the most misses, followed by 30 million years and then followed by 45 
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million years. This could be because of the number of predicted is higher in the 10 million year 

time interval or because the number of observed coal deposit area could be less during the 

latter time intervals giving them less opportunity to have misses.  

 

Figure 6.4 Bar Graph Showing Each Time Interval in the Cenozoic Era Number of Hits and 

Misses 

6.3 The Mesozoic Era 

All Mesozoic history, paleo-tectonics, and paleo-climate details were discussed in 

Chapter 4. The Mesozoic is the second most recent Era after the Cenozoic, and thus has more 

information than the Paleozoic. The following sections will discuss the Mesozoic total land area, 

predicted coal area, observed coal area, hits area, and misses area.  
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6.3.1 Mesozoic Total Land 

During the Mesozoic Era, most of the land mass has been centered around -70
o
 and -

65
o
 latitude. This is the time Pangea was centered from pole to pole so the land distribution is 

much more even than today.  The figure below shows a graphical distribution of the 5
o
x5

o
 grids 

that contained a land point. A total of 1473 x 10
6 

km
2
 of land were observed which is 

approximately 210 x 10
6 
km

2
 of land per time interval discussed for the Mesozoic.  

 

Figure 6.5 Histogram Showing the Area of Total Land within the Mesozoic Era by Latitude 

6.3.2 Mesozoic Observed Coal Deposits 

During the Mesozoic, there is one large area of observed coal deposits located from 80
o
 

to 35
o
. Typically for observed coals, a 3 curve-bell curve is observed because coals form in low 

latitude rainy belts and cool mid-latitude environment rainy belts. However, in the Mesozoic, 

there is not a traditional three curve bell curve. This could be because of lack of data, the 

continental location, or climate. The total number of observed coals for the Mesozoic is 564 x 
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10
6 

km
2
 of observed coals. That is approximately 81 x 10

6 
km

2
 of observed coals per time 

interval discussed for the Mesozoic.  

 

Figure 6.6 Histogram Showing the Area of Observed Coal Deposits within the Mesozoic Era by 

Latitude 

6.3.3 Mesozoic Predicted Coal Deposits 

 As discussed in Chapter 4, coal deposits were predicted using FOAM simulations. The 

predicted coal deposits for the Mesozoic Era revealed three major areas of deposits. The first is 

from 75
o
 to 40

o
 latitude. The second curve is from 20

o
 to -20

o
 latitude. The last curve spans from 

-45
o 
to -75

o
 latitude. A total of 970 x 10

6 
km

2
 of predicted coal deposits were observed during the 

Mesozoic Era which is approximately 139 x 10
6 

km
2
 of predicted coal per time period for the 

Mesozoic.  
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Figure 6.7 Histogram Showing the Area of Predicted Coal Deposits within the Mesozoic Era by 

Latitude 

6.3.4 Mesozoic Hits vs. Misses  

 As discussed in the previous chapters, “hits” are 5
o
x5

o
 grids that have both an observed 

coal and a predicted coal. During the Mesozoic a total of 122 x 10
6 

km
2
 of hits were observed. 

That is approximately 17 x 10
6 
km

2
 of hits per time interval discussed for the Mesozoic. A “miss” 

is a 5
o
x5

o
 grid containing an observed coal does not contain a predicted coal. A total of 442 x 

10
6 

km
2
 of “misses” were observed during the Mesozoic. That is approximately 63 x 10

6 
km

2
 of 

misses per time interval discussed for the Mesozoic. Figure 6.8 shows the graphical distribution 

of hits versus misses. 180 million years has the most hits followed by 120 million years and then 

followed by 140, 90, 70 and 220 million years, respectively. Some reasons for this could be lack 

of data the farther back in time, number of predicted coal area, or number of observed coal 
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area. Likewise, with the number of misses, 180 million years has the most misses, followed by 

220 million years and then followed by 140, 70, 90, 120 and 160 million years, respectively. This 

could be because of the number of predicted area is higher in the 180 million year time interval 

or because the number of observed coal area could be less during the latter time intervals 

giving them less opportunity to have misses.  

 

Figure 6.8 Bar Graph Showing Each Time Interval in the Mesozoic Era Number of Hits and 

Misses 

6.4 The Paleozoic Era 

All Paleozoic history, paleo-tectonics, and paleo-climate details were discussed in 

Chapter 5. The Paleozoic is the least recent of the Eras, and thus has less information has been 

preserved during that Era. The following sections will discuss the Paleozoic total land area, 

predicted coal area, observed coal area, hits area, and misses area.  

6.4.1 Paleozoic Total Land 
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Laurentia were both below the equator and most land mass that was above were island arcs. 

The figure below shows a graphical distribution of the 5
o
x5

o
 grids that contained a land point. A 

total of 628 x 10
6 

km
2
 of land was observed, which is approximately 209 x 10

6 
km

2
 of land per 

time interval discussed.  

 

Figure 6.9 Histogram Showing the Area of Total Land within the Paleozoic Era by Latitude 

6.4.2 Paleozoic Observed Coal Deposits 

 During the Paleozoic, there is one distinct curve and two smaller curves of observed 

coals. The major curve is located from -55
o
 to -75

o
 latitude. Typically for observed coals, a three 

curve graph is observed because coals form in low latitude rainy belts and cool mid-latitude 

environment rainy belts. However, in the Paleozoic, there is not a traditional three curve graph. 

This could be because of lack of data, the continental location, or climate. The total number of 

observed coals for the Paleozoic is 47 x 10
6 

km
2
 of observed coals. That is approximately 16 x 

10
6 
km

2
 of observed coals per time interval discussed.  
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Figure 6.10 Histogram Showing the Area of Observed Coal Deposits within the Paleozoic Era 

by Latitude 

6.4.3 Paleozoic Predicted Coal Deposits 

 As discussed in Chapter 5, coal deposits were predicted using FOAM simulations. The 

predicted coals for the Paleozoic Era created three major curves. The first is from 60
o
 to 35

o
 

latitude. The second curve is from 20
o
 to -25

o
 latitude. The last curve spans from -45

o
 to -75

o
 

latitude. A total of 319 x 10
6 

km
2
 of predicted coal area was observed during the Cenozoic Era 

which is approximately 106 x 10
6 
km

2
 of predicted coal area per time period.  
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Figure 6.11 Histogram Showing the Area of Predicted Coal Deposits within the Paleozoic Era by 

Latitude 

6.4.4 Paleozoic Hits vs. Misses  

 As discussed in the previous chapters, “hits” are 5
o
x5

o
 grids that have both an observed 

coal and a predicted coal. During the Paleozoic a total of 30 x 10
6 

km
2
 of hits were observed. 

That is approximately 10 x 10
6 
km

2
 of hits per time interval. A “miss” is a 5

o
x5

o
 grid containing an 

observed coal does not contain a predicted coal. A total of 17 x 10
6 

km
2
 of “misses” were 

observed during the Paleozoic. That is approximately 6 x 10
6 

km
2
 of misses per time interval. 

Figure 6.12 shows the graphical distribution of hits versus misses. 340 million years has the 

most hits followed by 280 million years and then followed by 360, respectively. Some reasons 

for this could be lack of data the farther back in time, number of predicted coals, or number of 

observed coals. Likewise, with the number of misses, 340 million years has the most misses, 

followed by 280 million years and then followed by 360, respectively. This could be because of 

the number of predicted is higher in the 340 million year time interval or because the number of 
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observed coals could be less during the latter time intervals giving them less opportunity to have 

misses.  

 

Figure 6.12 Bar Graph Showing Each Time Interval in the Paleozoic Era Number of Hits and 

Misses 

6.5 Time Intervals Data Summary 

 It can be seen that throughout most of the time intervals, the FOAM simulation model 

seems to predict randomly. In this section, we will look at all the time intervals and see if there 

are any correlations between the data and the time intervals that passed or failed the null 

hypothesis.   Figure 6.13 shows the data summary chart for all thirteen time intervals and the 

areas for total land, predicted coals, observed coals, and hits. The two time intervals highlighted 

in yellow are the only two time intervals to fail the null hypothesis. Figure 6.14 show the data 

percentage summary chart. It shows the percentage of land occupied by predicted coal area, 

percentage of land occupied by observed coal area, and percentage of land occupied by hits 

area. As with Figure 6.13, the two time intervals highlighted in yellow are the only two time 

intervals to fail the null hypothesis. It can be seen that the total area of land stays relatively the 
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same (around 200-230 x 10
6 

km
2
). The amount of predicted coal area, however; changes quite 

a bit between 10 Ma and 360 Ma. 360 Ma most likely failed the null hypothesis because there is 

lack of data during this time interval. 280 Ma is harder to explain why it failed the null 

hypothesis. Many factors could be contributing to this time interval failing the null hypothesis. 

First, it can be observed that any time interval that has predicted coals in higher latitudes is 

more likely to pass the null hypothesis. 280 Ma did not have as much predicted coal area in 

higher latitudes. This could explain why it is failing the null hypothesis. It can also be seen in 

Figure 6.13 that there is less predicted coal deposit areas for 280 Ma and 360 Ma. With less 

prediction you have less opportunity to have hits. The failing of the hypothesis could also be 

explained by poor data or even lack of data. Finally, climate patterns may have been different 

during the older time intervals. We do not fully understand the climates during the older time 

intervals and prediction models use modern climate patterns to model past climates.  

 

Figure 6.13 Graph Showing the Data Summary for All Thirteen Time Intervals 
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Figure 6.14 Graph Showing the Data Percentage Summary for All Thirteen Time Intervals 

6.6 Hits Versus Misses Throughout Time 

 As discussed in the previous chapters, “hits” are 5
o
x5

o
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6 
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6 

km
2
 of hits per time interval. A “miss” is a 5
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o
 

grid cell containing an observed coal that does not contain a predicted coal. A total of 104 x 10
6 

km
2
 “misses” were observed throughout all thirteen time intervals. That is approximately 8 x 10

6 

km
2
 of misses per time interval. Figure 6.15 shows the graphical distribution of hits versus 

misses.  It can be seen throughout time that on average more hits were observed during the 

Cenozoic and Mesozoic than in the Paleozoic. More misses were observed during the 

Paleozoic and Mesozoic than the Cenozoic. The question to be asked then is why? Many 

factors could have contributed to distribution of hits and misses. Landmass location, data 

supply, climate, or error in prediction models are all factors that could explain this distribution. 
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However, it can be said that for most time intervals more hits than misses were observed. 

 

Figure 6.15 Bar Graph Showing All Thirteen Time Intervals’ Number of Hits and Misses 

6.7 Conclusion 

 Climate can greatly change and influence coal distribution and extent. It can be 

observed that the statistical method using Poisson’s distribution to evaluate the fit is useful in 

the Paleozoic but not in the Cenozoic or Mesozoic. All time intervals but the Early Permian and 

Early Carboniferous passed the null hypothesis. This means that the FOAM model is predicting 

coals randomly and not in any type of significant order. There seems to be a significant model-

data bias for the Paleozoic because of uncertainties in the model boundary conditions. 

 Eleven out of thirteen time intervals did not fail the null hypothesis. This means that two 

did fail the null hypothesis. Thus it can be said that 86% of the time intervals were due to 

random process and this prediction method is a not good prediction tool for climatic indicators.  

Looking at hits versus misses throughout time shows that the farther back in time, the less data 

there is available to work with. By using prediction methods, such as ones like this thesis, we 

can better understand past climate based on the information we have.  
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 This research could be better developed by using a more valid climate model, and 

improvement of the model resolution and reconstruction of model boundary conditions. Further 

research on coal deposits using other climate parameters would help to better tell the story of 

past climates. Using other climate indicators such as bauxites, laterites, calcrete, tillites, 

glendonites, etc. with the same prediction method will lead to a better understanding of what the 

Earth’s climate was during the past. 
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