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Abstract: The influence and control of time and temperature on coalification are comprehensive. In order to quantitatively 

analyze the thermal kinetics of coal metamorphosis process by temperature and time, the qualitative analysis of coal 

metamorphosis thermodynamic equation (CMTE) based on Wu Chonglong was further verified from the mathematical point of 

view. Wu Chong Long's Coal Metamorphism Thermodynamics Equation (CMTE) is a ternary equation containing coal forming 

period or metamorphic age (time), metamorphic temperature (temperature) and metamorphic degree (reflectivity). The 

temperature calculated by fixing time and reflectivity is the lowest theoretical metamorphic temperature. The reflectivity 

calculated by fixing time and temperature is the maximum theoretical metamorphic degree. The “time-temperature ratio” is 

defined as the equivalent of extending million years to increasing 1°C temperature regarding coal metamorphism. This ratio is 

used to compare the impact of extending time or increasing temperature on improving the metamorphic degree and its 

significance. The results showed that in the same coal forming period, the ratio is decreased with the reflectivity increasing; at the 

same reflectivity, the ratio decreased with younger coal forming period. At Ro=6.1%, the calculated ratio is 3.67, which means, at 

Ro=6.1%, increasing 1°C is equaled extending 3.67 million. 

Keywords: Coal Metamorphism Thermodynamics Equation, Minimum Metamorphic Temperature,  

Maximum Metamorphic Degree, Time-temperature Ratio 

 

1. Introduction 

The developmental process from peat to lignite, to 

subbituminous coal, bituminous coal, until to anthracite, is 

called “Coalification” or “metamorphism”. Because coal 

chemistry is the physical and chemical structure changed 

under the temperature, pressure and time and other factors. In 

general, even if the influence and control of metamorphism 

are comprehensive, but the degree is mainly controlled by 

two external influence factors (temperature and time), and 

the metamorphism degree is indicated by the reflectivity [1, 

2]. It is well known that there is a difference between 

qualitative and quantitative, qualitative is described in literal 

language, while quantification is described in mathematical 

language. For example, Wu Chong Long and Yang Qi, 

according to the general principle of thermal and chemical 

dynamics, referring to the Bostick curve and the measured 

data in China, use the dual regression method have 

established a three-variable empirical formula of temperature 

-time -reflectivity [3-6] Coal Metamorphic Thermodynamics 

Equation (CMTE). So far, the CMTE is rarely used to verify 

the qualitative analysis of coal metamorphic thermal 

dynamics. To this end, this article tries to solve the following 

three problems: calculating the minimum metamorphic 

temperature for coal with known absolute age and reflectance; 

calculating the maximum reflectance for coal with known 

absolute age and reflectance; and quantitatively explaining 

which of the two factors, temperature rise and time extension, 

has a greater influence on improving coal metamorphism. 
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2. Data and Equation 

2.1. Coal Metamorphism Thermodynamics Equation 

HOOD proposed ternary plot [7] representing temperature 

- time - reflectivity in 1975. BOSTICK in 1979 [8] indicates 

temperature-time- reflectivity, according to the exploration 

data of the Los Angeles Basin and Ventura Basin. With 

temperature as the dependent variable and time and 

reflectivity as the independent variables, Wu Chong Long 

proposed the formula [3] for temperature-time- reflectivity in 

1997 as following: 

o

093.0

R

t492.0

85.111tln

32.646
)273Tln( −

+
=−           (1) 

Where 

t: “absolute age” or “effective heat time”, million years; 

Ro: reflectivity, %; 

T: temperature, K. 

When the formula with reflectivity as the dependent 

variable and time and temperature as the independent 

variables transform as: 
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Different paleogeothermal measurement methods have 

their own preconditions, accuracy and results. Because the 

evolution degree of deep forming metamorphic coal always 

corresponds to a certain configuration of structural settlement, 

geothermal action and effective heating time, the effective 

heating (metamorphic) time is also determined according to 

the coal seam reflectivity contour and the existing fold form of 

tectonic settlement. However, in any case, the effective 

heating (metamorphic) time is less than or equal to the 

absolute age of the rock formation. Effective heat response 

(metamorphic) time and paleoground temperature are two 

controversial data. 

2.2. Coal Forming Period 

Even if there are several coal forming periods in China, 

but three periods which generated wide rank coals from low 

order coal (long flame coal) to high order coal (anthracite) 

are: 

Carboniferous to Permian: about 320 million-278 million 

years ago. The time span is 42 million years, or the 

Carboniferous period. Carboniferous was the earliest coal 

resource formation period. Carboniferous coal in China was 

basically distributed in the Yellow River basin, and coal 

ranging from long flame coal to anthracite. 

Early and middle Mesozoic Jurassic: about 205 million to 

159 million years ago. The time span is 46 million years, 

simply for the Jurassic. Jurassic coal was mainly 

concentrated in the border between Inner Mongolia, Shaanxi, 

Gansu, four provinces of Ningxia and northern Xinjiang, coal 

ranging from lignite, flame coal to anthracite. 

Early Mesozoic Cretaceous: about 142 million-99 million 

years ago. The time span is 43 million years, simply the 

Cretaceous. Cretaceous coal was distributed in eastern Inner 

Mongolia and the three northeastern provinces of Inner 

Mongolia. Cretaceous coal species in the three northeastern 

provinces range from long flame coal to anthracite. 

Although the absolute age difference of the three coal 

forming period is 220 million years, there are two 

particularly significant points in common. First, all three coal 

forming periods are able to generate a coal range from long 

flame to anthracite, that is, the same metamorphic span. 

Second, the time span of the three coal forming periods is 

also basically equal, namely, from 42 million to 46 million 

years. 

2.3. Reflectivity 

The reflectivity of the long flame coal is Ro≥0.50%. The 

reflectivity of other bituminous coal species (gas coal, fat 

coal, coking coal, lean coal, weak sticky coal, and 

non-adhesive coal) can refer to reference [9]. The 11 coal 

classification according to the vitrinite reflectance can refer 

to the Chinese coal industry standard [10]. The reflectivity of 

long flame coal to the last bituminous before reaching 

anthracite was set at between 0.52% and 2.83% [11]. 

3. Results and Discussions 

 

Figure 1. Three coal forming periods form three temperature-reflectivity 

(time) curves. 

Based on the same metamorphic span and time span 

characteristics, a two-dimensional diagram showing the 

temperature-reflectivity (or time) is now designed. The 

reflectivity of the selected long flame coal to anthracite was 

divided into 42 same increment (2.83% -0.52%) / 42=0.055%. 

The increment of reflectivity is 0.055%, but the increment of 

time is one million years. For example, the starting 

reflectivity of the Carboniferous was Ro=0.52%, and the 

Carboniferous start time was 278 million years, t=278. The 

starting temperature of the Carboniferous was 49.4°Cby 

equation (1). The second point condition of the 

Carboniferous was Ro=0.52+0.055=0.575%, t=278+1=279, 

and the second point temperature of the Carboniferous was 

calculated by equation (1) as 57.6°C, and so on. Three coal 

forming periods form three temperature-reflectivity (time) 
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curves, as shown in Figure 1. The Carboniferous is the lowest 

line. The Jurassic is the intermediate line. The Cretaceous is 

the top line. The longitudinal axis of Figure 1 indicates the 

temperature. The horizontal axis is the reflectivity, and also 

the time. 

3.1. Minimum Temperature 

At the beginning, it is emphasized that the actual 

metamorphic time is less than the coal forming period. At the 

longest metamorphic time is equal to the coal forming period. 

If the coal forming period and the reflectivity are two 

available data, which can be input into equation 1, it should 

be recognized that the calculated temperature is the minimum 

metamorphic temperature. 

Table 1. The minimum temperature (Tm) required to reach different 

reflectivity (Ro) at different rock absolute ages (RAA). 

Ro/% 
Carboniferous Jurassic Cretaceous 

RAA/m.a. Tm/°C RAA/m.a. Tm/°C RAA/m.a. Tm/°C 

0.52 280 49.4 161 54.9 101 60 

0.96 288 102.6 169 109.7 109 115.8 

1.4 296 134.4 177 141.6 117 147.6 

1.84 304 154.7 185 161.6 125 167.2 

2.28 312 168.6 193 175.2 133 180.5 

2.72 320 178.6 201 184.9 141 189.8 

3.2. Maximum Vitrinite Reflectance 

If the coal forming period and the metamorphic 

temperature are two available data, which can be input into 

equation (2), it should be recognized that the calculated 

reflectivity is the maximum reflectivity. 

Table 2. Maximum reflectivity (Rom) of coal at different absolute ages (AA) 

and temperatures of strata (Ts). 

Ts/°C 
Carboniferous Jurassic Cretaceous 

AA/m.a. Rom/% AA/m.a. Rom/% AA/m.a. Rom/% 

50 290 0.525 170 0.491 110 0.466 

50 310 0.529 190 0.498 130 0.476 

75 290 0.705 170 0.657 110 0.62 

75 310 0.711 190 0.667 130 0.634 

100 290 0.932 170 0.863 110 0.81 

100 310 0.941 190 0.877 130 0.83 

125 290 1.242 170 1.139 110 1.062 

125 310 1.255 190 1.16 130 1.091 

150 290 1.704 170 1.543 110 1.424 

150 310 1.726 190 1.575 130 1.469 

175 290 2.489 170 2.203 110 2.001 

175 310 2.528 190 2.259 130 2.076 

200 290 4.14 170 3.502 110 3.083 

200 310 4.232 190 3.623 130 3.235 

3.3. Comparison of Temperature and Time on the 

Metamorphic Degree 

In general concept, it can be qualitatively said that, 

regarding to improve coal metamorphism, increasing 

temperature is more effective than extending the time. But 

there have never been quantitative data to compare the 

magnitude of the two effects. 

Equation (2) indicates that the Ro is a binary (temperature 

T and time t) function. Higher mathematical methods cannot 

find the influence of temperature and time on the degree of 

deterioration. 

The full differentiation of equation (2) [12]: 
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There are two terms on the right side of the equation (3). 

The first term is the partial derivative of time under the 

temperature T as constant, which indicating the contribution 

of time to the change of metamorphic degree; the second 

term is the temperature partial derivative under the time t as 

constant, which indicating the contribution of temperature to 

the change of the metamorphic degree. 

In order to comparing the magnitude of the two effects, a 

“time-temperature ratio t/T” is defined as the equivalent of 

several million years for increasing 1°C. When the 

time-temperature ratio is greater than unit means the impact 

of increasing 1°C temperature is larger than extending one 

million year time. The time-temperature ratio is easy to 

calculated by the second term of the right hand side of the 

equation (3) divides the first term of the right hand side of the 

equation (3). 

 

Figure 2. Relationship between vitrinite reflectance and time temperature 

ratio calculated by advanced mathematics method in three coal forming 

periods. 

In any case (different coal forming period, different 

reflectivity), the effect of increasing 1°C temperature is 

greater than the effect of extending 1 million years. Even 

when the Cretaceous Ro=6.1% of high coal grade III, the 

time-temperature ratio was t/T=3.67, meaning the effect of 

increasing 1°C temperature is equivalent to an extension of 

3.67 million years. Comparing the time temperature ratio of 

different coal forming periods and different coal grades can 

show the temperature impact significance. 

During the same coal forming period, the temperature 

effect decreased significantly with the reflectivity increasing; 

At the same reflectivity, the temperature effect significance 

also decreases as the coal forming period younger. 

4. Conclusion 

Qualitative analysis and quantitative analysis should be 
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unified and complementary; qualitative analysis is the basic 

premise of quantitative analysis, no quantitative 

quantification is a blind and worthless quantification; 

quantitative analysis makes it more scientific and accurate, it 

can promote qualitative analysis to draw extensive and 

in-depth conclusions. Quantitative analysis must be based on 

qualitative prediction, the two complement each other, 

qualitative is the basis of quantitative, quantitative is the 

combination of the two flexible use to achieve the best 

results. 

The Wu temperature-time-reflectivity can calculate the 

minimum metamorphic temperature based on the known time 

and the reflectivity, or the maximum reflectivity based on the 

known time and the temperature. 

Defining the effect of increasing 1°C temperature is 

equivalent to the effect of extending several million years for 

a time-temperature ratio. The temperature ratio required to 

increase the reflectivity is varied between coal formation 

periods and at different coal grades. During the same coal 

forming period, the temperature effect decreases significantly 

with the reflectivity decreasing. 
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