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Abstract-Convection of the upper mantle drives the tectguiimtes. This convection is a thermodynamic cyclat th
exchanges heat and mechanical work between mamdlgéegtonic plates. Thermodynamics and observaiiugisate that
the energy of the geological activities resultingnii plate tectonics is equal to the latent heatnefting, calculated at
mantle’s pressure, of the new ocean crust regesteetmidocean ridges. This energy varies withtehgperature of ocean
floor, which is correlated with surface temperatufe main objective of this manuscript is to destmte that plate
tectonics is a thermodynamic engine and can bailedéad as such. Unlike existing tectonic models, tthermodynamic
model is very sensitive to variations of the terapgne of ocean floor, which is correlated with aogf temperature.
Therefore, the observed increase of geologicalities can be projected with surface temperatige. iDther objectives of
the manuscript are to calculate the force thatedrithe tectonic plates, estimate the energy releas®l validate the
calculations based on experiments and observatior&ldition to the scientific merit of projectitige geological activities,
a good projection can have a border impact atdbetal and economical levels. Investment and anste related decisions
are affected by climate change, and our abilityptoject the geological activities is of paramoumportance for the
economy and public safety. This work can thus j®vools to assess the risks and hazards asabeidte the trend of
geological activities with surface temperature.riseywords: force, energy, thermodynamics, platéotgcs.

1. INTRODUCTION

Mantle convection as a possible cause of the motion of the tectomés amentioned in
McKenzie (1969), who said that “thermal convection in some form it source of sufficient
energy.” Attempts to explain how the large-scale convection of drglenactually drives the tectonic
plates is an ongoing research subject. A partial list ofeelgublications include Grigné (2005),
Bercovici (2002), Schubert (2004), and Bercovici (2010). They suggeghtehkarge-scale convection
of the deep mantle drive the tectonic system. Other publicatiguest that smaller-scale convection
of the upper mantle contributes to the dynamics of plate tectdrese include Jarvis (1981), Zandt
(1993), Fu Rong-shan (2005), and Parsons (1978). Lenardic (2008) explores possibktween

climate change, mantle convection, and tectonics. These cited pafenence a large number of
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publications that can be referred to for further reading on the subject of n@mtérton.

Generally the available publications attempt to find a relatipnsetween mantle convection
and motion of the tectonic plates. Mantle plumes are thought tofrase the deep mantle and
thermochemical plumes, A. A. Kirdyashkin (2013), interact with neaftde convection. Convection
cells are generated that provide the energy and power reqoickt/é¢ the tectonic plates. The upper
mantle convection is thought to be limited to the thermal boundary tlageoccurs at the lithosphere-
asthenosphere boundary and at the bottom of the upper mantle. This upper coamdction is
assumed to be made of many cells, Parson (1978), that maintainscah iabthermal region below the
lithosphere. In this scenario, the driving force is not associatéd smnall-scale convection; it is
assumed that buoyancy forces localized at ridges and ocean gré¢hahenaintain the motion of the
tectonic plates. A. A. Kirdyashkin (2014) calculates the foroewthich the plates are subjected in
subduction zone as a result of mantle convection. Others use is@stasiple and dynamic
equilibrium to calculate the force and energy of plate tectonies. CRlculated force and energy of
tectonics using these methods do not vary significantly with thpaeature of the ocean floor and they
cannot be used for projecting the observed increase of geologisdiesctvith surface temperature
rise. The temperature of ocean floor is correlated with surfeater temperature through the
thermohaline circulation.

There appears to be no discussions in the literature suggestingpléte tectonics is a
thermodynamic system driven by forced convection of the upper miioti@re there publications that
calculate the tectonic system by the traditional thermodyneaquations. Backus (1974) suggested the
possibility that the earth contains at least two heat engindsFrank D. Stacy (2008) assumed the
mantle as heat engine. However, forced convection of the uppeensgsnbt mentioned as a possible
thermodynamic cycle that drives the tectonic system. Thia i®rced convection driven by a

thermodynamic engine as opposed to the natural convection commonlgsadidire the literature. The
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tectonic plates, or ocean crust, is forced into ocean trenches andrdowimei asthenosphere, where it
is melted, or destroyed, then recycled to midocean ridges. The cbidaare oceanic plates exchange
heat with mantle as they sink into the earth’s interior. They becpant of the mantle and their
temperature increases substantially. As required by massreainse, the mantle rises at midocean
ridges locations and partially melts to form magma thawvdlaip to the crests of the ridges. The
pressure increases following mantle partial melting and tloe fofrpressure raises midocean ridges. At
the crest of midocean ridges, magma cools and solidifies émeegte new ocean crust, thus releasing
latent heat of solidification to the enclosed magma in the riddes d&veloped pressure at midocean
ridges drives the tectonic plates and spread them apart. Agwthecean crust matures with time, it is
then driven into the trenches and the cycle repeats. During thisdtignamic cycle, heat and work are
exchanged between mantle and the surrounding tectonic plates of thie dtdteasphere. The resulting
work exchanged dissipates as geological activities. Asbgillemonstrated, the forced convection of
the upper mantle removes approximately 3.7% of the total internbbrarated in the earth’s core.
The larger-scale and natural convection of the mantle removesahdst internal heat generated,
approximately 96.3/% of the total. While this larger convection doe¢svary appreciably with the
temperature of the ocean floor, the forced convection of the uppelentimes vary to maintain the
temperature of the solid earth constant with variations of the tatope of ocean floor. This
temperature is correlated with surface temperature thrdwggthermohaline circulation. Therefore, the
energy exchanged in the upper mantle convection is variablesurtiice temperature and the energy
of geological activities varies as a result. Presently,asartemperature is increasing with climate
change and the temperature of ocean floor is increasing. Thectionvef the upper mantle must
increase to remove heat that otherwise would accumulate in tdeeagh. Consequently, the work of
plate tectonics, or geological activities, increases in tha fafrincreased seismic activities, volcanic

events, and rise of midocean ridges. Observations are in agreement.
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Unlike existing tectonic models, the proposed thermodynamic modekimtmuscript has the
advantage of being very responsive to slight variations of the tatnpe of ocean floor. This model
thus can be used to project the observed increase of geoladicaies with surface temperature rise.
Other existing models are not sensitive enough to project the geologivalescti

The objective of this manuscript is to calculate the driving €foof plate tectonics using
thermodynamics; estimate the energy released; validatecaloellations based on experiments,
observations, and the work of others; and project the energy of tirits with surface temperature

rise resulting from climate change.

2. MODEL, ASSUMPTIONS, AND DATA

The proposed model consists of applying the laws of thermodynamiexisting models of
plate tectonics that are available in literature. Figure & schematic plate tectonics representation
based on Floyd (1991, p. 31 and 127). Part of the earth’s internal heet,eQchanged through the
oceanic lithosphere, ocean crust and the solid and rocky part of the mpp#de, which will be
assumed to constitute the tectonic plates. A mass MO of oceatdclpls forced convected into the
ductile part of the upper mantle and asthenosphere, which will cedlscbe referred to as upper
mantle. MO is melted, or destroyed, and becomes part of the mauitlsirsks into the earth’s interior.
Simultaneously and as required by mass balance, a smallerammagss, M, rises from the mantle to
midocean ridges following the partial melting of the upwellmgntle as it decompresses. The melt,
which is assumed to be basaltic magma, flows upwards under hggureand solidifies to form a
new ocean crust above the mantle, shown as the shaded area of &jigarid(sea floor spreading
occurs in the process. This sea floor spreading, or plate tectonatgin, is caused by the large
pressure developed during magma generation deep in the mdatlenbidocean ridges, and there is a

correlation between magma pressure and the degree of magnmgnidie ductile portion of the mass
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MO, or the mantle, that does not melt is recycled internallyyif®, the moving mantle and plates, and
the heat of convection associated with this motion is rejectecddanoby conduction through the
lithosphere. With this heat rejection, the temperature of thernieciplates and recycled mantle
decreases, and the ductile mantle and plates harden. Plate theskimessease as they spread away
from midocean ridges. With time, the tectonic plates mature anfilith@ass MO is regenerated and
the cycle repeats. In the process energy is removed fronattieéseinterior to the surrounding ocean
and continents.

The lithosphere consumption and recycling converts the lithosphere fomks rinto
mantle/asthenosphere consistency. Heat is removed by forced comventn the earth’s interior to
the surroundings, and the process is treated as a thermodyngotac I€ the earth’'s subsystem
enclosing the ductile part of the upper mantle including the retyokmntle, R, is considered as the
thermodynamic system and tectonic plates as the surroundingspantashheat, Qh, is removed from
the earth’s interior by upper mantle forced convection at theehgpdrature Th. An amount of heat,
Qc, is rejected by the mantle to the surroundings at the cold tatmeTc, which is reasonably equal
to the average temperature of the moving mantle and plates. Themrt#e Qh-Qc, is converted to
work that drives the tectonic plates. As will be demonstrates ,vibrk is equal to the latent heat of
solidification of basalt, mass M, regenerated at midocean ridgesti@usork of midocean ridges
themselves. Also, this work is equal to the latent heat of meadfitige mass, M, of basalt calculated at
the conditions of the deep mantle below midocean ridges.

The availability of convertible heat or energy to work is a necessary iondiit insufficient to
obtain mechanical work. The means to convert this heat into meahamk must also exist. Based
on Floyd (1991, p. 31 and 127), the uplifted lithosphere at midocean riddesesnmagma chamber
located beneath the ridges. This lithosphere and tectonic pfaiearao act as pistons and piston rods

that convert the available magma heat at high pressure intoameal energy. Under pressure, the
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lithosphere at midocean ridges expands above ocean floor and somerarthei® stored temporarily
in the form of potential energy. This energy is released in full when the platbso@zan trenches.

Like other thermodynamic cycles, the tectonic engine hake eyedium, and the medium is
basalt. It is cold rocks at the temperature of the oceah@sphere and hot molten magma deep in the
mantle. The phase change of basalt in a complete cycle is paocma by heat and mechanical work
exchanged between the hot mantle and colder lithosphere. The masscgtlthenedium remains
practically unchanged in the process.

The laws of thermodynamics apply to the plate tectonic engingheydare utilized in the
energy analysis. Although the tectonic plates are consumed incitespr they are regenerated in kind.
Over the years, the system, as defined, exchanges heat onlysvathiroundings tectonic plates and
matter is not exchanged. The system can be reasonably considered as alos®tytiznic system.

Magma generation is discussed in Yoder (1976), which provides thecahpsoperties of
basaltic rock and basaltic magma. They include specific gravityldestisength, shear fracture, specific
heat, latent heat of melting, thermal conductivity, phase diag@mismagma generation model. The
data and model are used in this manuscript. Given the large ratextohic plate dimensions to
thickness, they are represented as a hair line in Fig. 1b. Tledpptied on these plates is practically
axial, and the plates are subjected to compression. This force thwesceanic plates under the
overriding continental plates and considerable heat of frictiorouged between the mating surfaces.
If for one reason or another the plates at the subduction zonestafiee to move, the plates can
buckle under the large force of pressure, F, thus storing massive aafoemergy, similar to that
stored in a spring. The stored energy can be released instattily iorm of geological activities. The
net effect of this process is that earth’s internal heednserted to work, or geological activities, and
this work dissipates as heat in the continents. The heat is thiatechby land and earth’s internal heat

relived.
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Because the young plates regenerated at midocean ridges are til, aod relatively thin,
major seismic events are less likely to occur in the \icioi these ridges. The activities are expected
to be more pronounced in locations where the plates approach maturity for theykaaedhicittle.

Sea brine will inevitably seep into the earth’s interior wita sinking of the oceanic plates.
Because the brine is neither part of the system as defined hof ga surrounding tectonic plates, the
heat exchanged with sea water must not be considered in the tigaemuod cycle of plate tectonics.
The heat exchanged with sea water is a separate cooling cycle of the iagatior.

For this suggested thermodynamic model, the temperature of theadhds considered to be
steady based on Jacobs (1953). This and other studies suggest graptdrature of the solid earth has
cooled by less than 20& in one billion years. For all practical purposes, a steadyedemyre of the
solid earth and constant internal heat flow are reasonable assasngthis assumption is fundamental
and our observations confirm its correctness. Presently, the teorpesocean floor is increasing at

about the rate of surface temperature rise, Purkey and Johnson (2€si0iAg that the linear thermal

expansion of earth’s crust is about 5.4 81w and surface temperature rise of the order of 0.007 °C

annually, then the change in the earth’s radius would be equal to about 68@018M.007 x 5.4 x

10% =24.1 cm annually, which is not observed. Therefore, no heat accumwators in the solid

earth with the observed increase of the temperature of oceanTimoearth’s internal heat that would
accumulate is removed steadily in the form of increased geologicatiastas observed.

A small increase in the temperature of sea brine adheringcéanofloor affects the
thermodynamics of midocean ridges, which are engine chamberdemiperature of ocean floor is
correlated with the temperature of surface water through hieembhaline circulation; it is
approximately equal to the temperature of surface waterhef high latitudes of the northern

hemisphere, which is presently on the rise with climate chargmauBe the temperature of the solid
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earth is unchanged with time, the earth’s internal heat mugjdted constantly and steadily. This is
accomplished by increasing convection heat transfer in the uppelemahtch removes heat that

otherwise would accumulate in the earth. Consequently, the thermoayoyete of the plate tectonic

engine per unit time increases and the work produced, which is eqtia tenergy of geological

activities, increases simultaneously. By knowing the trend da&itemperature, the energy of the
geological activities can be projected with time.

To validate this work, experimental and observed data are utiliteddata include degree of
mantle melting, observed radiated energy of earthquakes, and treimnel gédlogical activities with
climate change. These encompass radiated energy of earthqiskes$ midocean ridges, and increase
of volcanic events. Also, the calculated compressive stress, famdeenergy of plate tectonics are

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

3. BASALTIC MAGMA GENERATION AND DEVELOPED PRESSURE

The model schematically presented in Fig. 1a, which is not to scale, assuinties #maual rate
of magma produced, M, is considerably smaller than the mass ohanagcumulated in the magma
chamber. Therefore, the flow of magma from its generation poitiheogpoint of solidification at
midocean ridges is considered to occur at constant volume. Sitoildre observed volcanos, a
sufficiently large magma chamber can produce force largegbrntouuplift and shear the lithosphere at
midocean ridges and split and spread the mantle apart. The displan#d cools as it spreads away
and it is replaced in kind following the loss of heat by conductiohdgamtean. The pressure generated
due to magma melting thus provides steady and sustained force that driveothe péates.

The pressure produced as a result of magma partial meltihg oleep mantle below midocean
ridges is large, of the order of 34 600 bar, which can be cadulasing the equations of

thermodynamics. Equation 4-148, Sect. 4, Thermodynamics, of Perry aad (884) will be used.
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The equation follows:

dS=Cp dT/T-§V/ aT)ID dP
dS=dQ/T
Where

S = Entropy of the system in consideration, leg'l.

Cp = Specific heat of the system at constant pressuré,lj’ll(&.

T = Temperature of the syste?i.

V =Volume of the system, ﬁ/Kg'l.

P = Pressure of the system, Pa.

Q = Heat exchanged, J 7%9

The heat is positive if gained by the system, whereas the work is negativeafateby the system.

The equation is valid only at sites of magma generation whandélenand magma coexist. As
the magma rises away and segregates from the remaining lied-meantle, the equation ceases to
apply. Assuming that the rising mantle deep below midocean redgtee system, the mantle partially
melts to form magma as it decompresses on its way up. Thi@gnatcurs at about the temperature of
the rising mantle, T, and the temperature change dT duringnmedtitoo small compared with T,
Yoder (1976, p. 65). The term Cp dT/T can therefore be neglectedtifimraquation. The melting
occurs adiabatically and the heat exchanged, Q, is in fact eqgtin tatent heat of mantle melting for
there is no other source of heat to exchange with the mantle. @ hagative sign because it is
removed from the mantle, the thermodynamic system in consider@tienequation simplifies to the

following equalities:
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-d(Lfs)/T=-(dV/ oT), dP; and d(Lfs)={V/ oT), x T xdP

Where Lfs is the latent heat of fusion of the mantle, 'j‘.K[:his heat of melting varies with the

degree of mantle melting as magma forms.

The motion of the plate tectonic cycle occurs "infinitesimailyth time. At an infinitesimally
decreasing pressure, the total volume of the mantle and magreases infinitesimally over the
melting temperature range as the mantle decompresses wayitup. For the last equation and at a
constant pressure, the volume, which is a continuous function of tperaore, can be developed in a

Maclaurin’s series as follows:

V(T)= V(TO)+[dV/dT]rox dT+R

Where [dV/dT}o , which is constant, is the slope of the function V(T) calculatedeatnitial
melting temperature TO, and R is a remainder that can be tezfjfec infinitesimal change, which is
the case. Because of the slow nature of the process, [dY/@Ttonstant that applies throughout the

melting temperature range dT. At constant pressure, V(T)-V(TOHaW/dT]to x dT and

dVv/dT=[dV/dT}re=(aV/ OT)p:C=constant. The value of the constant, C, is approximately emjtiaé t

volume change of the melt per one degree Kelvin. ThereWde)p x T is reasonably equal to the

total change in the volume of mantle when it melts completelyaatlais temperature, T, and mantle

pressure, P. At 0% degree of magma melting, which is assunieliasaltic magma, d(Lfs)=0. The

term @EV/ aT)ID x T is approximately equal to the volume change when basatticmelts, and it is

known, Yoder (1976, p. 94). Basaltic rock melts at high temperature anblilmme of the melt
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252 increases by 0.049 cénper gram, or approximately 14.4% increase by volume, assuminghthat t
253 specific gravity of basaltic rock is 2.94, Yoder (1976, p. 94). Thigjisvalent to 4.9 x 18 M3 kg'l.
254 i i o3 kot - 5

Therefore, §V/ aT)p x T is approximately equal to 4.9 x TM~ kg ~ and d(Lfs)=4.9 x 10 x dP. The

255 change in mantle pressure at melting can be calculated by integrasitestrequality as follows:

256

257 AP=2.04 x 16 x ALfs=2.04 x 10 x f x Lfs

258

259 Where, f, is the degree of mantle melting expressed as pdraetion. If =0, ALfs=0 and
260 ApP=0, and if the degree of melting is equal to, f, thew2.04 x 16 x f x Lfs. For the mantle, Yoder
261 (1976, p. 107) suggests a partial magma melting of 30% (f=0.3) and 13@.'21 fral the latent heat of
262 pasaltic rock melting corrected for mantle pressure, Yoder (3278). The value of the latent heat is
263  equal to 135.4 (cal Y x 4.18 (J caf) x 1 000 (g kg)=565 972 J kd. At 30% magma partial
264 melting, f x Lfs=0.3 x 565 972=169 792 JkgandAP=169 792 x 2.04 x f0=3.46 x 1§ Pa, which is

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

266 mantle partial melting of 30% and the latent heat of magmangedfi 169 792 J k'é as suggested by

267 voder (1976) are reasonable. The developed pressure following maimte decompression, and its

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

269

270 4. TECTONICS AS A THERMODYNAMIC CYCLE

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

272 thermodynamic cycle is drawn on the enthalpy-concentration diadgrmm?2 (a). The corresponding
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idealized Carnot cycle is presented in Fig. 2 (b), temper&f)rentropy (S) diagram. Figure 2 (a),
which is not to scale, is a window of a simplified rock phaserdmghowing basalt generation from
the mantle. The basis of Fig. 2 (a) construction is Yoder (1975)4Hgpage 65; Fig. 5-4, page 93;
and Fig 8-10, page 149.

Referring to Fig. 1 and Fig. 2, the mature tectonic plate rock®iat 4 having mass MO are
made of two components: mass M, which is cold and solid basalt,eagdled mantle, R. Their
combined composition is XMO and it is represented by point MO, whiclsasegual to point 4. This
mass is forced convected into the mantle/asthenosphere to pointr8,itnkesubjected to considerable
pressure, from approximately ocean floor pressure of 350 barsnatdptm point 3 having pressure in
excess of 36 400 bars. Rock average temperature increases frorhididjsrapproximately equal to
Tc, to Th, deep in the mantle. On the T-S diagram, this transfamegirepresented as adiabatic
compression from point 4 to point 3. As required by mass conservatiomathtée rises upwards to
point 2 and the pressure decreases to P2, to approximately 5 000 barsingalhis decompression,
the mantle at point 3 partially melts to produce liquid basalspMsr point 2, and the balance of un-
melted mantle R, which is slightly cooler than the paternal marfthe total volume increases
following mantle partial melting. Segregation of liquid magmaai, R, occurs and basaltic magma
accumulates in the magma chamber. This transformation is rege@dmnthe isothermal expansion
between point 3 and point 2 on the T-S diagram, and the heat, Qh, is exchanged. Under pretsire and
released latent heat of basalt solidification, magma chantdped lexpands from point 2 to point 1.
This is represented as the adiabatic expansion from point 2 to pafithé T-S diagram, and the work
of plate tectonics, Wc, is produced. Finally, the solidified basadss M, at point 1 cools to
approximately surface temperature, point 4’, which is then combinédhétrecycled mantle, point R,
to regenerate the starting mass MO at point 4 and the cgpkats. This last transformation is

represented on the T-S diagram by an isothermal cooling from ptonpdint 4. Heat, Qc, is rejected
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during this transformation. The maximum theoretical work produced by the CarteidgsQh-Qc.
The first law of thermodynamics can be used to analyzestitertic thermodynamic cycle. The
law and its related equations are presented in Sect. 4, Theramtg, of Avallone and Baumeister

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

dQ=dU+dw
H=U+PV
Carnot cycle’s theoretical efficiency=1-Qc/Qh=1-Tc/Th

Thermal efficiencys =1-(Tc/Th)1/2

W=Qh xn

Where

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

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

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

P =System pressure, Pa.

V =System volume, M

H =System enthalpy, J.

Qh=Heat input into the system at the temperature of the hot reservoir, J.
Qc=Heat rejected by the system at the temperature of the cold res&rvoir
Th=Temperature of the hot reservoir supplying @,

Tc=Temperature of the cold reservoir receiving Qc,

The heat is positive if gained by the system, whereas the work is negativeafateby the system.

Selection of system and surrounding is important in order to obtaidetsieed geophysical

Page 13 of 44



321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

guantities. Cycle medium is the recycled mantle, R, and basalf,tihe system is assumed to be this
cycle medium, the surroundings are lower mantle, ocean, and overridieg. ffor this selection, the
cold temperature Tc is equal to surface temperature, Ts. ©He exchanged with the surroundings
includes an undesired fraction exchanged with the lower mantle.s€hastion of thermodynamic
system is inadequate for the objectives of the manuscript. Thesetgattion for the system is the
sphere enclosing the mantle including the recycled mantle, Rsy$liem has tectonic plates only as
surroundings and basalt as cycle medium. The work exchanged is wWiathothe tectonic plates are
subjected, which is also equal to the sought energy of geologitigities. The value of cold
temperature Tc for this system will be greater than thatudace temperature, Ts. It is about equal to
the average temperature of the mantle and surface water, appgedxirequal to (Ts+Th)/2. The
relationship between thickness of tectonic plates and rate of floeading is important for this work.
Based on observations and mathematics, plate thickness at anyligtagice from the midocean ridge
is proportional to the square root of the time required or age détihenic plate. This relationship is
available in literature and thus will not be discussed in this manuscript.

Referring to Fig. 1, the mass MO of the mature oceanic plggnk heat by convection as it is
forced to flow internally through the earth’s interior to midocedges. Its temperature increases from
TO to Th. The heat gained by this convective heat transfer is ag@h. At midocean ridges, the
mantle rises up and partially melts as it decompresses. Thedmmeantle produces an amount of
magma that is equal to M and system pressure increases cablsidender the pressure, magma flow
uplifts the ridges and drives the tectonic plates. The mass Mifsliat mid ocean ridges as it cools
and tectonic plates spread away. The remaining un-melted and duoatide mass, R, which is at
about magma melting temperature, is recycled internally wie moving plates. Plate thickness
increases as the temperature of this mantle mass decfeldlgesng heat rejection to ocean. The

sphere enclosing the ductile part of the upper mantle can be extsasnthe system for this
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thermodynamic cycle and tectonic plates as the surroundingshé@beetical and thermal efficiencies
as well as the work produced by this cycle can be determined from datdlavaila

Floyd (1991, p. 31 and 128) suggests that the average temperatuné ti®mass MO, of the
mature tectonic plates is approximately equal to 85§923.2°K) and mantle temperature, Th, is at
about the magma melting temperature of 1 ZB{1 553.2°K). The cold temperature, Tc, at which Qc
is rejected can be reasonably assumed to be equal to the at@rggrature of the surrounding
tectonic plates. Tc is approximately equal to the averageaoflgor temperature and magma melting

temperature, or approximately equals to (274.2+1 553.2)/2=9K3.The estimated specific heat, Cp,
. _50 -1 L -1

of mantle rock by Yoder (1976, p. 71) is about 0.3 cal’@ ~, which is equal to 1 250 J lgg"K :

Therefore, Qh=Cp x (Th-T0)=1 250 x (1 553.2-923.2)=787 500'%] kgd the following applies for

this thermodynamic cycle:

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

Thermal efficiencyn=1-(Tc/Th)*=1-(913.7/1 553.2§%=0.23

W=0h x1=787 500 x 0.23=181 125 JKg
Qc=Qh-W=787 500-181 125=606 375 Jjkg

The calculated amount of work, W, delivered to the surrounding tectotés pi81 125 J Iigl;

is approximately equal to the latent heat of basaltic rockiledr] at mantle’s pressure and 30% patrtial

melting as suggested by Yoder (1976), which is equal to 169 79&,\]Sleg:t. 3. This conclusion can

also be reached by using a different approach as follows:
The first law of thermodynamics is applied by consideringetdwgh’s interior enclosed by the

sphere of the ductile portion of the upper mantle as the systerhahthbsphere, or tectonic plates, as
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the surroundings. The first law of thermodynamics follows:

dQ=dU+dwW

dH=dU+d(PV)

where

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

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

W =The work exchanged between the system, as defined, and the surrounding te¢emid.pla
H =Enthalpy of the system as defined, the earth’s interior, J.

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

Because the system, the earth’s sphere enclosed by the dudide pbithe upper mantle, is
incompressible, Adams L. H. (1926), then the term d(PV) can beatedl The differential of the
internal energy, dU, can be replaced by the differential of theakayt of the system dH. At steady flux

of internal heat, dQ=0. Therefore dW=-dH. The change in the enthalne afystem, dH, is equal to

Ms [Cps dT+d(Lfs)]. Where Ms is system mass, kg; Cpeasspecific heat of the system, J_]k‘g(l;

T is system temperaturéK; and Lfs is the latent heat of melting of the system, } K8ystem

temperature is reasonably constant as discussed in Sect. 2~dhdrtdérefore, the differential of work

exchanged can be expressed by the following equality:

dW=-Ms d(Lfs)
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The work has a negative sign, or it is produced by the mantle and ddliwethe surrounding
tectonic plates. The amount, Ms d(Lfs), is equal to the latentdfigditase change of the earth system
enclosing the ductile part of the upper mantle. This system isgalacunchanged except at midocean
ridges where only the mass, M+R, of the mantle changes phasenbg partial melting. Or, dW=-Ms
d(Lfs)=-(M+R) d(Lfs). This equation can be integrated and tlbekvobtained. For 0.0% degree of
mantle melting, d(Lfs)=0 and the work produced, W, is equal to zerca degree of melting that is

equal to, f, the work delivered follows:

W=-M x f x Lfs-R x O x Lfs=-M x f x Lfs=M Lf

The factor, f, is the degree of mantle melting expressed as perceminfradte recycled mantle,

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

melting, J kg1 calculated at mantle pressure. The last equation shows thabtkelelivered by the

plate tectonic system is equal to the latent heat of meltindpeoimass, M, of basaltic rock at the
conditions of deep mantle below midocean ridges. This work is also &mubk latent heat of
solidification of the regenerated basaltic rock at midocean ridglesilated at mantle’s pressure. Per
kilogram of new ocean crust regenerated, the mechanical detislered to and by the tectonic engine
is equal to f x Lfs=Lf, or it is equal to the latent he&fpartial melting of mantle rock calculated at
mantle’s pressure. This is also equal to the latent heat of melting of d@satited for mantle pressure,
in agreement with the conclusion reached earlier.

Because the regenerated mass, M, solidifies at about theauneredsocean crust, which is
considerably less than that of the mantle, not all of the workligeded immediately to the tectonic
plates by the force of pressure produced. The difference betwagmanlatent heat of melting

calculated at mantle’s pressure and that calculated at ocgast’'s pressure, which is approximately
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equal to 33% of (f x Lfs) based on Yoder (1976, p. 95), maintains th# oplihe lithosphere at

midocean ridges. Therefore, the value of the energy of midocears igl@e33 x 181 125=59 770 J

kg'l. The mass, M, can be calculated by knowing the volume of new axaat that is formed at

midocean ridges, or the shaded area of Fig. 1 and the density of acsgtaifloe latent heat of fusion of

basaltic rock, Lf, is available in literature and it is caltedain Sect. 3. The work exchanged with the
tectonic plates, W=f x Lfs=Lf, thus can be determined. Wjisakto the total energy imparted by plate
tectonics, which includes the energy radiated by the earthquakesish@c energy dissipated as heat
through friction, the energy radiated elastically throughetiweh, the potential energy associated with

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

The density of the basaltic rock based on Yoder (1976, p. 94) is nearllegSMOQ’. On the

other hand, Floyd (1991, p.116) assumes that the length of midocean ridggsasimately 60 000
km. Floyd (1991, p. 33 and 36) shows that the thickness of the oceamtcnuistocean ridges is 6-7
km. Spberg (2004) suggests that the average thickness of the lithospmeicdoaeean ridges is about

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

mm annually and may approach 200 mr'Tern some locations. These data can be used to calculate the

annual average mass, M, produced at midocean ridges.
In Table 1, the total energy of plate tectonics is presentedifierent values of sea floor

spreading and lithosphere thicknesses at midocean ridges. The goadgedepresent the likely

weighted average values based on Dixon (2007, p. 543), who uses 40]mxfr5¢|a floor spreading in

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

produced by tectonics is approximately equal to 1.29 R :IJOyr'l. Based on the U.S. Geological

survey, Table 2, the observed and measured annual energy radiated dnrthupiakes alone is
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436 approximately equal to 7.66 x ¥ yr'l. The two figures are of the same order of magnitude. These

437 calculations show that approximately 60% of the energy of platerties is dissipated in the form of
438 energy radiated by the earthquakes.

439 The weighted average force, F, that drives the tectonic platebe estimated. The calculated

440 average annual energy released, 1.29]X91]O is equal to the force F x annual average spreading of

441 ocean floor of 0.04 meters. Consequently, F=1.29 Yiawa=3.23 x 16° N, and the weighted

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

443 10?% 60 000 000=5.38 x 16 N m. Based on Floyd (1991, p. 31 and 33), a mature tectonic plate is

444 apout 125 km thick. Therefore, the compressive stress associatetienitinde F is of the order of 4.30

445 10 Pa (430 bar).

446 The calculations reveal that the total heat exchanged in the comvesnt the upper

447 mantle/asthenosphere, Qh, is approximately equal to 4.35 timesdigy alelivered to the tectonic

448 plates, W. Therefore, the total heat removed by this convection istequ85 x 1.29 x 1% =5.61 x

449 1019, yr'l. Based on Davies (2010), the total internal heat of the earth istedqua x 1617 yr'l, or

450 the upper mantle/asthenosphere convection removes about 3.7% of theteatal heat of the earth,
451 which includes the work of plate tectonics that is estimated at 6f3%e total internal heat generated
452 in the earth’s core. Approximately 30% of this internal heeadsated by land, 69% is exchanged with
453 ocean water, and the remaining 1% is relieved by plate tectonics as ge@otuies.

454

455 5, EFFECT OF SURFACE TEMPERATURE ON THE TECTONIC CME

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

457 pelow 4 000 m, is presently warming at about the same rate atsusfarming. The temperature of
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ocean floor is increasing because it has to maintain the defighg adjacent brine equal or less than
that of the falling brine of the thermohaline circulation, at aborge@and surface water density.
Therefore, the temperature of surface water has to be egigmsisathan the temperature of the abyssal
brine adhering to ocean floor. Consequently, there can be no he&rtfao the surface to ocean
floor with brine circulation. The observed abyssal warming is ezhus/ earth’s internal heat that
maintains the density of the brine near ocean floor equal or lesthétaof surface water at all times. It
is reasonable to assume that ocean floor warming occurs virtually tataltilyy and equally to surface
warming, otherwise the thermohaline circulation would temporaegse frequently, which is not
observed. In Fig. 3, the thermohaline circulation is schematicadlyepted. The circulation brings to
surface water earth’s internal heat where it is removed by evaponatiag
Referring to Fig. 4, boundary conditions of the heat diffusion equationwitinythe age of the

oceanic lithosphere. For a mature and thick plate at location 3,bdb@dary condition is

-k (dT/dz),;=g=constant, where T is the temperature of the lithosptte,k is the thermal
conductivity of basalt, J mst °K'1; z0 is the vertical coordinates of the lithosphere at ocean figor,

and g is the earth’s internal heat flux, constant, approximately &m@ad93 W rif based on Davies

(2010). The temperature profile of most of the thick oceanic lithospkebarely affected by the
observed surface temperature rise. This is not the casedoceain ridges, which are engine chambers
and most sensitive components of the tectonic system. At locatibe lithbsphere does not exist; it is

a newly recycled and solidified magma and the boundary conditiédi$/ez),;.=h x [Ts-T] where, h

is the lithosphere-ocean convective heat transfer coefficient, app@tety equal to 7.30 x W m?
okl and Ts is surface temperatufK. The boundary conditions at location 2, where the solid

lithosphere just forms and cools close to surface temperat(dd,/dt), ;=dTs/dt. Variations of surface
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temperature with time, dTs/dt, are available in the record. Umtikethick oceanic lithosphere, the
solution of the Fourier equation for midocean ridges is very much dependent on smipegature Ts.
The difference, Ts-T, can be as small as several degrees keldias large as few hundred degrees
Kelvin. The observed variations of surface temperature by (°BO&nnually are not, therefore,
negligible. They cause tangible and virtually immediate impacengine chamber thermodynamics.
Given the large surface area involved, variations of the energgadbgical activities released to the
surroundings with surface temperature rise cannot be ignored.

As shown in Fig. 1 and Fig. 5, which are not to scale, the totalgezerated in the earth’s
interior, Qg, splits between the oceanic and continental platean®iQj respectively. Based on
Incropera and De Witt (1985), the following equations can be writterthie earth’s internal heat

exchanged between mantle, ocean, and land:

Qg =Qj+Qi=constant; Qi=constant; Qj=constant
Qg =Qo+Ql; QI=W+Qj; Qi=Qo+W
Qo =Uo Ao (Th-Ts); Qc=Uc Ac (Th-Ts)

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

Where

Qg=Total heat generated at the earth’s interior:lJ gonstant.

Qi=Fraction of Qg to the oceanic plates, :]l,ymonstant.

Qj=Fraction of Qg to land, J S%r, constant.

Qo=Earth’s internal heat to ocean, which is then removed by evaporatiéln, Jyr

QI =Earth’s internal heat to land, which is then radiated_,lJ yr
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Qc =Heat rejected to ocean at midocean ridges by the tectonic engi_nleF\ﬂgyrl and Fig. 4.
W =Mechanical energy of plate tectonics, jL.yr

- 12 -1
Uo =Overall heat transfer coefficient between mantle and sea waternd yfK .

. . . -1 -2
Uc =Overall heat transfer coefficient between mantle and sea watélacean ridges, J yrm — °K
. - 1.2 -1
hi =Heat transfer coefficient of the large-scale mantle convection, thyr°K .
. 12001
ho =Heat transfer coefficient of sea water convection, hyr °K .

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

Zo =Average thickness of the oceanic lithosphere, m.

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

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

k =Average thermal conductivity of the Iithosphere,'ﬁ m'l oKL,

Th =Mantle temperature, °K.

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

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

coefficients Uo and Uc are about equal, of the order of 2 300 ﬂrfy2r°K_l (0.3 W m? °K_l). QI~=0.31

x Qg and Qe0.69 Qg. The heat to the continents, Qj, is approximately equal togla®dthe energy
of geological activities W0.01 Qg. Because Qi is constant, tligpo=-AW. Or a change in the heat
exchanged with the ocean water is equal to the change with opposiraf ghgnenergy of geological
activities. If surface temperature and ocean floor, Ts, increas@s decreases antlW increases.

Because the temperature of the solid earth is steady amtdh®al heat flow of the earth is constant,
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the decrease in the heat to oce&Qp, is also equal to the increase in the upper mantle convection,
AQh. ThereforeAQh=AW which suggests that all of the increase in the upper mantle atanves
converted to work following surface temperature rise. This does naatei the laws of
thermodynamics because the process is related to an exisnngodynamic engine having a thermal
efficiency n. A small increase in the heat, Qh, available at the hot tempereeservoir can be
converted in full to additional mechanical work provided that the eff@y of the existing engine
improves. To convert all of the annual heat increa&d, to work, the efficiency of the tectonic engine
has to improve by 0.073%.

As surface temperature increases, the temperature of theflumeancreases. The efficiency of
the tectonic engine decreases with surface temperature hsandrease in surface temperature also
increases the heat, Qh, available for the forced convection cythe afpper mantle and the cycle
moves faster. Midocean ridges rise more as a result and thHe béithe engine chamber increases,
which is observed based on Sj6berg (2004), and engine efficiene@asecrMathematics shows that

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

n=Power delivered/Power supplied= F/XQh per unit time)=P x A x/(Qh per unit time)
dn/dA= P xv x 3.15 x 10/ Qh+(A xv x 3.15 x 16/Qh) x dP/dA

n increases with an increase in the area, A, of the tectonic engine’s chamber
dn/dTs=(ch/dTc) x (dTc/dTs)=1/[4 Thi{-1)]

n decreases with an increase in surface temperature Ts.

Where Ts is surface temperature; P is magma pressure at midoceanRugés tectonic plate

velocity, m él; Tc is the average temperature of the lithosphere at midoagesi°K; and A is the
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area obtained by multiplying the length of midocean ridgedhbyaverage height measured from crest

of midocean ridges to base at the bottom of the tectonic platesmuihiglier, 3.15 X 15, is the

number of seconds in one year. In the derivatiom@fAl, the ratiov/Qh is constant because the heat of

the upper mantle convection, Qh, is proportional to the speed of the eydike slope, dP/dA is

. . . -1
positive. The observed annual increase of surface water tempeasatutbe order of 0.01 °K yr and

the associated decrease in efficiency is negligible. Theaserin the efficiency, based on the observed
minimum rise of midocean ridges of 5 millimeters annuallysuficient to increase the efficiency of
the tectonic engine by 0.073%, required to convert all of thedseren mantle convectionQh, to
additional work AW. The heat rejected Qc thus can remain unchanged@o<0.

The tectonic system possesses a large inertia and it requmag time to reach a steady state
following surface temperature perturbation. For the foresedatbiee, the time of surface temperature
rise is small in geological terms and it is a transientodefor the tectonic cycle as a whole. The
scenario is different for midocean ridges because of theimityido magma generation, and the ridges
are affected practically immediately. Their heights ineeeand, at midocean ridges, the lithosphere
moves faster with the increase of the convection cycle. Follovetagity increase, the thickness of the
lithosphere at midocean ridges, Z, decreases. The changes of, Udoanaith variations of the
temperature of ocean floor are in fact equal to those of, Uc, andteBgectively. The area, Ac,
increases and the overall heat transfer coefficient, Uc, aboedeh ridges improves as well.
Consequently, the flow of the heat rejected by the tectonic enigameber, Qc, can remain unchanged
even with surface temperature rise, Afpc can be equal to zero, in spite of the increase in the
temperature of ocean floor. Based on this analysis of the esgifietiency and heat transfer, the
projection of the energy of plate tectonics will consider thathteat rejected by the tectonic cycle, Qc,

remains constant with surface temperature rise.

Page 24 of 44



570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

6. PROJECTION OF THE ENERGY OF PLATE TECTONICS

To obtain the thermodynamic relationship that correlates surfesgerature rise and
geological activities, a reference baseline period of timet be defined. The baseline is the period of
time prior to the onset of the Industrial Revolution 1750 as suggbgtéte Intergovernmental Panel
on Climate Change. The equations and calculated values in Sedtb¢ wded to define the baseline,
whose thermodynamic variables will be designated by the z#fig. sThe following are definitions,

units, and values of the variables required:

QhO=Energy of the upper mantle convection of the baseline period, 5.67 )dml.

ThO=Temperature of the mantle, constant and unchanged with time, 1°653.2

TaO=Temperature of the ocean floor of the baseline period, which is about equartateurface
water temperature274.2°K.

TcO=Temperature of the cold reservoir of the baseline period, (Ta0+Th0)/22813.7

Tc =Temperature of the cold reservoir for a desired surface temperséuk&s, (Ta0+ThO)/2ATs,
°K.

Th =Temperature of the hot reservoir for given surface temperaturearssant, and it is equal to

ThOK.

WO =Energy of geological activities of the baseline period, 1.291>()<1®r'1.

QcO0=Energy lost by the upper mantle convection at the cold temperature ofdlecyasriod,

constant, and it is equal to Qh0-W0=4.32 ngll)yr' L

W =Energy of geological activities for a desired surface temperdic@eATs, J yfl.
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Qh =Energy of the upper mantle convection for a desired surface temperatsi&]3,c0 yfl.

Qc =Heat lost by the upper mantle convection at the cold temperature whee temiperature

increases bATs, J yfl, constant, 4.32 x 1843 yr'l.

Ta =Instantaneous temperature of ocean floor, which is about equal to Greenlandrnastansurface
water temperaturgX. It is equal toTaO plus surface temperature Ai$s, °K.

Z0 =Average thickness of the tectonic plates for the baseline period, m. Iltssvabigequired.

Z =Average thickness of the tectonic plates after surface tempdnasiresen bATs, m. Its value is
not required.

t0 =Age of the tectonic plates for the baseline period, yr. Its value is noteéquir

t =Age of the tectonic plates after surface temperature has rigersbyr. Its value is not

required.

vO =Average speed of the tectonic plates for the baseline period}.ritsylvalue is not required.

v =Average speed of the tectonic plates after surface temperaturgemalsyiTs, m yfl. Its value is

not required.
Qh is directly proportional te.
v is inversely proportional to t.

Z is proportional to't?.

Qc is directly proportional to -(Th-Tc)/Z. The constant of proportionality is eiquzit, where k is the
weighted average value of the thermal conductivities of the solid portion of thie miaatithosphere.

The following applies for the plate tectonic system:

Qh-Qc=W,; Qh0-Qc0=WO0. Because the earth’s internal heat rdje@te is constant, then Qc=Qc0 and
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615 W-WO0=Qh-QhO0. The difference, W-W@&V, is equal to the increase in the geological activities with

616  surface temperature rise. Qc is directly proportional to -(@WZT Because Qc=QcO, then (Th-

617 T¢)/(ThO-Tc0)=2/20. On the other hand, (ttO)8A)=(Z/z0 and Qh/QhOw\O. Therefore,
618  Qh/Qho=[(ThO-TcO)/(Th-Tcfi=X2, (Qh-Qh0)/Qh0=%-1, and AW=Qh0 (}%-1). Since ThO=Th and

619 Tc>TcO, then X>1, andW>0. Or the geological activities increases with surface tempenidersTs.
620

621 The rise of midocean ridges with climate change can be atduby knowing the projected
622 energy of the geological events. The annual increase in geologerglyas equal taW, which is also
623 equal toAQh. Therefore, the height of midocean ridges can be calculatea £K§.83 xAQh+Qh)/Qh,
624 \where e=average elevation of the ridges above ocean floor, about 3@3@&don Forsyth and Uyeda
625 (1975). The present annual trend of the energy of geological BstjvitV, is equal to QhO (%1),
626 \where X=[(Th-Tc)/(Th-(TcATs))] andATs is the total increase of surface water temperaturéhéor
627 present warming trend. Average change of the height of midocears nag®.33 AW/Qh0) x e,
628  \where e=average height of the ridges above ocean floor. In Tathle 3;0jected energy of geological

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

630

631 7. DISCUSSION

632 Schubert G. (2001) summarizes the current state of tectonics amdiemgt Major driving
633 forces are ridge push and slab pull, or tectonic plates themsek/dbeamain source of their own
634 driving force. This of course is in disagreement with the laisteermodynamics in that plate tectonics
635  is assumed to be perpetual motion machine, which in practice catsotbEnergy of slab pull and
636 ridge elevation are equalized by opposing energy of gravitydasemantle and basalt masses rise at

637  the opposing sides of the cycle. To overcome friction, external esetgge is required based on the
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laws of thermodynamics. Ridge push and slab pull can, therefore, beftadis of the dynamics of
plate tectonics and cannot be causes of the motion.

Mantle buoyancy at ridges is unlikely occur. Buoyancy is antbdynamic transformation
where less dense, or buoyant, thermodynamic system is encloseardylense surroundings. Mantle
does not meet these basic thermodynamic requirements; it legglha uniform temperature and
cannot be thermodynamic system and surroundings at the sam@&hienefore, mantle buoyancy must
be excluded as a driver. Midocean ridges are higher than trenclaesded magma generation below
the ridges, not as a result of mantle buoyancy. Pressure devdlbpmagma generation and the
developed pressure raises the ridges. Similar to volcanoes, theynlgwea chamber above which
crust is uplifted. For the hypothetical scenario that mantle Imeyyes the cause of midocean ridge

energy, the calculated potential energy of ridges by buoyancydeoaisons is significantly smaller

than observed. The observed energy of ridges in l.Jisk@qual to l;zg X (e+Z/2), where g is gravity

acceleration, 9.8 m'?s e=average height of the midocean ridges above ocean floor, aboutr8 000
based on Forsyth and Uyeda (1975); and Z is basalt thickness atcdceacies, approximately equal
to 6 000 m, Schubert G. (2001). Energy of ridges caused by mantle byoeyauid be =g xa X t x

AT, wherea is the volumetric thermal expansion about 3 3?10'1, Bercovici (2010); and t, is average

plate thickness, m. Tectonic plate thickness is negligible at madatgges and approximately equal to
125 000 m at trenches, which yields to average thickness t=62 50D is1ithe maximum temperature
difference between average plate temperature at ridges, 1°6538d that at trenches, 923R. AT

is about equal to 63K. Sources of the data used in this section are provided in the3Smnd Sect. 4.

The observed energy of midocean ridg%sEEB 800 J k'gl and the hypothetical energy of ridges that

would be caused by mantle buoyangy=El 530 J k@l at the most, because the usgd is the
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maximum possible. The calculated hypothetical energy of midogdges that would be caused by

mantle buoyancy ks too small and cannot be the cause of the observed energy of rﬂ,dges E

The tectonic engine presented in this manuscript, in principle, bésgnthermodynamic
engines successfully in operation. In general, there is a d@relaetween mechanical work
exchanged and latent heat of phase change of cycle medium. Sintiilarkyis a relationship between
basalt latent heat of melting and work produced. In a complete, ®miealpy and potential energy
variations of lithosphere and mantle are about negligible. The lithaspmetergoes transformation
from cold and solid rocks to hot mantle, which in turns partially snétitthen solidifies and cools to
produce the starting lithosphere and the cycle repeats. The onlyectiet occurs in a complete cycle
is lithosphere phase change and mechanical work produced, which lisoetiigaenergy of geological
activities. Therefore, the net mechanical work of plate tectonics i$ tegihee latent heat of basalt. This
conclusion is demonstrated mathematically and numerically betive=n333 and 407. Accordingly,
Table 1 is prepared and energy and forces of plate tectonics calculated.

Plate tectonics as a thermodynamic engine satisfiesregjlirements of the laws of
thermodynamics, thus qualifies to be the driving force. Firségreal energy required is available, it is
mantle heat; second, system and surroundings are clearly defimddcycle medium exists and it is
basalt; and fourth, the means to convert mantle heat into mechaoidalsialso available, they are
engine chambers at midocean ridges.

Ridge push and slab pull are only effects of the magmatic pro€¢sstonics, they cannot be
drivers. As effects, they can be used to calculate the magnafitles cause such as force and energy
of plate tectonics. However, the calculated values using ridge pdsklab pull do not vary with the
observed small variations of surface temperature. Likewises-kErgle mantle convection is unlikely to
vary for the lithosphere is too thick. Therefore and based on the ctemtahics understanding, no

correlation can exist between the observed surface temperatiend geological activities. This is not
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the case when the tectonic system is analyzed as adthgmamic engine. Energy of plate tectonics

increases with surface temperature rise.

8. CONCLUSIONS

The thermodynamic cycle of plate tectonics is a reflectionhef magmatic processes that
occurs deep in the mantle. Therefore, calculations of the gecphgarameters of this thermodynamic
cycle must agree with rock phase diagram, experiments, and observationdciila¢eckmantle partial
melting agrees closely with observations. Yoder (1976) estimatedhthadegree of mantle partial

melting is 30% based on experiments and observations, which yieldstémtaheat of magma melting

of approximately 169 800 J Iggcalculated at mantle’s pressure. Thermodynamics shows tHatehe

heat of magma melting is approximately equal to 181 1004 Khge two are close within 6.0%. Based

on thermodynamics, the maximum Carnot theoretical efficiencjheftectonic engine is 0.41. This
indicates that the maximum mantle partial melting is 53%edfity, this theoretical partial melting can
never be achieved. Based on observation and experiments, Yoder (1976, p. 112 and 113) concluded 1
the maximum degree of mantle rock melting is about 50% by voluimehws approximately equal to
45% by weight. The maximum theoretical value calculated basedront@gcle, 53%, is 18% greater
than the observed at the most. The actual maximum value of the dégresdting will be less than
53% but greater than 30%, in reasonable agreement with the observed Té&&fore,
thermodynamics agrees closely with rock phase diagrams, experiments, envatodrss.

The calculated forces of the plate tectonic system comparelychgh those published in the

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

12.5 x 132 sin (4%)=8.8 x 132N mt for spreading velocity of 10 cm')]/r Forsyth and Uyeda (1975)
estimate of the energy of ridge push is nearly 8.0%% .’IIQ/r'1 at the assumed floor spreading of 5.6 cm

Page 30 of 44



707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

yr'l. The calculated total force is 5.38 x'f0N m* and the calculated energy of midocean ridged
using thermodynamics is 33% of the total energy, approximaebal to 4.3 X 18 3 yr'1 for

spreading velocity of 4 cm )}r These values are of the same order of magnitude of those teddoya

McKenzie (1969) and Forsyth and Uyeda (1975). They differ by dataesd@ispreading velocity is

made the same, 4 cm@/,rthe agreement becomes even closer. The calculated weightadeafarce
of compression of the tectonic system, 5.38 %2119 m'l, produces an axial stress of about 0.43 kbar,

which compares with 0.3 kbar used by Forsyth and Uyeda (1975). Frbte Tathe calculated

weighted average of the energy of the tectonic engine is about 109 3 yr'l, and in Table 2 the

observed radiated energy by the seismic events is approxinegiedy to 7.66 x % 3 yr'1 based on

the United States Geological Survey, Earthquakes Facts andi&idimtthquake Archive Search. The
two figures are of the same order of magnitude and they sudgegheé radiated seismic energy is
approximately equal to 60% of the total energy released by f@etenics, a reasonable agreement
between calculations and observations.

The calculated present annual trend of geological activitidsasit 1.0 x 18 J, is of the same
order of magnitude of the observed present annual trend of 3.9 1, Tg. 6. The actual increase of
the temperature of ocean floor is greater than average stefaperature used in the calculations, for
sea temperature rise of the northern latitudes, which is unaeailalgreater than average. If the actual
increase of ocean floor temperature is used instead, the cadtatatual trend will approach closer to
the observed one. The calculated present annual rise of midoceas oid§j6.0 mm is in agreement
with the observed annual rise of 5-20 mm, Sjoberg (2004) and Arnadéttir (2009).

Volcanic events are on the rise as well. Using the SmithsoniataMolResearch Database and

sampling every five years, the volcanic activities have anasarg trend with time. The following is
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729 an annual average per two decades of the samples: From 1990 toh20dtnual average number of
730 volcanoes is 65; from 1970 to 1990, the annual average number of volcabbgfasn 1950 to 1970,
731 the annual average number of volcanoes is 52. This observed incregeelajical activities is
732 predicted by thermodynamics presented in this manuscript.

733 Based on these agreements with observations, experiments, anatkhaf others on tectonics,
734 it is fair to conclude that the plate tectonic system is mrtbdynamic engine that has engine chambers
735 and mechanical components. The geophysical variables of this ecginde calculated by the
736 traditional thermodynamic equations. This provides another method ofatadg tectonics, sensitive
737 enough to small variations of surface temperature. The geologitaties can be calculated at the
738 global and regional levels. Accordingly, a suggested projection @feblegical activities with surface

739 temperature rise is presented in Table 3.

740
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845  Table 1 Calculated annual average energy dissipated by plate tectonicemrdiffea floor spreading

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

847  crust thickness of 15 km at midocean ridges.

848 a)
849
Annual sea floor Length of mid- Mantle latent heat Mantle melting |Ocean crust densityjOcean crust thickness at | Energy to tecto-

850 spreading, mm ocean ridges, km of fusion, J/kg percent kg/cubic meter midocean ridges, km nics, Jiyr
20 60,000 565,973 30 2940 6.5 3.894E+18

851 30 60,000 565,973 30 2940 6.5 5.841E+18
40 60,000 565,973 30 2940 6.5 7.787E+18

852 50 60,000 565,973 30 2940 6.5 9.734E+18
60 60,000 565,973 30 2940 6.5 1.168E+19

853 70 60,000 565,973 30 2940 6.5 1.363E+19
80 60,000 565,973 30 2940 6.5 1.557E+19

854 90 60,000 565,973 30 2940 6.5 1.752E+19
100 60,000 565,973 30 2940 6.5 1.947E+19

855 b)

856

857 Annual sea floor Length of mid- Mantle latent heat Mantle melting |Ocean crust densityjOcean crust thickness at | Energy to tecto-

spreading, mm ocean ridges, km of fusion, J/kg percent kg/cubic meter midocean ridges, km nics, Jiyr

858 20 60,000 565,973 30 2940 15 8.985E+18
30 60,000 565,973 30 2940 15 1.348E+19

859 40 60,000 565,973 30 2940 15 1.797E+19
50 60,000 565,973 30 2940 15 2.246E+19

860 60 60,000 565,973 30 2940 15 2.696E+19
70 60,000 565,973 30 2940 15 3.145E+19

861 80 60,000 565,073 30 2940 15 3.504E+19
90 60,000 565,973 30 2940 15 4.043E+19
100 60,000 565,973 30 2940 15 4.493E+19

862

863

864

865

866

867

868

869
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890

Table 2. Observed annual number of earthquakes, obtained fronnitlee States Geological Survey,
Earthquakes Facts and Statistics/Earthquake Archive Searchenengy radiated is calculated by
Log (Es)=4.8+1.5 Ms, where Es is the seismic energy in JandsMs is the magnitude of the

earthquake.

Earthquake | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | Awera- Enegy radiated| Average annual

Magnitude ge J energy radiated,
Limits L. limit | U. Limit J
801095 1 1 0 1 2 1 2 4 0 1 1 13 |6.31E+16|1.12E+19|  7.18E+18

7.0t07.9 14 15 13 14 14 10 9 14 12 16 23 14.0 |2.00E+15|4.47E+16| 3.27E+17
6.0t06.9 146 121 127 140 141 140 142 178 168 144 151 145.3 |6.31E+13|1.41E+15| 1.07E+17
5.0t059 | 1,344 | 1224 | 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
40t04.9 | 8,008 | 7,991 | 8541 | 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
3.0t03.9 | 4827 | 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
20t029 | 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
1.0t0 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
0.1t00.9 5 1 10 134 103 0 2 2 0 1 0 235 |8.91E+04(1.41E+06| 1.76E+07

Total 7.66E+18

Table 3. Suggested trend of the energy of geological activitis surface temperature rise. The
baseline year is 1750 at which year surface temperaterésriero and trend of geological activities is
zero. Average height of midocean ridges is 3 000 meters fobalsisline year. The source of surface
temperature trend is the average of the scenarios as projectedlibtetgovernmental Panel on Climate

Change, Climate Change 2013: The Fifth Assessment Report, AR5, Figi §9M

Description/Year ending 2010 2020 2030 204G 205D 2040 2070 2080 2090 2100
Basline year is 1750, Tc for

1750 is equal to 913°K

Surface temperature ris¥g 0.55 0.60 0.65 0.80 1.00 1.20 1.41 1.63] 1.84 2.18
Temperature of the cold 914.24 914.3p 914.35 91450 4.791 914.90 915.11 915.33 915.5 915.88
resenvoir, Tc’K

Annual energy trend, J 9.66E+16 1.05EH17 1.14E¢17 H®2TH 1.76E+17| 2.11E+1y 2.48E+17 2.87E+17 3.31E4+17 3.84H+17
Observed increase of the 3.00E+17

annual average, J

Annual average spreading of 4.00d 4.008 4.008 4.010 134. 4.015 4.018 4.020 4.024 4.027|
ocean floor, cm/yr

Average rise of midocean 1.72 1.88 2.03 2.5 3.18 3.76 42 4. 5.11 5.90 6.85
ridges, m

Annual rise of midocean 6.6 15.7 15.7 47.0 62.9 62.8 660 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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