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 14 
Abstract-Convection of the upper mantle drives the tectonic plates. This convection is a thermodynamic cycle that 15 
exchanges heat and mechanical work between mantle and tectonic plates. Thermodynamics and observations indicate that 16 
the energy of the geological activities resulting from plate tectonics is equal to the latent heat of melting, calculated at 17 
mantle’s pressure, of the new ocean crust regenerated at midocean ridges. This energy varies with the temperature of ocean 18 
floor, which is correlated with surface temperature. The main objective of this manuscript is to demonstrate that plate 19 
tectonics is a thermodynamic engine and can be calculated as such. Unlike existing tectonic models, the thermodynamic 20 
model is very sensitive to variations of the temperature of ocean floor, which is correlated with surface temperature. 21 
Therefore, the observed increase of geological activities can be projected with surface temperature rise. Other objectives of 22 
the manuscript are to calculate the force that drives the tectonic plates, estimate the energy released, and validate the 23 
calculations based on experiments and observations. In addition to the scientific merit of projecting the geological activities, 24 
a good projection can have a border impact at the societal and economical levels. Investment and insurance related decisions 25 
are affected by climate change, and our ability to project the geological activities is of paramount importance for the 26 
economy and public safety. This work can thus  provide tools to assess the risks and hazards associated with the trend of 27 
geological activities with surface temperature rise. Keywords: force, energy, thermodynamics, plate tectonics. 28 
 29 

 30 

1. INTRODUCTION 31 

Mantle convection as a possible cause of the motion of the tectonic plates is mentioned in 32 

McKenzie (1969), who said that “thermal convection in some form is the only source of sufficient 33 

energy.” Attempts to explain how the large-scale convection of the mantle actually drives the tectonic 34 

plates is an ongoing research subject. A partial list of related publications include Grigné (2005), 35 

Bercovici (2002), Schubert (2004), and Bercovici (2010). They suggest that the large-scale convection 36 

of the deep mantle drive the tectonic system. Other publications suggest that smaller-scale convection 37 

of the upper mantle contributes to the dynamics of plate tectonics. These include Jarvis (1981), Zandt 38 

(1993), Fu Rong-shan (2005), and Parsons (1978). Lenardic (2008) explores possible link between 39 

climate change, mantle convection, and tectonics. These cited papers reference a large number of 40 
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publications that can be referred to for further reading on the subject of mantle convection.  41 

Generally the available publications attempt to find a relationship between mantle convection 42 

and motion of the tectonic plates. Mantle plumes are thought to rise from the deep mantle and 43 

thermochemical plumes, A. A. Kirdyashkin (2013), interact with mantle free convection. Convection 44 

cells are generated that provide the energy and power required to drive the tectonic plates. The upper 45 

mantle convection is thought to be limited to the thermal boundary layer that occurs at the lithosphere-46 

asthenosphere boundary and at the bottom of the upper mantle. This upper mantle convection is 47 

assumed to be made of many cells, Parson (1978), that maintains an almost isothermal region below the 48 

lithosphere. In this scenario, the driving force is not associated with small-scale convection; it is 49 

assumed that buoyancy forces localized at ridges and ocean trenches that maintain the motion of the 50 

tectonic plates. A. A. Kirdyashkin (2014) calculates the forces to which the plates are subjected in 51 

subduction zone as a result of mantle convection. Others use isostasy principle and dynamic 52 

equilibrium to calculate the force and energy of plate tectonics. The calculated force and energy of  53 

tectonics using these methods do not vary significantly with the temperature of the ocean floor and they 54 

cannot be used for projecting the observed increase of geological activities with surface temperature 55 

rise. The temperature of ocean floor is correlated with surface water temperature through the 56 

thermohaline circulation. 57 

There appears to be no discussions in the literature suggesting that plate tectonics is a 58 

thermodynamic system driven by forced convection of the upper mantle. Nor are there publications that 59 

calculate the tectonic system by the traditional thermodynamic equations. Backus (1974) suggested the 60 

possibility that the earth contains at least two heat engines and Frank D. Stacy (2008) assumed the 61 

mantle as heat engine. However, forced convection of the upper mantle is not mentioned as a possible 62 

thermodynamic cycle that drives the tectonic system. This is a forced convection driven by a 63 

thermodynamic engine as opposed to the natural convection commonly addressed in the literature. The 64 
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tectonic plates, or ocean crust, is forced into ocean trenches and down into the asthenosphere, where it 65 

is melted, or destroyed, then recycled to midocean ridges. The cold and mature oceanic plates exchange 66 

heat with mantle as they sink into the earth’s interior. They become part of the mantle and their 67 

temperature increases substantially. As required by mass conservation, the mantle rises at midocean 68 

ridges locations and partially melts to form magma that flows up to the crests of the ridges. The 69 

pressure increases following mantle partial melting and the force of pressure raises midocean ridges. At 70 

the crest of midocean ridges, magma cools and solidifies to regenerate new ocean crust, thus releasing 71 

latent heat of solidification to the enclosed magma in the ridges. The developed pressure at midocean 72 

ridges drives the tectonic plates and spread them apart. As the new ocean crust matures with time, it is 73 

then driven into the trenches and the cycle repeats. During this thermodynamic cycle, heat and work are 74 

exchanged between mantle and the surrounding tectonic plates of the oceanic lithosphere. The resulting 75 

work exchanged dissipates as geological activities. As will be demonstrated, the forced convection of 76 

the upper mantle removes approximately 3.7% of the total internal heat generated in the earth’s core. 77 

The larger-scale and natural convection of the mantle removes most of the internal heat generated, 78 

approximately 96.3/% of the total. While this larger convection does not vary appreciably with the 79 

temperature of the ocean floor, the forced convection of the upper mantle does vary to maintain the 80 

temperature of the solid earth constant with variations of the temperature of ocean floor. This 81 

temperature is correlated with surface temperature through the thermohaline circulation. Therefore, the 82 

energy exchanged in the upper mantle convection is variable with surface temperature and the energy 83 

of geological activities varies as a result. Presently, surface temperature is increasing with climate 84 

change and the temperature of ocean floor is increasing. The convection of the upper mantle must 85 

increase to remove heat that otherwise would accumulate in the solid earth. Consequently, the work of 86 

plate tectonics, or geological activities, increases in the form of increased seismic activities, volcanic 87 

events, and rise of midocean ridges. Observations are in agreement.  88 
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Unlike existing tectonic models, the proposed thermodynamic model in this manuscript has the 89 

advantage of being very responsive to slight variations of the temperature of ocean floor. This model 90 

thus can be used to project the observed increase of geological activities with surface temperature rise. 91 

Other existing models are not sensitive enough to project the geological activities. 92 

The objective of this manuscript is to calculate the driving force of plate tectonics using 93 

thermodynamics; estimate the energy released; validate the calculations based on experiments, 94 

observations, and the work of others; and project the energy of plate tectonics with surface temperature 95 

rise resulting from climate change.  96 

 97 

2. MODEL, ASSUMPTIONS, AND DATA 98 

The proposed model consists of applying the laws of thermodynamics on existing models of 99 

plate tectonics that are available in literature. Figure 1 is a schematic plate tectonics representation 100 

based on Floyd (1991, p. 31 and 127). Part of the earth’s internal heat, Qi, is exchanged through the 101 

oceanic lithosphere, ocean crust and the solid and rocky part of the upper mantle, which will be 102 

assumed to constitute the tectonic plates. A mass M0 of oceanic plate 1 is forced convected into the 103 

ductile part of the upper mantle and asthenosphere, which will collectively be referred to as upper 104 

mantle. M0 is melted, or destroyed, and becomes part of the mantle as it sinks into the earth’s interior. 105 

Simultaneously and as required by mass balance, a smaller magma mass, M, rises from the mantle to 106 

midocean ridges following the partial melting of the upwelling mantle as it decompresses. The melt, 107 

which is assumed to be basaltic magma, flows upwards under high pressure and solidifies to form a 108 

new ocean crust above the mantle, shown as the shaded area of Fig. 1 (a), and sea floor spreading 109 

occurs in the process. This sea floor spreading, or plate tectonics’ motion, is caused by the large 110 

pressure developed during magma generation deep in the mantle below midocean ridges, and there is a 111 

correlation between magma pressure and the degree of magma melting. The ductile portion of the mass 112 
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M0, or the mantle, that does not melt is recycled internally, R, with the moving mantle and plates, and 113 

the heat of convection associated with this motion is rejected to ocean by conduction through the 114 

lithosphere. With this heat rejection, the temperature of the tectonic plates and recycled mantle 115 

decreases, and the ductile mantle and plates harden. Plate thicknesses increase as they spread away 116 

from midocean ridges. With time, the tectonic plates mature and the full mass M0 is regenerated and 117 

the cycle repeats. In the process energy is removed from the earth’s interior to the surrounding ocean 118 

and continents.  119 

The lithosphere consumption and recycling converts the lithosphere from rocks into 120 

mantle/asthenosphere consistency. Heat is removed by forced convection from the earth’s interior to 121 

the surroundings, and the process is treated as a thermodynamic cycle. If the earth’s subsystem 122 

enclosing the ductile part of the upper mantle including the recycled mantle, R, is considered as the 123 

thermodynamic system and tectonic plates as the surroundings, an amount of heat, Qh, is removed from 124 

the earth’s interior by upper mantle forced convection at the hot temperature Th. An amount of heat, 125 

Qc, is rejected by the mantle to the surroundings at the cold temperature Tc, which is reasonably equal 126 

to the average temperature of the moving mantle and plates. The difference, Qh-Qc, is converted to 127 

work that drives the tectonic plates. As will be demonstrated, this work is equal to the latent heat of 128 

solidification of basalt, mass M, regenerated at midocean ridges plus the work of midocean ridges 129 

themselves. Also, this work is equal to the latent heat of melting of the mass, M, of basalt calculated at 130 

the conditions of the deep mantle below midocean ridges. 131 

The availability of convertible heat or energy to work is a necessary condition but insufficient to 132 

obtain mechanical work. The means to convert this heat into mechanical work must also exist. Based 133 

on Floyd (1991, p. 31 and 127), the uplifted lithosphere at midocean ridges encloses magma chamber 134 

located beneath the ridges. This lithosphere and tectonic plates appear to act as pistons and piston rods 135 

that convert the available magma heat at high pressure into mechanical energy. Under pressure, the 136 
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lithosphere at midocean ridges expands above ocean floor and some of the energy is stored temporarily 137 

in the form of potential energy. This energy is released in full when the plates reach ocean trenches.  138 

Like other thermodynamic cycles, the tectonic engine has cycle medium, and the medium is 139 

basalt. It is cold rocks at the temperature of the oceanic lithosphere and hot molten magma deep in the  140 

mantle. The phase change of basalt in a complete cycle is accompanied by heat and mechanical work 141 

exchanged between the hot mantle and colder lithosphere. The mass of the cycle medium remains 142 

practically unchanged in the process. 143 

The laws of thermodynamics apply to the plate tectonic engine and they are utilized in the 144 

energy analysis. Although the tectonic plates are consumed in the process, they are regenerated in kind. 145 

Over the years, the system, as defined, exchanges heat only with its surroundings tectonic plates and 146 

matter is not exchanged. The system can be reasonably considered as closed thermodynamic system.  147 

Magma generation is discussed in Yoder (1976), which provides the physical properties of 148 

basaltic rock and basaltic magma. They include specific gravity, tensile strength, shear fracture, specific 149 

heat, latent heat of melting, thermal conductivity, phase diagrams, and magma generation model. The 150 

data and model are used in this manuscript. Given the large ratio of tectonic plate dimensions to 151 

thickness, they are represented as a hair line in Fig. 1b. The force applied on these plates is practically 152 

axial, and the plates are subjected to compression. This force drives the oceanic plates under the 153 

overriding continental plates and considerable heat of friction is produced between the mating surfaces. 154 

If for one reason or another the plates at the subduction zones are not free to move, the plates can 155 

buckle under the large force of pressure, F, thus storing massive amount of energy, similar to that 156 

stored in a spring. The stored energy can be released instantly in the form of geological activities. The 157 

net effect of this process is that earth’s internal heat is converted to work, or geological activities, and 158 

this work dissipates as heat in the continents. The heat is then radiated by land and earth’s internal heat 159 

relived. 160 
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Because the young plates regenerated at midocean ridges are hot, ductile, and relatively thin, 161 

major seismic events are less likely to occur in the vicinity of these ridges. The activities are expected 162 

to be more pronounced in locations where the plates approach maturity for they are thick and brittle. 163 

Sea brine will inevitably seep into the earth’s interior with the sinking of the oceanic plates. 164 

Because the brine is neither part of the system as defined nor part of the surrounding tectonic plates, the 165 

heat exchanged with sea water must not be considered in the thermodynamic cycle of plate tectonics. 166 

The heat exchanged with sea water is a separate cooling cycle of the earth’s interior.  167 

For this suggested thermodynamic model, the temperature of the solid earth is considered to be 168 

steady based on Jacobs (1953). This and other studies suggest that the temperature of the solid earth has 169 

cooled by less than 200 ⁰K in one billion years. For all practical purposes, a steady temperature of the 170 

solid earth and constant internal heat flow are reasonable assumptions. This assumption is fundamental 171 

and our observations confirm its correctness. Presently, the temperature of ocean floor is increasing at 172 

about the rate of surface temperature rise, Purkey and Johnson (2010). Assuming that the linear thermal 173 

expansion of earth’s crust is about 5.4 x 10-6 °C-1 and surface temperature rise of the order of 0.007 °C 174 

annually, then the change in the earth’s radius would be equal to about 637 100 000 x 0.007 x 5.4 x   175 

10-6 =24.1 cm annually, which is not observed. Therefore, no heat accumulation occurs in the solid 176 

earth with the observed increase of the temperature of ocean floor. The earth’s internal heat that would 177 

accumulate is removed steadily in the form of increased geological activities as observed. 178 

A small increase in the temperature of sea brine adhering to ocean floor affects the 179 

thermodynamics of midocean ridges, which are engine chambers. The temperature of ocean floor is 180 

correlated with the temperature of surface water through the thermohaline circulation; it is 181 

approximately equal to the temperature of surface water of the high latitudes of the northern 182 

hemisphere, which is presently on the rise with climate change. Because the temperature of the solid 183 
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earth is unchanged with time, the earth’s internal heat must be rejected constantly and steadily. This is 184 

accomplished by increasing convection heat transfer in the upper mantle, which removes heat that 185 

otherwise would accumulate in the earth. Consequently, the thermodynamic cycle of the plate tectonic 186 

engine per unit time increases and the work produced, which is equal to the energy of geological 187 

activities, increases simultaneously. By knowing the trend of surface temperature, the energy of the 188 

geological activities can be projected with time. 189 

To validate this work, experimental and observed data are utilized. The data include degree of 190 

mantle melting, observed radiated energy of earthquakes, and trend of the geological activities with 191 

climate change. These encompass radiated energy of earthquakes, rise of midocean ridges, and increase 192 

of volcanic events. Also, the calculated compressive stress, force, and energy of plate tectonics are 193 

compared with those computed by others and found to be in agreement. 194 

 195 

3. BASALTIC MAGMA GENERATION AND DEVELOPED PRESSURE 196 

The model schematically presented in Fig. 1a, which is not to scale, assumes that the annual rate 197 

of magma produced, M, is considerably smaller than the mass of magma accumulated in the magma 198 

chamber. Therefore, the flow of magma from its generation point to the point of solidification at 199 

midocean ridges is considered to occur at constant volume. Similar to the observed volcanos, a 200 

sufficiently large magma chamber can produce force large enough to uplift and shear the lithosphere at 201 

midocean ridges and split and spread the mantle apart. The displaced mantle cools as it spreads away 202 

and it is replaced in kind following the loss of heat by conduction to the ocean. The pressure generated 203 

due to magma melting thus provides steady and sustained force that drives the tectonic plates. 204 

The pressure produced as a result of magma partial melting in the deep mantle below midocean 205 

ridges is large, of the order of 34 600 bar, which can be calculated using the equations of 206 

thermodynamics. Equation 4-148, Sect. 4, Thermodynamics, of Perry and Green (1984) will be used. 207 
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The equation follows: 208 

 209 

dS=Cp dT/T-(∂V/ ∂T)p dP 210 

dS=dQ/T 211 

Where 212 

S   = Entropy of the system in consideration, J Kg-1 ⁰K-1. 213 

Cp = Specific heat of the system at constant pressure, J Kg-1 ⁰K-1. 214 

T    = Temperature of the system, ⁰K. 215 

V   = Volume of the system, M3 Kg-1. 216 

P   = Pressure of the system, Pa. 217 

Q  = Heat exchanged, J Kg-1. 218 

The heat is positive if gained by the system, whereas the work is negative if delivered by the system. 219 

The equation is valid only at sites of magma generation where mantle and magma coexist. As 220 

the magma rises away and segregates from the remaining un-melted mantle, the equation ceases to 221 

apply. Assuming that the rising mantle deep below midocean ridges as the system, the mantle partially 222 

melts to form magma as it decompresses on its way up. The melting occurs at about the temperature of 223 

the rising mantle, T, and the temperature change dT during melting is too small compared with T, 224 

Yoder (1976, p. 65). The term Cp dT/T can therefore be neglected from the equation. The melting 225 

occurs adiabatically and the heat exchanged, Q, is in fact equal to the latent heat of mantle melting for 226 

there is no other source of heat to exchange with the mantle. Q has a negative sign because it is 227 

removed from the mantle, the thermodynamic system in consideration. The equation simplifies to the 228 

following equalities:  229 
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 230 

-d(Lfs)/T=-(∂V/ ∂T)p dP; and d(Lfs)=(∂V/ ∂T)p x T x dP 231 

Where Lfs is the latent heat of fusion of the mantle, J Kg-1. This heat of melting varies with the 232 

degree of mantle melting as magma forms. 233 

The motion of the plate tectonic cycle occurs ”infinitesimally” with time. At an infinitesimally 234 

decreasing pressure, the total volume of the mantle and magma increases infinitesimally over the 235 

melting temperature range as the mantle decompresses on its way up. For the last equation and at a 236 

constant pressure, the volume, which is a continuous function of the temperature, can be developed in a 237 

Maclaurin’s series as follows:  238 

 239 

V(T)= V(T0)+[dV/dT]T0 x dT+R 240 

 241 

Where [dV/dT]T0 , which is constant, is the slope of the function V(T) calculated at the initial 242 

melting temperature T0, and R is a remainder that can be neglected for infinitesimal change, which is 243 

the case. Because of the slow nature of the process, [dV/dT]T0  is constant that applies throughout the 244 

melting temperature range dT. At constant pressure, V(T)-V(T0)=dV=[dV/dT]T0 x dT and 245 

dV/dT=[dV/dT]T0=(∂V/ ∂T)p=C=constant. The value of the constant, C, is approximately equal to the 246 

volume change of the melt per one degree Kelvin. Therefore (∂V/ ∂T)p x T is reasonably equal to the 247 

total change in the volume of mantle when it melts completely at mantle’s temperature, T, and mantle 248 

pressure, P. At 0% degree of magma melting, which is assumed to be basaltic magma, d(Lfs)=0. The 249 

term (∂V/ ∂T)p x T is approximately equal to the volume change when basaltic rock melts, and it is 250 

known, Yoder (1976, p. 94). Basaltic rock melts at high temperature and the volume of the melt 251 
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increases by 0.049 cm3 per gram, or approximately 14.4% increase by volume, assuming that the 252 

specific gravity of basaltic rock is 2.94, Yoder (1976, p. 94). This is equivalent to 4.9 x 10-5 M3 kg-1. 253 

Therefore, (∂V/ ∂T)p x T is approximately equal to 4.9 x 10-5 M3 kg-1 and d(Lfs)=4.9 x 10-5 x dP. The 254 

change in mantle pressure at melting can be calculated by integrating this last equality as follows: 255 

 256 

∆P=2.04 x 104 x ∆Lfs=2.04 x 104 x f x Lfs 257 

 258 

Where, f, is the degree of mantle melting expressed as percent fraction. If f=0, ∆Lfs=0 and 259 

∆P=0, and if the degree of melting is equal to, f, then ∆P=2.04 x 104 x f x Lfs. For the mantle, Yoder 260 

(1976, p. 107) suggests a partial magma melting of 30% (f=0.3) and 135.4 cal g-1 for the latent heat of 261 

basaltic rock melting corrected for mantle pressure, Yoder (1976, p. 95). The value of the latent heat is 262 

equal to 135.4 (cal g-1) x 4.18 (J cal-1) x 1 000 (g kg-1)=565 972 J kg-1. At 30% magma partial 263 

melting, f x Lfs=0.3 x 565 972=169 792 J kg-1, and ∆P=169 792 x 2.04 x 104 =3.46 x 109  Pa, which is 264 

equal to 34 600 bar. It will be demonstrated later in Sect. 4 using the laws of thermodynamics that 265 

mantle partial melting of 30% and the latent heat of magma melting of 169 792 J kg-1 as suggested by 266 

Yoder (1976) are reasonable. The developed pressure following mantle rising, decompression, and its 267 

subsequent partial melting raises the ridges and drives the tectonic plates. 268 

 269 

4. TECTONICS AS A THERMODYNAMIC CYCLE  270 

In Fig. 2, tectonics is schematically presented as a thermodynamic cycle. The actual 271 

thermodynamic cycle is drawn on the enthalpy-concentration diagram, Fig. 2 (a). The corresponding 272 
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idealized Carnot cycle is presented in Fig. 2 (b), temperature (T)-entropy (S) diagram. Figure 2 (a), 273 

which is not to scale, is a window of a simplified rock phase diagram showing basalt generation from 274 

the mantle. The basis of Fig. 2 (a) construction is Yoder (1975), Fig. 4-7, page 65; Fig. 5-4, page 93; 275 

and Fig 8-10, page 149. 276 

Referring to Fig. 1 and Fig. 2, the mature tectonic plate rocks at point 4 having mass M0 are 277 

made of two components: mass M, which is cold and solid basalt, and recycled mantle, R. Their 278 

combined composition is XM0 and it is represented by point M0, which is also equal to point 4. This 279 

mass is forced convected into the mantle/asthenosphere to point 3, where it is subjected to considerable 280 

pressure, from approximately ocean floor pressure of 350 bars at point 4 to point 3 having pressure in 281 

excess of 36 400 bars. Rock average temperature increases from T0, which is approximately equal to 282 

Tc, to Th, deep in the mantle. On the T-S diagram, this transformation is represented as adiabatic 283 

compression from point 4 to point 3. As required by mass conservation, the mantle rises upwards to 284 

point 2 and the pressure decreases to P2, to approximately 5 000 bars. Following this decompression, 285 

the mantle at point 3 partially melts to produce liquid basalt mass, M or point 2, and the balance of un-286 

melted mantle R, which is slightly cooler than the paternal mantle. The total volume increases 287 

following mantle partial melting. Segregation of liquid magma, M, and, R, occurs and basaltic magma 288 

accumulates in the magma chamber. This transformation is represented by the isothermal expansion 289 

between point 3 and point 2 on the T-S diagram, and the heat, Qh, is exchanged. Under pressure and the 290 

released latent heat of basalt solidification, magma chamber liquid expands from point 2 to point 1. 291 

This is represented as the adiabatic expansion from point 2 to point 1 of the T-S diagram, and the work 292 

of plate tectonics, Wc, is produced. Finally, the solidified basalt, mass M, at point 1 cools to 293 

approximately surface temperature, point 4’, which is then combined with the recycled mantle, point R, 294 

to regenerate the starting mass M0 at point 4 and the cycle repeats. This last transformation is 295 

represented on the T-S diagram by an isothermal cooling from point 1 to point 4. Heat, Qc, is rejected 296 
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during this transformation. The maximum theoretical work produced by the Carnot cycle Wc=Qh-Qc. 297 

The first law of thermodynamics can be used to analyze the tectonic thermodynamic cycle. The 298 

law and its related equations are presented in Sect. 4, Thermodynamics, of Avallone and Baumeister 299 

(1996). The first law of thermodynamics and other related equations follow: 300 

 301 

dQ=dU+dW 302 

H=U+PV 303 

Carnot cycle’s theoretical efficiency=1-Qc/Qh=1-Tc/Th 304 

Thermal efficiency=η =1-(Tc/Th)1/2 305 

W=Qh x η 306 

 307 

Where 308 

Q  =Heat exchanged with the system in consideration, J. 309 

U  =Internal energy of the system in consideration, J. 310 

W =Work exchanged between the system and its surroundings, J. 311 

P  =System pressure, Pa. 312 

V  =System volume, M3. 313 

H  =System enthalpy, J. 314 

Qh=Heat input into the system at the temperature of the hot reservoir, J. 315 

Qc=Heat rejected by the system at the temperature of the cold reservoir, J. 316 

Th=Temperature of the hot reservoir supplying Qh, ⁰K. 317 

Tc=Temperature of the cold reservoir receiving Qc, ⁰K.  318 

The heat is positive if gained by the system, whereas the work is negative if delivered by the system. 319 

Selection of system and surrounding is important in order to obtain the desired geophysical 320 
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quantities. Cycle medium is the recycled mantle, R, and basalt, M. If the system is assumed to be this 321 

cycle medium, the surroundings are lower mantle, ocean, and overriding plates. For this selection, the 322 

cold temperature Tc is equal to surface temperature, Ts. The work exchanged with the surroundings 323 

includes an undesired fraction exchanged with the lower mantle. This selection of thermodynamic 324 

system is inadequate for the objectives of the manuscript. The right selection for the system is the 325 

sphere enclosing the mantle including the recycled mantle, R. This system has tectonic plates only as 326 

surroundings and basalt as cycle medium. The work exchanged is that to which the tectonic plates are 327 

subjected, which is also equal to the sought energy of geological activities. The value of cold 328 

temperature Tc for this system will be greater than that of surface temperature, Ts. It is about equal to 329 

the average temperature of the mantle and surface water, approximately equal to (Ts+Th)/2. The 330 

relationship between thickness of tectonic plates and rate of floor spreading is important for this work. 331 

Based on observations and mathematics, plate thickness at any given distance from the midocean ridge 332 

is proportional to the square root of the time required or age of the tectonic plate. This relationship is 333 

available in literature and thus will not be discussed in this manuscript.  334 

Referring to Fig. 1, the mass M0 of the mature oceanic plate 1 gains heat by convection as it is 335 

forced to flow internally through the earth’s interior to midocean ridges. Its temperature increases from 336 

T0 to Th. The heat gained by this convective heat transfer is equal to Qh. At midocean ridges, the 337 

mantle rises up and partially melts as it decompresses. The melted mantle produces an amount of 338 

magma that is equal to M and system pressure increases considerably. Under the pressure, magma flow 339 

uplifts the ridges and drives the tectonic plates. The mass M solidifies at mid ocean ridges as it cools 340 

and tectonic plates spread away. The remaining un-melted and ductile mantle mass, R, which is at 341 

about magma melting temperature, is recycled internally with the moving plates. Plate thickness 342 

increases as the temperature of this mantle mass decreases following heat rejection to ocean. The 343 

sphere enclosing the ductile part of the upper mantle can be assumed as the system for this 344 
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thermodynamic cycle and tectonic plates as the surroundings. The theoretical and thermal efficiencies 345 

as well as the work produced by this cycle can be determined from data available. 346 

Floyd (1991, p. 31 and 128) suggests that the average temperature, T0, of the mass M0, of the 347 

mature tectonic plates is approximately equal to 650 ⁰C (923.2 ⁰K) and mantle temperature, Th, is at 348 

about the magma melting temperature of 1 280 ⁰C (1 553.2 ⁰K). The cold temperature, Tc, at which Qc 349 

is rejected can be reasonably assumed to be equal to the average temperature of the surrounding 350 

tectonic plates. Tc is approximately equal to the average of sea floor temperature and magma melting 351 

temperature, or approximately equals to (274.2+1 553.2)/2=913.7 ⁰K. The estimated specific heat, Cp, 352 

of mantle rock by Yoder (1976, p. 71) is about 0.3 cal g-1 ⁰C-1, which is equal to 1 250 J kg-1 ⁰K-1. 353 

Therefore, Qh=Cp x (Th-T0)=1 250 x (1 553.2-923.2)=787 500 J kg-1, and the following applies for 354 

this thermodynamic cycle: 355 

 356 

Carnot cycle theoretical efficiency=1-Tc/Th=1-913.7/1 553.2=0.41 357 

Thermal efficiency=η=1-(Tc/Th)1/2=1-(913.7/1 553.2)1/2=0.23 358 

W=Qh x η=787 500 x 0.23=181 125 J kg
-1

. 359 

Qc=Qh-W=787 500-181 125=606 375 J kg
-1

. 360 

The calculated amount of work, W, delivered to the surrounding tectonic plates, 181 125 J kg
-1

, 361 

is approximately equal to the latent heat of basaltic rock calculated at mantle’s pressure and 30% partial 362 

melting as suggested by Yoder (1976), which is equal to 169 792 J kg
-1

, Sect. 3. This conclusion can 363 

also be reached by using a different approach as follows: 364 

The first law of thermodynamics is applied by considering the earth’s interior enclosed by the 365 

sphere of the ductile portion of the upper mantle as the system and the lithosphere, or tectonic plates, as 366 
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the surroundings. The first law of thermodynamics follows: 367 

 368 

dQ=dU+dW                                                369 

dH=dU+d(PV) 370 

 371 

where 372 

Q  =The generated earth’s internal heat that is gained by the system, J. 373 

U  =Internal energy of the system, the earth’s interior, J. 374 

W =The work exchanged between the system, as defined, and the surrounding tectonic plates, J. 375 

H  =Enthalpy of the system as defined, the earth’s interior, J. 376 

PV=The product of the pressure of the earth’s interior by its volume. 377 

 378 

Because the system, the earth’s sphere enclosed by the ductile portion of the upper mantle, is 379 

incompressible, Adams L. H. (1926), then the term d(PV) can be neglected. The differential of the 380 

internal energy, dU, can be replaced by the differential of the enthalpy of the system dH. At steady flux 381 

of internal heat, dQ=0. Therefore dW=-dH. The change in the enthalpy of the system, dH, is equal to 382 

Ms [Cps dT+d(Lfs)]. Where Ms is system mass, kg; Cps is the specific heat of the system, J kg
-1 

⁰K
-1

; 383 

T is system temperature, ⁰K; and Lfs is the latent heat of melting of the system, J kg
-1

. System 384 

temperature is reasonably constant as discussed in Sect. 2 and dT≈0. Therefore, the differential of work 385 

exchanged can be expressed by the following equality: 386 

 387 

dW=-Ms d(Lfs) 388 

 389 
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The work has a negative sign, or it is produced by the mantle and delivered to the surrounding 390 

tectonic plates. The amount, Ms d(Lfs), is equal to the latent heat of phase change of the earth system 391 

enclosing the ductile part of the upper mantle. This system is practically unchanged except at midocean 392 

ridges where only the mass, M+R, of the mantle changes phase by mantle partial melting. Or, dW=-Ms 393 

d(Lfs)=-(M+R) d(Lfs). This equation can be integrated and the work obtained. For 0.0% degree of 394 

mantle melting, d(Lfs)=0 and the work produced, W, is equal to zero. For a degree of melting that is 395 

equal to, f, the work delivered follows: 396 

 397 

W=-M x f x Lfs-R x 0 x Lfs=-M x f x Lfs=M Lf 398 

 399 

The factor, f, is the degree of mantle melting expressed as percent fraction. The recycled mantle, 400 

R, has zero degree of mantle melting, or f=0. Also, f x Lfs= Lf, where Lf is basalt latent heat of 401 

melting, J kg-1 calculated at mantle pressure. The last equation shows that the work delivered by the 402 

plate tectonic system is equal to the latent heat of melting of the mass, M, of basaltic rock at the 403 

conditions of deep mantle below midocean ridges. This work is also equal to the latent heat of 404 

solidification of the regenerated basaltic rock at midocean ridges calculated at mantle’s pressure. Per 405 

kilogram of new ocean crust regenerated, the mechanical work delivered to and by the tectonic engine 406 

is equal to f x Lfs=Lf, or it is equal to the latent heat of partial melting of mantle rock calculated at 407 

mantle’s pressure. This is also equal to the latent heat of melting of basalt corrected for mantle pressure, 408 

in agreement with the conclusion reached earlier.  409 

Because the regenerated mass, M, solidifies at about the pressure of ocean crust, which is 410 

considerably less than that of the mantle, not all of the work is delivered immediately to the tectonic 411 

plates by the force of pressure produced. The difference between magma latent heat of melting 412 

calculated at mantle’s pressure and that calculated at oceanic crust’s pressure, which is approximately 413 
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equal to 33% of (f x Lfs) based on Yoder (1976, p. 95), maintains the uplift of the lithosphere at 414 

midocean ridges. Therefore, the value of the energy of midocean ridges is 0.33 x 181 125=59 770  J  415 

kg-1. The mass, M, can be calculated by knowing the volume of new ocean crust that is formed at 416 

midocean ridges, or the shaded area of Fig. 1 and the density of ocean crust. The latent heat of fusion of 417 

basaltic rock, Lf, is available in literature and it is calculated in Sect. 3. The work exchanged with the 418 

tectonic plates, W=f x Lfs=Lf, thus can be determined. W is equal to the total energy imparted by plate 419 

tectonics, which includes the energy radiated by the earthquakes, the seismic energy dissipated as heat 420 

through friction, the energy radiated elastically through the earth, the potential energy associated with 421 

lifting of the midocean ridges, and the energy of volcanic events. 422 

The density of the basaltic rock based on Yoder (1976, p. 94) is nearly 2 940 kg M-3. On the 423 

other hand, Floyd (1991, p.116) assumes that the length of midocean ridges is approximately 60 000 424 

km. Floyd (1991, p. 33 and 36) shows that the thickness of the ocean crust at midocean ridges is 6-7 425 

km. Sjöberg (2004) suggests that the average thickness of the lithosphere at midocean ridges is about 426 

15 km. Floyd (1991, p. 41, 42 and 266) indicates that sea floor spreading can vary between 25 and 50 427 

mm annually and may approach 200 mm yr-1 in some locations. These data can be used to calculate the 428 

annual average mass, M, produced at midocean ridges. 429 

In Table 1, the total energy of plate tectonics is presented for different values of sea floor 430 

spreading and lithosphere thicknesses at midocean ridges. The shaded rows represent the likely 431 

weighted average values based on Dixon (2007, p. 543), who uses 40 mm yr-1 of sea floor spreading in 432 

modeling the subduction zones. From Table 1, the likely weighted average value of the energy 433 

produced by tectonics is approximately equal to 1.29 x 1019 J yr-1. Based on the U.S. Geological 434 

survey, Table 2, the observed and measured annual energy radiated by the earthquakes alone is 435 
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approximately equal to 7.66 x 1018 J yr-1. The two figures are of the same order of magnitude. These 436 

calculations show that approximately 60% of the energy of plate tectonics is dissipated in the form of 437 

energy radiated by the earthquakes. 438 

The weighted average force, F, that drives the tectonic plates can be estimated. The calculated 439 

average annual energy released, 1.29 x 1019 J, is equal to the force F x annual average spreading of 440 

ocean floor of 0.04 meters. Consequently, F=1.29 x 1019/0.04=3.23 x 1020 N, and the weighted 441 

average tectonic force calculated per unit length of midocean ridges is approximately equal to 3.23 x 442 

1020/ 60 000 000=5.38 x 1012 N m-1. Based on Floyd (1991, p. 31 and 33), a mature tectonic plate is 443 

about 125 km thick. Therefore, the compressive stress associated with the force F is of the order of 4.30 444 

x 107 Pa (430 bar).  445 

The calculations reveal that the total heat exchanged in the convection of the upper 446 

mantle/asthenosphere, Qh, is approximately equal to 4.35 times the energy delivered to the tectonic 447 

plates, W. Therefore, the total heat removed by this convection is equal to 4.35 x 1.29 x 1019 =5.61 x 448 

1019 J yr-1. Based on Davies (2010), the total internal heat of the earth is equal to 1.5 x 1021 J yr-1, or 449 

the upper mantle/asthenosphere convection removes about 3.7% of the total internal heat of the earth, 450 

which includes the work of plate tectonics that is estimated at 0.9% of the total internal heat generated 451 

in the earth’s core. Approximately 30% of this internal heat is radiated by land, 69% is exchanged with 452 

ocean water, and the remaining 1% is relieved by plate tectonics as geological activities. 453 

 454 

5. EFFECT OF SURFACE TEMPERATURE ON THE TECTONIC CYCLE 455 

Based on Purkey and Johnson (2010), the temperature of the deep oceans around the world, 456 

below 4 000 m, is presently warming at about the same rate of surface warming. The temperature of 457 
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ocean floor is increasing because it has to maintain the density of the adjacent brine equal or less than 458 

that of the falling brine of the thermohaline circulation, at about Greenland surface water density. 459 

Therefore, the temperature of surface water has to be equal or less than the temperature of the abyssal 460 

brine adhering to ocean floor. Consequently, there can be no heat transfer from the surface to ocean 461 

floor with brine circulation. The observed abyssal warming is caused by earth’s internal heat that 462 

maintains the density of the brine near ocean floor equal or less than that of surface water at all times. It 463 

is reasonable to assume that ocean floor warming occurs virtually totally, readily, and equally to surface 464 

warming, otherwise the thermohaline circulation would temporarily cease frequently, which is not 465 

observed. In Fig. 3, the thermohaline circulation is schematically presented. The circulation brings to 466 

surface water earth’s internal heat where it is removed by evaporating water. 467 

Referring to Fig. 4, boundary conditions of the heat diffusion equation vary with the age of the 468 

oceanic lithosphere. For a mature and thick plate at location 3, the boundary condition is                       469 

-k (dT/dz)z0=q=constant, where T is the temperature of the lithosphere, ⁰K; k is the thermal 470 

conductivity of basalt, J m-1 s-1 ⁰K-1; z0 is the vertical coordinates of the lithosphere at ocean floor, m; 471 

and q is the earth’s internal heat flux, constant, approximately equal to 0.093 W m-2 based on Davies 472 

(2010). The temperature profile of most of the thick oceanic lithosphere is barely affected by the 473 

observed surface temperature rise. This is not the case for midocean ridges, which are engine chambers 474 

and most sensitive components of the tectonic system. At location 1, the lithosphere does not exist; it is 475 

a newly recycled and solidified magma and the boundary condition is -k(dT/dz)z0=h x [Ts-T] where, h 476 

is the lithosphere-ocean convective heat transfer coefficient, approximately equal to 7.30 x 10-5  W m-2 477 

⁰K-1 and Ts is surface temperature, ⁰K. The boundary conditions at location 2, where the solid 478 

lithosphere just forms and cools close to surface temperature, is (dT/dt)z0=dTs/dt. Variations of surface 479 
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temperature with time, dTs/dt, are available in the record. Unlike the thick oceanic lithosphere, the 480 

solution of the Fourier equation for midocean ridges is very much dependent on surface temperature Ts. 481 

The difference, Ts-T, can be as small as several degrees Kelvin and as large as few hundred degrees 482 

Kelvin. The observed variations of surface temperature by 0.007 ⁰K annually are not, therefore, 483 

negligible. They cause tangible and virtually immediate impact on engine chamber thermodynamics. 484 

Given the large surface area involved, variations of the energy of geological activities released to the 485 

surroundings with surface temperature rise cannot be ignored. 486 

As shown in Fig. 1 and Fig. 5, which are not to scale, the total heat generated in the earth’s 487 

interior, Qg, splits between the oceanic and continental plates, Qi and Qj respectively. Based on 488 

Incropera and De Witt (1985), the following equations can be written for the earth’s internal heat 489 

exchanged between mantle, ocean, and land: 490 

 491 

Qg   =Qj+Qi=constant; Qi=constant; Qj=constant 492 

Qg   =Qo+Ql; Ql=W+Qj; Qi=Qo+W 493 

Qo   =Uo Ao (Th-Ts); Qc=Uc Ac (Th-Ts) 494 

1/Uo=1/hi+1/ho+Zo/k; 1/Uc=1/hi+1/ho+Z/k 495 

 496 

Where 497 

Qg=Total heat generated at the earth’s interior, J yr
-1

, constant. 498 

Qi=Fraction of Qg to the oceanic plates, J yr
-1

, constant. 499 

Qj=Fraction of Qg to land, J yr
-1

, constant. 500 

Qo=Earth’s internal heat to ocean, which is then removed by evaporation, J yr
-1

. 501 

Ql =Earth’s internal heat to land, which is then radiated, J yr
-1

. 502 
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Qc =Heat rejected to ocean at midocean ridges by the tectonic engine, J yr
-1

, Fig. 1 and Fig. 4. 503 

W =Mechanical energy of plate tectonics, J yr
-1

. 504 

Uo =Overall heat transfer coefficient between mantle and sea water, J yr
-1 

m
-2 

°K
-1

. 505 

Uc =Overall heat transfer coefficient between mantle and sea water at midocean ridges, J yr
-1 

m
-2 

°K
-1

.
  506 

hi  =Heat transfer coefficient of the large-scale mantle convection, J yr
-1

 m
-2 

°K
-1

. 507 

ho  =Heat transfer coefficient of sea water convection, J yr
-1

 m
-2 

°K
-1

. 508 

Ao=Heat transfer area of the oceanic lithosphere, m
2
. 509 

Zo =Average thickness of the oceanic lithosphere, m. 510 

Ac=Heat transfer area of the lithosphere at midocean ridges, m
2
. 511 

Z  =Average thickness of the lithosphere at midocean ridges, m. 512 

k  =Average thermal conductivity of the lithosphere, J yr
-1

 m
-1 

°K
-1

. 513 

Th =Mantle temperature, °K. 514 

Ts =Temperature of surface water or ocean floor, °K. 515 

 516 

The area Ac is a small fraction of the total area Ao. The value of the overall heat transfer 517 

coefficients Uo and Uc are about equal, of the order of 2 300 J yr
-1

 m
-2 

°K
-1

 (0.3 W m
-2 

°K
-1

). Ql≈0.31 518 

x Qg and Qo≈0.69 Qg. The heat to the continents, Qj, is approximately equal to 0.3 Qg and the energy 519 

of geological activities W≈0.01 Qg. Because Qi is constant, then ∆Qo=-∆W. Or a change in the heat 520 

exchanged with the ocean water is equal to the change with opposing sign of the energy of geological 521 

activities. If surface temperature and ocean floor, Ts, increases, ∆Qo decreases and ∆W increases. 522 

Because the temperature of the solid earth is steady and the internal heat flow of the earth is constant, 523 
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the decrease in the heat to ocean, ∆Qo, is also equal to the increase in the upper mantle convection, 524 

∆Qh. Therefore ∆Qh=∆W which suggests that all of the increase in the upper mantle convection is 525 

converted to work following surface temperature rise. This does not violate the laws of 526 

thermodynamics because the process is related to an existing thermodynamic engine having a thermal 527 

efficiency η. A small increase in the heat, Qh, available at the hot temperature reservoir can be 528 

converted in full to additional mechanical work provided that the efficiency of the existing engine 529 

improves. To convert all of the annual heat increase, ∆Qh, to work, the efficiency of the tectonic engine 530 

has to improve by 0.073%.  531 

As surface temperature increases, the temperature of the ocean floor increases. The efficiency of 532 

the tectonic engine decreases with surface temperature rise. The increase in surface temperature also 533 

increases the heat, Qh, available for the forced convection cycle of the upper mantle and the cycle 534 

moves faster. Midocean ridges rise more as a result and the height of the engine chamber increases, 535 

which is observed based on Sjöberg (2004), and engine efficiency increase. Mathematics shows that 536 

variations of the engine’s efficiency, η, can be expressed by the following equations: 537 

 538 

η=Power delivered/Power supplied= F x v/(Qh per unit time)=P x A x v/(Qh per unit time) 539 

dη/dA= P x v x 3.15 x 10
7
/ Qh+(A x v x 3.15 x 10

7 /Qh) x dP/dA 540 

 η increases with an increase in the area, A, of the tectonic engine’s chamber. 541 

dη/dTs=(dη/dTc) x (dTc/dTs)=1/[4 Th (η-1)]  542 

η decreases with an increase in surface temperature Ts. 543 

 544 

Where Ts is surface temperature; P is magma pressure at midocean ridges, Pa; v is tectonic plate 545 

velocity, m s
-1

; Tc is the average temperature of the lithosphere at midocean ridges, °K; and A is the 546 
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area obtained by multiplying the length of midocean ridges by the average height measured from crest 547 

of midocean ridges to base at the bottom of the tectonic plates. The multiplier, 3.15 x 10
7
, is the 548 

number of seconds in one year. In the derivation of dη/dA, the ratio v/Qh is constant because the heat of 549 

the upper mantle convection, Qh, is proportional to the speed of the cycle, v. The slope, dP/dA is 550 

positive. The observed annual increase of surface water temperature is in the order of 0.01 °K yr
-1

 and 551 

the associated decrease in efficiency is negligible. The increase in the efficiency, based on the observed 552 

minimum rise of midocean ridges of 5 millimeters annually, is sufficient to increase the efficiency of 553 

the tectonic engine by 0.073%, required to convert all of the increase in mantle convection, ∆Qh, to 554 

additional work, ∆W. The heat rejected Qc thus can remain unchanged and ∆Qc=0. 555 

The tectonic system possesses a large inertia and it requires a long time to reach a steady state 556 

following surface temperature perturbation. For the foreseeable future, the time of surface temperature 557 

rise is small in geological terms and it is a transient period for the tectonic cycle as a whole. The 558 

scenario is different for midocean ridges because of their vicinity to magma generation, and the ridges 559 

are affected practically immediately. Their heights increase and, at midocean ridges, the lithosphere 560 

moves faster with the increase of the convection cycle. Following velocity increase, the thickness of the 561 

lithosphere at midocean ridges, Z, decreases. The changes of, Uo, and, Ao, with variations of the 562 

temperature of ocean floor are in fact equal to those of, Uc, and, Ac, respectively. The area, Ac, 563 

increases and the overall heat transfer coefficient, Uc, at midocean ridges improves as well. 564 

Consequently, the flow of the heat rejected by the tectonic engine chamber, Qc, can remain unchanged 565 

even with surface temperature rise, or ∆Qc can be equal to zero, in spite of the increase in the 566 

temperature of ocean floor. Based on this analysis of the engine’s efficiency and heat transfer, the 567 

projection of the energy of plate tectonics will consider that the heat rejected by the tectonic cycle, Qc, 568 

remains constant with surface temperature rise. 569 
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 570 

6. PROJECTION OF THE ENERGY OF PLATE TECTONICS  571 

To obtain the thermodynamic relationship that correlates surface temperature rise and 572 

geological activities, a reference baseline period of time must be defined. The baseline is the period of 573 

time prior to the onset of the Industrial Revolution 1750 as suggested by the Intergovernmental Panel 574 

on Climate Change. The equations and calculated values in Sect. 4 will be used to define the baseline, 575 

whose thermodynamic variables will be designated by the zero suffix. The following are definitions, 576 

units, and values of the variables required: 577 

 578 

Qh0=Energy of the upper mantle convection of the baseline period, 5.61 x 1019  J yr-1. 579 

Th0=Temperature of the mantle, constant and unchanged with time, 1 553.2 ⁰K. 580 

Ta0=Temperature of the ocean floor of the baseline period, which is about equal to Greenland surface  581 

        water temperature ≈274.2 ⁰K. 582 

Tc0=Temperature of the cold reservoir of the baseline period, (Ta0+Th0)/2=913.7 ⁰K. 583 

Tc  =Temperature of the cold reservoir for a desired surface temperature rise ∆Ts, (Ta0+Th0)/2+∆Ts,  584 

        ⁰K. 585 

Th  =Temperature of the hot reservoir for given surface temperature rise, constant, and it is equal to  586 

         Th0, ⁰K. 587 

W0 =Energy of geological activities of the baseline period, 1.29 x 1019 J yr-1. 588 

Qc0=Energy lost by the upper mantle convection at the cold temperature of the baseline period,   589 

         constant, and it is equal to Qh0-W0=4.32 x 1019 J yr-1. 590 

W  =Energy of geological activities for a desired surface temperature, Tc0+∆Ts, J yr-1. 591 
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Qh =Energy of the upper mantle convection for a desired surface temperature, Tc0+∆Ts, J yr-1. 592 

Qc =Heat lost by the upper mantle convection at the cold temperature when surface temperature  593 

        increases by ∆Ts, J yr-1, constant, 4.32 x 1019 J yr-1. 594 

Ta =Instantaneous temperature of ocean floor, which is about equal to Greenland instantaneous surface  595 

       water temperature, ⁰K. It is equal toTa0 plus surface temperature rise ∆Ts, ⁰K. 596 

Z0 =Average thickness of the tectonic plates for the baseline period, m. Its value is not required. 597 

Z   =Average thickness of the tectonic plates after surface temperature has risen by ∆Ts, m. Its value is  598 

        not required. 599 

t0  =Age of the tectonic plates for the baseline period, yr. Its value is not required. 600 

t    =Age of the tectonic plates after surface temperature has risen by ∆Ts, yr. Its value is not  601 

        required. 602 

v0 =Average speed of the tectonic plates for the baseline period, m yr-1. Its value is not required. 603 

v   =Average speed of the tectonic plates after surface temperature has risen by ∆Ts, m yr-1. Its value is  604 

        not required. 605 

Qh is directly proportional to v. 606 

v is inversely proportional to t. 607 

Z is proportional to t1/2. 608 

 609 

Qc is directly proportional to -(Th-Tc)/Z. The constant of proportionality is equal to 2k, where k is the  610 

weighted average value of the thermal conductivities of the solid portion of the mantle and lithosphere.  611 

The following applies for the plate tectonic system: 612 

 613 

Qh-Qc=W; Qh0-Qc0=W0. Because the earth’s internal heat rejected, Qc, is constant, then Qc=Qc0 and 614 
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W-W0=Qh-Qh0. The difference, W-W0=∆W, is equal to the increase in the geological activities with 615 

surface temperature rise. Qc is directly proportional to -(Th-Tc)/Z. Because Qc=Qc0, then (Th-616 

Tc)/(Th0-Tc0)=Z/Z0. On the other hand, (t/t0)=(v0/v)=(Z/Z0)2 and Qh/Qh0=v/v0. Therefore, 617 

Qh/Qh0=[(Th0-Tc0)/(Th-Tc)]2=X2, (Qh-Qh0)/Qh0=X2-1, and ∆W=Qh0 (X2-1). Since Th0=Th and 618 

Tc>Tc0, then X>1, and ∆W>0. Or the geological activities increases with surface temperature rise ∆Ts. 619 

 620 

The rise of midocean ridges with climate change can be calculated by knowing the projected 621 

energy of the geological events. The annual increase in geological energy is equal to ∆W, which is also 622 

equal to ∆Qh. Therefore, the height of midocean ridges can be calculated by e x (0.33 x ∆Qh+Qh)/Qh, 623 

where e=average elevation of the ridges above ocean floor, about 3 000 m based on Forsyth and Uyeda 624 

(1975). The present annual trend of the energy of geological activities, ∆W, is equal to Qh0 (X2-1), 625 

where X=[(Th-Tc)/(Th-(Tc+∆Ts))] and ∆Ts is the total increase of surface water temperature for the 626 

present warming trend. Average change of the height of midocean ridges ∆e=0.33 (∆W/Qh0) x e, 627 

where e=average height of the ridges above ocean floor. In Table 3, the projected energy of geological 628 

activities, ∆W, and average midocean ridges rise are tabulated with surface temperature. 629 

 630 

7. DISCUSSION  631 

Schubert G. (2001) summarizes the current state of tectonics understanding. Major driving 632 

forces are ridge push and slab pull, or tectonic plates themselves are the main source of their own 633 

driving force. This of course is in disagreement with the laws of thermodynamics in that plate tectonics 634 

is assumed to be perpetual motion machine, which in practice cannot exist. Energy of slab pull and 635 

ridge elevation are equalized by opposing energy of gravity forces as mantle and basalt masses rise at 636 

the opposing sides of the cycle. To overcome friction, external energy source is required based on the 637 
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laws of thermodynamics. Ridge push and slab pull can, therefore, be only effects of the dynamics of 638 

plate tectonics and cannot be causes of the motion.  639 

Mantle buoyancy at ridges is unlikely occur. Buoyancy is a thermodynamic transformation 640 

where less dense, or buoyant, thermodynamic system is enclosed by more dense surroundings. Mantle 641 

does not meet these basic thermodynamic requirements; it has practically uniform temperature and 642 

cannot be thermodynamic system and surroundings at the same time. Therefore, mantle buoyancy must 643 

be excluded as a driver. Midocean ridges are higher than trenches because of magma generation below 644 

the ridges, not as a result of mantle buoyancy. Pressure develops with magma generation and the 645 

developed pressure raises the ridges. Similar to volcanoes, they have magma chamber above which 646 

crust is uplifted. For the hypothetical scenario that mantle buoyancy is the cause of midocean ridge 647 

energy, the calculated potential energy of ridges by buoyancy considerations is significantly smaller 648 

than observed. The observed energy of ridges in J kg-1 is equal to Ep=g x (e+Z/2), where g is gravity 649 

acceleration, 9.8 m s-2; e=average height of the midocean ridges above ocean floor, about 3 000 m 650 

based on Forsyth and Uyeda (1975); and Z is basalt thickness at oceanic trenches, approximately equal 651 

to 6 000 m, Schubert G. (2001). Energy of ridges caused by mantle buoyancy would be Eb=g x α x t x 652 

∆T, where α is the volumetric thermal expansion about 3 x 10-5 K-1, Bercovici (2010); and t, is average 653 

plate thickness, m. Tectonic plate thickness is negligible at midocean ridges and approximately equal to 654 

125 000 m at trenches, which yields to average thickness t=62 500 m. ∆T is the maximum temperature 655 

difference between average plate temperature at ridges, 1 553.2 ⁰K, and that at trenches, 923.2 ⁰K. ∆T 656 

is about equal to 630 ⁰K. Sources of the data used in this section are provided in the Sect. 3 and Sect. 4. 657 

The observed energy of midocean ridges Ep=58 800 J kg-1 and the hypothetical energy of ridges that 658 

would be caused by mantle buoyancy Eb=11 530 J kg-1 at the most, because the used ∆T is the 659 
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maximum possible. The calculated hypothetical energy of midocean ridges that would be caused by 660 

mantle buoyancy Eb is too small and cannot be the cause of the observed energy of ridges Ep. 661 

The tectonic engine presented in this manuscript, in principle, resembles thermodynamic 662 

engines successfully in operation. In general, there is a correlation between mechanical work 663 

exchanged and latent heat of phase change of cycle medium. Similarly, there is a relationship between 664 

basalt latent heat of melting and work produced. In a complete cycle, enthalpy and potential energy 665 

variations of lithosphere and mantle are about negligible. The lithosphere undergoes transformation 666 

from cold and solid rocks to hot mantle, which in turns partially melts. It then solidifies and cools to 667 

produce the starting lithosphere and the cycle repeats. The only change that occurs in a complete cycle 668 

is lithosphere phase change and mechanical work produced, which is equal to the energy of geological 669 

activities. Therefore, the net mechanical work of plate tectonics is equal to the latent heat of basalt. This 670 

conclusion is demonstrated mathematically and numerically between lines 333 and 407. Accordingly, 671 

Table 1 is prepared and energy and forces of plate tectonics calculated.  672 

Plate tectonics as a thermodynamic engine satisfies all requirements of the laws of 673 

thermodynamics, thus qualifies to be the driving force. First, external energy required is available, it is 674 

mantle heat; second, system and surroundings are clearly defined; third, cycle medium exists and it is 675 

basalt; and fourth, the means to convert mantle heat into mechanical work is also available, they are 676 

engine chambers at midocean ridges.  677 

Ridge push and slab pull are only effects of the magmatic process of tectonics, they cannot be 678 

drivers. As effects, they can be used to calculate the magnitudes of the cause such as force and energy 679 

of plate tectonics. However, the calculated values using ridge push and slab pull do not vary with the 680 

observed small variations of surface temperature. Likewise, large-scale mantle convection is unlikely to 681 

vary for the lithosphere is too thick. Therefore and based on the current tectonics understanding, no 682 

correlation can exist between the observed surface temperature rise and geological activities. This is not 683 
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the case when the tectonic system is analyzed as a thermodynamic engine. Energy of plate tectonics 684 

increases with surface temperature rise. 685 

  686 

8. CONCLUSIONS 687 

The thermodynamic cycle of plate tectonics is a reflection of the magmatic processes that 688 

occurs deep in the mantle. Therefore, calculations of the geophysical parameters of this thermodynamic 689 

cycle must agree with rock phase diagram, experiments, and observations. The calculated mantle partial 690 

melting agrees closely with observations. Yoder (1976) estimated that the degree of mantle partial 691 

melting is 30% based on experiments and observations, which yields to a latent heat of magma melting 692 

of approximately 169 800 J kg-1 calculated at mantle’s pressure. Thermodynamics shows that the latent 693 

heat of magma melting is approximately equal to 181 100 J kg-1. The two are close within 6.0%. Based 694 

on thermodynamics, the maximum Carnot theoretical efficiency of the tectonic engine is 0.41. This 695 

indicates that the maximum mantle partial melting is 53%. In reality, this theoretical partial melting can 696 

never be achieved. Based on observation and experiments, Yoder (1976, p. 112 and 113) concluded that 697 

the maximum degree of mantle rock melting is about 50% by volume, which is approximately equal to 698 

45% by weight. The maximum theoretical value calculated based on Carnot cycle, 53%, is 18% greater 699 

than the observed at the most. The actual maximum value of the degree of melting will be less than 700 

53% but greater than 30%, in reasonable agreement with the observed 45%. Therefore, 701 

thermodynamics agrees closely with rock phase diagrams, experiments, and observations. 702 

The calculated forces of the plate tectonic system compare closely with those published in the 703 

peer-reviewed literature. McKenzie (1969) estimates the total force of slab pull to be of the order of 704 

12.5 x 1012 sin (45⁰)=8.8 x 1012 N m-1 for spreading velocity of 10 cm yr-1. Forsyth and Uyeda (1975) 705 

estimate of the energy of ridge push is nearly 8.0 x 1018 J yr-1 at the assumed floor spreading of 5.6 cm 706 



 
Page 31 of 44 

yr-1. The calculated total force is 5.38 x 1012 N m-1 and the calculated energy of midocean ridged 707 

using thermodynamics is 33% of the total energy, approximately equal to 4.3 x 1018 J yr-1 for 708 

spreading velocity of 4 cm yr-1. These values are of the same order of magnitude of those calculated by 709 

McKenzie (1969) and Forsyth and Uyeda (1975). They differ by data source. If spreading velocity is 710 

made the same, 4 cm yr-1, the agreement becomes even closer. The calculated weighted average force 711 

of compression of the tectonic system, 5.38 x 1012 N m-1, produces an axial stress of about 0.43 kbar, 712 

which compares with 0.3 kbar used by Forsyth and Uyeda (1975). From Table 1, the calculated 713 

weighted average of the energy of the tectonic engine is about 1.29 x 1019 J yr-1, and in Table 2 the 714 

observed radiated energy by the seismic events is approximately equal to 7.66 x 1018 J yr-1 based on 715 

the United States Geological Survey, Earthquakes Facts and Statistics/Earthquake Archive Search. The 716 

two figures are of the same order of magnitude and they suggest that the radiated seismic energy is 717 

approximately equal to 60% of the total energy released by plate tectonics, a reasonable agreement 718 

between calculations and observations. 719 

The calculated present annual trend of geological activities, at least 1.0 x 1017 J, is of the same 720 

order of magnitude of the observed present annual trend of 3.0 x 1017 J, Fig. 6. The actual increase of 721 

the temperature of ocean floor is greater than average surface temperature used in the calculations, for 722 

sea temperature rise of the northern latitudes, which is unavailable, is greater than average. If the actual 723 

increase of ocean floor temperature is used instead, the calculated annual trend will approach closer to 724 

the observed one. The calculated present annual rise of midocean ridges of 16.0 mm is in agreement 725 

with the observed annual rise of 5-20 mm, Sjöberg (2004) and Árnadóttir (2009). 726 

Volcanic events are on the rise as well. Using the Smithsonian Volcano Research Database and 727 

sampling every five years, the volcanic activities have an increasing trend with time. The following is 728 
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an annual average per two decades of the samples: From 1990 to 2010, the annual average number of 729 

volcanoes is 65; from 1970 to 1990, the annual average number of volcanoes is 56; from 1950 to 1970, 730 

the annual average number of volcanoes is 52. This observed increase of geological activities is 731 

predicted by thermodynamics presented in this manuscript. 732 

Based on these agreements with observations, experiments, and the work of others on tectonics, 733 

it is fair to conclude that the plate tectonic system is a thermodynamic engine that has engine chambers 734 

and mechanical components. The geophysical variables of this engine can be calculated by the 735 

traditional thermodynamic equations. This provides another method of calculating tectonics, sensitive 736 

enough to small variations of surface temperature. The geological activities can be calculated at the 737 

global and regional levels. Accordingly, a suggested projection of the geological activities with surface 738 

temperature rise is presented in Table 3. 739 
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Table 1. Calculated annual average energy dissipated by plate tectonics at different sea floor spreading 845 

rates. (a) for an average ocean crust thickness of 6-7 km at midocean ridges, ( b) for an average ocean 846 

crust thickness of 15 km at midocean ridges. 847 

a) 848 

 849 

 850 

 851 

 852 

 853 

 854 

b) 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

Annual sea floor Length of mid-  Mantle latent heat Mantle melting Ocean crust density Ocean crust thickness at  Energy to tecto-
spreading, mm ocean ridges, km of fusion, J/kg percent kg/cubic meter midocean ridges, km nics, J/yr

20 60,000 565,973 30 2940 6.5 3.894E+18
30 60,000 565,973 30 2940 6.5 5.841E+18
40 60,000 565,973 30 2940 6.5 7.787E+18
50 60,000 565,973 30 2940 6.5 9.734E+18
60 60,000 565,973 30 2940 6.5 1.168E+19
70 60,000 565,973 30 2940 6.5 1.363E+19
80 60,000 565,973 30 2940 6.5 1.557E+19
90 60,000 565,973 30 2940 6.5 1.752E+19
100 60,000 565,973 30 2940 6.5 1.947E+19

Annual sea floor Length of mid- Mantle latent heat Mantle melting Ocean crust density Ocean crust thickness at  Energy to tecto-
spreading, mm ocean ridges, km of fusion, J/kg percent kg/cubic meter midocean ridges, km nics, J/yr

20 60,000 565,973 30 2940 15 8.985E+18
30 60,000 565,973 30 2940 15 1.348E+19
40 60,000 565,973 30 2940 15 1.797E+19
50 60,000 565,973 30 2940 15 2.246E+19
60 60,000 565,973 30 2940 15 2.696E+19
70 60,000 565,973 30 2940 15 3.145E+19
80 60,000 565,973 30 2940 15 3.594E+19
90 60,000 565,973 30 2940 15 4.043E+19
100 60,000 565,973 30 2940 15 4.493E+19
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Table 2. Observed annual number of earthquakes, obtained from the United States Geological Survey, 870 

Earthquakes Facts and Statistics/Earthquake Archive Search. The energy radiated is calculated by      871 

Log (Es)=4.8+1.5 Ms, where Es is the seismic energy in Joules and Ms is the magnitude of the 872 

earthquake. 873 

 874 

 875 

 876 

 877 

 878 

 879 

Table 3. Suggested trend of the energy of geological activities with surface temperature rise. The 880 

baseline year is 1750 at which year surface temperature rise is zero and trend of geological activities is 881 

zero. Average height of midocean ridges is 3 000 meters for this baseline year. The source of surface 882 

temperature trend is the average of the scenarios as projected by the Intergovernmental Panel on Climate 883 

Change, Climate Change 2013: The Fifth Assessment Report, AR5, Fig. SPM.4 (b).  884 

 885 

 886 

 887 

 888 

 889 

 890 

Earthquake 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Avera-                      Enegy  radiated Average annual 
Magnitude  ge                    J energy radiated,

Limits L. limit U. Limit J
8.0 to 9.5 1 1 0 1 2 1 2 4 0 1 1 1.3 6.31E+16 1.12E+19 7.18E+18
7.0 to 7.9 14 15 13 14 14 10 9 14 12 16 23 14.0 2.00E+15 4.47E+16 3.27E+17
6.0 to 6.9 146 121 127 140 141 140 142 178 168 144 151 145.3 6.31E+13 1.41E+15 1.07E+17
5.0 to 5.9 1,344 1,224 1,201 1,203 1,515 1,693 1,712 2,074 1,768 1,896 2,200 1,620.9 2.00E+12 4.47E+13 3.78E+16
4.0 to 4.9 8,008 7,991 8,541 8,462 10,888 13,917 12,838 12,078 12,291 6,805 10,164 10,180.3 6.31E+10 1.41E+12 7.51E+15
3.0 to 3.9 4,827 6,266 7,068 7,624 7,932 9,191 9,990 9,889 11,735 2,905 4,341 7,433.5 2.00E+09 4.47E+10 1.73E+14
2.0 to 2.9 3,765 4,164 6,419 7,727 6,316 4,636 4,027 3,597 3,860 3,014 4,626 4,741.0 6.31E+07 1.41E+09 3.50E+12
1.0 to 1.9 1,026 944 1,137 2,506 1,344 26 18 42 21 26 39 648.1 2.00E+06 4.47E+07 1.51E+10
0.1 to 0.9 5 1 10 134 103 0 2 2 0 1 0 23.5 8.91E+04 1.41E+06 1.76E+07

Total 7.66E+18

Description/Year ending 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Basline year is 1750, Tc for  

1750 is equal to 913.7 ⁰K

Surface temperature rise, ⁰C 0.55 0.60 0.65 0.80 1.00 1.20 1.41 1.63 1.88 2.18

Temperature  of the cold 914.25 914.30 914.35 914.50 914.70 914.90 915.11 915.33 915.58 915.88

reservoir, Tc, ⁰K

Annual energy trend, J 9.66E+16 1.05E+17 1.14E+17 1.41E+17 1.76E+17 2.11E+17 2.48E+17 2.87E+17 3.31E+17 3.84E+17

Observed  increase of the 3.00E+17

annual average, J

Annual average spreading of 4.000 4.008 4.008 4.010 4.013 4.015 4.018 4.020 4.024 4.027

ocean floor,  cm/yr

Average rise of  midocean 1.72 1.88 2.03 2.50 3.13 3.76 4.42 5.11 5.90 6.85

ridges,  m

Annual rise of  midocean 6.6 15.7 15.7 47.0 62.8 62.8 66.0 69.2 78.8 94.6

ridges,  mm/yr

Observed annual rise of   5 -20 15 -20         

midocean ridges,  mm/yr
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 900 
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 903 

 904 

 905 

 906 

 907 

 908 

 909 

Fig. 1. (a) A schematic of sea floor spreading at midocean ridges and a subduction zone, not to scale, 910 

based on Floyd (1991, p. 31 and 127). (b) a free body diagram of the oceanic plate 1. The plate is 911 

subjected to a large force of compression, F. 912 
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 934 

 935 

 936 
Fig. 2. (a) A schematic representation of the tectonic thermodynamic cycle on the enthalpy-937 

concentration diagram and (b) on the temperature-entropy diagram. Details are explained in Sect. 4. 938 
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 947 

 948 

 949 

 950 

 951 

 952 

 953 

 954 

 955 

 956 

 957 

Fig. 3. A schematic cross section North-South of land and ocean, not to scale. The thermohaline 958 

circulation links surface water temperature with the temperature of ocean floor. The temperature of 959 

ocean floor is equal to surface water temperature of the high latitudes of the northern hemisphere. The 960 

circulation brings the earth’s internal heat exchanged with sea water, Qo, to surface where it is 961 

evaporated.  962 
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 974 

 975 
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 977 

 978 

 979 

Fig. 4. A schematic of midocean ridges as tectonic engine chambers based on P. A. Floyd (1991 p. 31 980 

and 127), not to scale. Midocean ridges enclose engine chambers that convert mantle heat, Qh, to work. 981 

Pressure is produced following mantle partial melting underneath the ridges, which raises the ridges 982 

that act as pistons of engine chambers. The mature plate at location 3, conveys the work produced, W,  983 

to oceanic trenches, Fig. 1 and Fig. 5, where the work is released as seismic and volcanic activities.   984 
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 1008 

Fig. 5. A schematic of oceanic plates 1 and 2, continental plate, and distribution of the earth’s internal 1009 

heat. Symbols are defined under Sect. 5.  1010 
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 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

Fig. 6. Observed trend of the annual energy radiated by earthquakes between the years 2000 and 2013 1026 

in Joules. Source: United States Geological Survey, Earthquakes Facts and Statistics/Earthquake 1027 

Archive Search. The annual increase is 3.0 x 1017 Joules.  1028 
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