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Modern theories emphasize the importance 
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of mantle convection and recognize the variation in temperature 
distribution beneath different regions of the globe. 

Gerald Schubert and Orson L. Anderson 

Vast amounts of heat are stored in the 
Earth, often breaking dramatically 
through the surface at volcanoes and 
hot springs such as that shown in fig­
ure 1. Just how this heat is distribut­
ed within the Earth has concerned geo­
physicists for years. Recently their 
theories of the temperature distribu­
tion have been influenced in several 
ways by the revolutionary plate-tecton­
ics model of the Earth. This modeP 
depicts the relative motions and mutu­
al interactions of several large surface 
plates, driven by material welling up in 
some prds of the globe (ridges) and 
descending in others (trenches), as il­
lustrated in figure 2 (a map of the 
worldwide plate boundaries is shown in 
the accompanying article by Carl 
Kisslinger). Such a model has forced 
the abandonment of a cherished geo­
physical boundary condition-spherical 
symmetry in the temperature profile. 
Overwhelming evidence has estab­
lished that temperature distribution 
beneath the ridges is very different 
from that at the convergent plate 
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boundaries; the temperature profile in 
the upper portion of the globe depends 
very much on whether it is below a 
zone of spreading plates, a zone of col­
liding plates or a region of plate interi­
ors .. 

The plate-tectonics model has also 
underscored the importance of mantle 
convection in determining the temper­
ature distribution. Little attention is 
now given to conductive heat transport 
within the Earth or to radiative heat 
transfer in the upper part of the Earth. 
Although these effects must; of course, 
be incorporated into any theory of the 
Earth's thermal structure, they are 
being displaced by considerations of 
heat advection by vertical and horizon­
tal movements of mantle material. 
Geophysicists are also generally 
agreed that finding the temperature 
profile does not require cosmolof(ical 
considerations such as the hypothesis 
of changes in the universal gravita­
tional constant or the assumptions of 
an expandinf( or contractinf( planet that 
have occasionally been advanced. 

Of course we must be careful not to 
be dogmatic about this particular 
viewpoint lwcause of a lesson learned 
from the century-old debate over the 
age of the Earth: Earth scientbts, led 
by Charles Darwin, rstimated that the 
Earth was over 300 million years old on 

the basis of empirical geological data. ' 
On the other hand, physicists, led bl 
Lord Kelvin, claimed that the Earth 
was only a few million years old on tht 
basis of deductions from classical heat· 
transfer and radiation theories. With 
the discovery of radioactivity, new evi· 
dence emerged that proved Kelvin'; 
ideas to be wrong. Geophysicists nOlI 

routinely report granitic ages in execs; 
of 1.8 X 109 years. Nevertheless, with· 
out being dogmatic in the present case. 
we can summon the support of thi , 

/illodern concept of plate tectonics to· 

gether with a large number of extraor· 
dinary experiments conducted on a 
grand scale to back our assertion of the 
importance of mantle convection to tht 
temperature gradient. 

Methods of estimating the temperature 
Geophysicists use three f(enerHi 

methods to estimate the temperature 
distribution: 
~ They may deduce the temperat ure 
from direct measurements of surfafl 
heat flux, radioact ivity and other phy;' 
ical properties such as thermal condur 
tivity. Or they may infer the templ'rl1 

ture from measured variations in phy" 
ical properties, such as electrical coil 
ductivity, that depend 011 temperatur< 
pressure, composition and other factor, 
in a known way. For instance, simpi<' 
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Hot springs present a vivid demonstration of the high temperatures 
present within the Earth, at points where there is a focal aberration 
in the thermal gradient-which itself varies from point to point in 

different parts of the Earth's surface, This photograph shows 
Clepsydra Geyser (clepsydra is Greek for "water clock") in 
Yellowstone National Park, Wyoming. Figure 1 

lattice-theory concepts can be used to 
'" invert measured sound-velocity profiles 
-~ to temperature profiles. Unfortunate­
'n ly. these latter methods do not provide 

unique interpretations and are often 
-h not very reliable because of the many 
'1. additional unknowns. such as composi· 

tion. 
\\' ~ They may base their estimates on 
,<; geochemical and petrological data 
h· taken from experiments at high tem­
e. peratures and high pressures, coupled 

'te with inferences from thermodynamics. 
'n' As one example. assumed petrological 
',. models of the Earth can be used to es· 
a tablish the relative contribution of 

1:(, thermal conduction. radiation, and in· 
he tern at radioactive heat sources to the, 

geotherm at various depths. 
• They may seek analy"tical and nu· 

'e merical solutions to Huid·dynamical 
~31 and' thermal equations. using special 
'fe boundary conditions and measured 

values of physical propert.ies. For ex· 
'fe ample, measured values of heat flow 
'ce from an ocean ridge (which is produc­
,'So iug hot rocks for the new crust and 
JC' lithosphere) can be compared \vith the 
"3, theoretical predict ions from mantle­
'.'S· now models that nssun\(' certain prop­
Hi" t'rties of the deep rocks. 

He, In all these method$': surface hent­
ors Ilux measurements nre among the most. 
Dk important dutu. They provide an 

overview that suggests a certain pic­
ture of the temperature distribution 
below the surface and they also consti· 
tute the only experimental boundary 
condition that all models must satisfy. 
In the past decade a large amount ~f 
heat· flux data taken from widespread 
locations over the Earth have become 
available.2- 5 In addition, laboratory 
data on thermal and radioactive prop­
erties are now available for many geo· 
logical materials. These data, together 
wifl~ knowledge of present and. past 
motions of plates. are leading to a new 
and, at least quantitatively. consistent 
understanding of the Earth's thermal 
state:~in;depths of a few hundred kilo­
me-fers}·ii,.et us start with a global look 
at the lerrestrial heat flow before fo­
cusing on'the heat flow in the specific 
regions of continents. oceanic ridges 
and basins and oceanic trenches. 

Surface heat flux 

When some of the most recent heat· 
nux data" are organized according to 
geographical regions and major tecton­
ic regiot)s on continents and oceans. as 
in Table 1, a striking feature is the' 
ncar equality of the nvernge heat nux 
for continen'ts and occam;. This fea· 
tUfe is, at first, rather surprising in 
view of the much larger total and spe· 
cific content of mel ioactivc hent· pl'O-

ducing elements in the thicker "sialic" 
(rich in silicon and aluminum) conti· 
nental crust as compared with the 
thinner "mafic" (rich in magnesium 
and iron) oceanic crust. Uranium. 
thorium and potassium are from 5 to 
10 times more abundant in continental 
crust rocks than in oceanic basalts; 
thus, heat production per unit volume 
is roughly an order of magnitude larger 
for the continental granitic-type rocks. 
In fact, much of the heat flux at the 
surface of continents can be accounted 
for by the t.otal heat produced within 
the continental crust by radioactive 
decay. By contrast. radioactive decay 
in the oceanic crust can account -for 
only a few percent of the oceanic heat 
flux . 

One interpretation of this equality of 
oceanic and continental heat nux was 
given by Edward C. Bullarcl6 after 
Roger Revelle and Arthur E. Maxwell's 
first measurement of oceanic heat 
flux.7 Bullard postulated that the 
heat nux from the suboceanic mantle 
must exceed thnt t'romthe mantle be· 
neath the co:)( inents, implying deep· 
geated differences in radioactivity in 
the mantle underlying these two major 
topographical units. However, in the 
light of continental drift and sea-floor 
spreading these differences would of 
necessity be confined to the moving 
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Plate-tectonics theory describes the relative motion of large surface plates. Material up­
wells at the mid-oceanic ridges, forcing the plates to move outward and finally to descend 
into the trenches. (Redrawn from a figure by F. M, Richter, "Dynamical' Models for Sea 
Floor Spreading," in Revs. Geophys. Space Phys. 11, 1973.) Figure 2 

lithospheric plates. An alternative 
view of the heat-flow equality calls for 
a thicker lithosphere beneath conti­
nents and an isothermal "asthenos­
phere," (a region wherein deformation 
or creep of material occurs more readi­
ly than in the relatively rigid overlying 
lithosphere) at the base of both conti­
nental and oceanic lithospheres.8 Pre­
cisely how this comes about is ·not 
specified, but presumably mantle con­
vection must play an essential role in 
maintaining such an isothermal asthe-
nosphere. ' 

Mantle convective motions may also 
contribute significantly in other ways 
to the heat-now equality. For exam­
ple, Gerald Schubert and Donald L. 
Turcotte9 have used a model in which 
the mass motion of lithospheric plates 
is balanced by a shallow return flow in 
the upper mantle to show that viscous 
dissipation can contribute 10-20% of 
the observed oceanic heat flux. This 
production of heat by viscous dissipa­
tion was remarkably insensitive to 
variations in the plate velocity and vis­
cosity function. The flow is apparent­
ly, self-adjusting, with heatin}: by vis­
cous dissipation provid,ing a self-lubri­
cating mechanism. Other calculations 
have confirmed this self-adjusting or 
lubricating nature of the now.10 

Tabel 1 also shows that,. within con­
tinents and ocean basins, heat flow 
correlates with geologic provinces and 
major tectonic boundaries. Heat now 
is low and rather uniform in Precam­
brian-shield areas, which have been 
geologicallv 'stabll' since the Precam­
brian, whiil' more rccel~t orogenic (that 
is, "mountain forming") areas have 
both higher and lower, and more scat­
tered, values of heat l1ux.2-4 Over 

ocean basins heat flux is moderate and 
uniform as compared with the higher 
and more scattered vaJues of heat flux 
over oceanic ridges, and the relatively 
lower values at oceanic trenches. Let 
us now take a closer look at observa­
tions and theories of heat flow over 
specific regions of the globe. 

Continental heat flow 

Variations in heat flow over conti­
nental areas are typified by those for 
the United States. Heat-flow values in 
the eastern USll are rather uniform, 
with high values occurring at locations 
of plutonic rocks of high radioactivity. 
Heat flow in the western US12 is char­
acterized by regions of high (Basin and 
Range) and low (Sierra Nevada) 
values, with significant vanatlOns 
being attributable to variations in heat 
flow from the mantle. 

A major step foward in under­
standing the significance of these vari­
ations in continental heat now was the 
realization that, to a large extent, such 
variations could be attributed to re­
gional differences in upper crustal ra­
dioactivity.13 It has been found that 
surface heat flux qs is linearly related 
to the concentration Q" of radioactivity 
in surface plutonic rocks: H ,15 

q,= q", + Q,(5 (1) 

where 0 is a measure of the depth over 
which upper cr,ustal radioactive heat 
sources are important and <Jm is a mea­
sure of the heat nux into the crust 
from the underlying mantle. In the 
eastern US, Clm = 0.8 microcal/cm 2 sec 
and b ::: 7.5 km; in the Hasin and 
Hange, qll\ ::: 1.4 microcal/c-m2 sec and 
o = 9.4 km, und in the Sierra Nevada, 
<1m ::: 0.4 microcal/cm2 sec Ilnd b = 10 

km. 15 P~esumably, from the equatj'J!, 
above, with appropriate values of 1\ lin,: 
Qs, the contribution of crustal radioar 
tivity to the surface heat nux can h,. 
removed to reveal the heat nux " 
emerging from the mantle. The hi','; 
values of heat flow in the Basin al~;: 
Range and the low values in the Sil'WI 
Nevada can be attributed to variat i(llh 
in heat nux from the mantle. Senr:!! 
plate-tectonic models have been S\i~ 
gested to explain qualitatively tlH' 
mantle heat-flow variations benp<lt h 
the western US.ll ' 

This method of discovering the man, 
tle heat flow from beneath the conti . 
nents has involved only a knowledge oi 

the integrated effect of crustal radioar 
tivity. To extrapolate the Eart h 's 
temperature to depths within the con 
tinental crust we require informat ion 
on the depth dependence of crustal ra· 

dioactivity. However, the equation reo 
lating surface values of heat flux and 
radioactivity does not uniquely deter· 
mine the depth distribution of crustal 
radioactive heat sources. Neverthr· 
less, the hypothesis of a distribution 
that decreases exponentially with 
depth appears reasonable from consid· 
erations of geochemistry,16 of thermo. 
dynamics17 and from direct empirical 
evidence.18 Thus we assume that thl' 
concentration' .Q ;'oCJ'adioactive hrl1t 
sources' in the crust decreases with 
depth d as given by' . 

(')' ., 

Integration of this depth-dependent ra· 
dioactivity concentration leads to the 
empirically determined relationship 
between surface heat flux and surfaCl· 
radioactivity noted above. The two 
equations are thus mutually cons is, 
tent.19 

The temperatureT in a layer of ra· 
dioactivity that decreases exponential· 
ly with depth is given by 

T - T, = 0;'(1 _ e-m ) + d(q, ~ M~) 
(:J! 

where T" is the surface temperature 
and k is the thermal conducti\,it.\', 
Thus a knowledge of surface heat 
flux, surface radioactivity, the srale 
height of radioactivity distribution nnd 
the thermal conductivity suffices to de· 
termine the temperature as a function 
of depth within the constraints of thl' 
assumed depth distribution of radio:1C' 
tives. Given the empirically deter, 
mined values of <1m and 0 ment iOlll'd 
earlier, and using Ii = 6 X 10- 3 cal/rnl 
sec deg C, Arthur H. Lachenbrul'h l

? 

has calculated crustal temperature di,' 
trihutions for a number of possihh 
values of <)<. Calculated temperaturc

< 

at the base of the emst in the H,lsin 
und Hange province arc sutTicil'nth 
high to allow for some partial Blelt ill~ 
at this depth. Although then' is stili 
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~haracter of the crustal geotherm for 
tach continental region; there can be 
110 doubt about the qualitative validity 
of the temperature distribution for a 
particutar province. Furthermore, 
comparisons of geotherms between 
provinces can be made with some con­
fidence- Contine'htal heat~flow values 
are also influenced by the time and na­
ture of the most recent orogenic event. 
Heat flows for tectonic provinces are 
correlated with the age of such prov­
inces. the older ones having the lower 
beat flows. 2o 

Oceanic heat flows 
Although there is considerable scat­

ler in the measurements., the heat-flow 
profiles for mid-ocean ridges are quali­
tatively similar. Typically, they ex­
hibit reasonably high· values near the 
ridge axis and tend to decrease to lower 
ralues with increasing sea-floor age or 
distance from the ridge axis, possibly 
approaching a rather constant value far 
from the ridge. These features are 
seen in general discussiOOls and sum­
maries of heat-flow data fur the floor of 
the world oceans21 and in some recent 
reports of newly acquired data.22 

A relatively simple plate-tectonic 
model can qualitatively explain the 
rariation in heat flow with distance 
from a mid-ocean ridge_ This model of 
a spreading ridge, discussed by Dan P. 
~IcKenzie,23 consists of a lithospheric 
slab of constant thickness moving with 
a constant velocity. The temperatures 
at the bottom of the slab, that is, deep 
under the surface, and at the ridge axis 
are held fIxed at the same constant 
value while the temperature at the top 
of the slab is also held fixed. The 
variation of heat flow with distance 
from the ridge axis is thus explained 
simply by the cooling of the spreading 
lithosphere. Additional calculations 
with this cooling-slab model of spread­
ing at a mid-ocean ridge have been re­
ported.4 •24 M3rk G. Langseth and his 
colleagues25 had earlier presented a 
numerical analysis of ill similar model 

. for the thermal state at oceanic 
spreading centers. 

An equally simple and perhaps more 
realistic model of the tbermal environ­
filt'nt in the vicinity of mid-ocean 
ridges views the spr.eading oceanic 
lithosphere as a oooling thermal 
boundary layer in a g&obal system of 
mantle convection (see 1k~ummary of 
thi.." point of view by Turcotte and E. 
Hanald Oxburgh26 ancia number of pa­
\It'rs written by these authors devel­
Oiling this bo~mdary-jayer model of 
mantle convection.27 ) The cooling of 
the thermal boundary layer is governed . 
by the simple differenttal equat ion 

aT in' 
---=1(-
ill iFz2 

(4) 
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Heat-flow data for mid-Atlantic ridge (black) and east Pacific rise (grey) agree qualita­
tively with theoretical curve (color) which is based on a model of the spreading lithosphere 
as a cooling thermal boundary layer. (From D. L. Turcotte, E. R. Oxburgh, ref. 26,) Figure 3 
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Dynamical and thermal state near a mid-ocean ridge are depicted by streamlines (co!or) 
and isotherms (black). Darker areas indicate higher temperatures. (From D. L. Tur­
cotte, E. R. Oxburgh, referenCe 26.) Figure 4 
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At oceanic trenches, the cold descending plate lowers the .iostherms near the slip zone 
(colored' fine) and elevates the olivine-spinel phase boundary (cross-hatched line). (From 
D. L. Turcotte, G. Schubert, reference 37.) Figure 5 

where T is the temperature, z is the 
depth and K is the thermal diffusivity. 
At z = 0 the temperature must equal 
To, the temperature of the ocean floor, 
and as z -- 00, T -- T m, the isothermal 
core temperature of the convective cell. 
T = T m at time t = 0, that is, along 
the axis of the spreading ridge. The 
solution26 is 

which, by virtue of Fourier's law of 
heat conduction, 

--"----=--"- = erf - -T - To {Z( 1 )1I2} 
T", - To 2 Kt 

(5) 

giv~s 

q. = k(aaT) 
z z-o 

k(Tm - To) 
qs=- y;Kt (6) 

This result, evaluated for To = 0 deg 
C, T m = 1200 deg C (based 011 materi-

Taole I. Summary of Terrestrial Heat Flux Measurements 

Standard 
deviation 

Mean heat flux from the mean 
Tecroftic and geographical Number of (microcalj (microcal/ 

regions data cm 2sec) cm'sec) 

Global'" 3127 (673) 1.63 (1.47) 1.07 (0.74) 
Continents· . 597 (95) 1.45 (1.46) 0.57 (0.46) 
Precambrian shields 214 0.98 0.24 
Post-Precambrian non-

orogenic areas 96 1.49 0,41 
Palaeozoic orogenic areas 88 1.43 0.40 
Mesozoic-Cenozic orogenic 

areas 159 1.76 0.58 
Oceans* 2530 (591) 1.67 (1.47) 1.15 (0.78) 
Atlantic Ocean· 436 (126) 1.47 (1.34) 1.14 (0.57) 
Indian Ocean* 358 (l08) 1.36 (1.32) / 0.95 (0.52) 
Pacific Ocean* 1308 (310) 1.70 (1.50) 1.24 (0.84) 
Ocean basins 683 1.27 0.53 
Mid·oceanic ridges 1065 1.90 1.48 
Oceanic trenches 78 1.16 0.70 
Continellial margins 642 1.80 0.93 

·Means ancl d,fJlldard deviations oro based on arithmetic averages of individual data. Numbers in 
parentheses, however, oro based on averagos over equal-area element. measuring 5 degrees X 5 degrees 
01 Iho Equator. 10 accounl for uneven geographical distribution of data for these large areaS. 

Dolo from W ... H .. K. Lee, reference 4. 
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together with heat-flow data r r, 4 
Mid-Atlantic ridge and East ,. ~ 
rise. Theory and observation., ..j 
qualitative agreement, except ' .. , l 
very close to the ridge axis. wh, .. , .~ 
ficulties encountered in makin" ~ 
flux measurements. and the p",' ! 
that substantial amounts of Ill'';' 1 
lost directly to the ocean throIL:'1 
drothermal circulation, may SUI!. .j 
explain some of the diiicrepnnc'., ~ 
Illustrative streamlines and is()! I.. ·1 
depicting the dynamical and th.· J 
state at a mid-ocean ridge26 are ,1. ,l 
in figure 4. 1 

The model of a spreading and, :~ 
ing lithosphere is consistent wil h ~ 
topography of oceanic ridges. wh i,; ~ 
characterized by an elevated reg:",·. 1 
the ridge axis and a decreasing !'!, ~ 
tiOl; with increasing distance fron:' ;j 
axis. This topography can be In:_ 
understood in terms of the thl'r' 
contraction of the spreading lith". 
ere as it cools and moves away I: 

the ridge.24 •25 ,29 John G. Sclater " 
others30 have shown that the empir: 
data on ridge elevation and the a,~' 
the sea floor for the Pacific. Indian .' 
Atlantic oceans support this cone. 
Surface-pressure variations caused 
mantle convective motions can :I 

contribute to mid-ocean ridge topo:" 
phy.26 Finally, we note that the <: 

pie model of lithospheric spreadill~ " 
cooling from an ocean ridge has be, 
used to construct petrologic model, 
the Iithosphere.31 

Oceanic trenches 

Generally speaking, the heat·n:­
distribution near oceanic trencht'O' 
consistent with the concept from pi,;" 
tectonics of relatively cold surL",. 
plates or lithosphere descending iI" 
the mantle at the trenches. 

On the ocean sides of trenches h.·,' 
flow is resonably unifo~m with an 11\ ,: 

age value of about 1.3 microcal/f 1;' 

sec.4 Directly behind trenches tl. 
heat flow generally falls below 1 micr .. 
cal/cm2 sec, while farther from (';' 
trenches, over inland or marginal ~;('.!' 
it rises to values of about 2 micro,,;;i 
cm2 sec.32 The low heat flow direl"" 
behind the trench mav be under,t'"" 
in terms of a depres;ion of the i,<' 
therms resulting from the presencl' " 
the colder descending slab. Far!hr' 
from the trench. the high sllI'face lit . 
flow and volcanism may be attribIltl': 
to frictional heating on the slip Nil' 

between the descending plate and ! b 
overriding mantle33 .34 .01' to intnl'w:', 
of oceanic crust caused by tension.!· 
stresses.3 :> 

Among the calculations of tcmpt·nl 

ture distributions in the descend in,: 
lithosphere36 is a recent and inf('r 



",ling proposal by Turc·otte and Schu- being developed by a bl'llnch of geo­
IH'rt.:14 They suggest that the linear chemistry called experimental petrolo-
eh'lins C)f active volcanoes usually nsso- gy. Rocks that arise from the deep 
riated with oceanic trenches lie above parts of the Eart.h often are quenched 
t/;(. point on the :;liILZillle-bwve~n-t-he--in--t . scen ,. so wI t.le mineral dis-

-l-. -- descending lithosphere and the over- tribution corresponding to some depth 
riding mantle where partial melting of is fixed. Certain minerals are in equi-
rhe oceanic crust takes place. This librium along a given locus of pressure 
idp!I, coupled with an assumption re- P and temperature T and it sometimes 
~arding the frictional-stress distribu- happens that different pairs of miner-

t\ (inn along the slip zone (such as one of als, in the same rock, have intersecting 
constant stress), leads to the following loci of P-T equilibrium conditions so 
;imple result for the increase of tem- that the temperature and depth of ori-
perature Tsz along the slip zone due to gin of the rock can be illferred. A se-
frictional heating34 quence of these rocks can be used to 

T _?( KX )-II2UTo (7) infer the temperature-depth profile. 
" - - 7rli cos 1> k This technique appears to be most 

,," 

where x is distance along the slip zone, promising for rocks associated with 
( is the thermal diffusivity, TO is the natural diamonds, because these rocks 
assumed constant frictional shear are ejected cold, from great deptl1s in 
slress on the slip zone, u is the velocity the Earth (in excess of 150 km).38 
,)1' the surface plate, k is the thermal Only a few years ago, it was thought 
conductivity and rp is the angle be- that if the initial conditions of forma-
tween the surface plate velocity and tion of the Earth could be defined and 
the normal to the trench axis. The the disposition of radioactive materials 
above equation applies only up to the in the Earth described, then the past 
point on the slip zone where partial and present temperature distributions 
melting begins at the temperature Tsz of the Earth could be computed. It 

nn = Tnl (the solidus temperature of ba- \vas thought that this goal \vould be 
0(\ ;alt) at depth dv• Rearranging the realizable with numerical techniques 
:al above equation, we find that the con- and, once it was accomplished, deci-
il! stant shear stress on the slip zone is sions could be made about the 'chemi-
nd given by cal-composition distribution by com-
)( 
\,\ T

o
=kTm(7rSin o cos <pyn (8L 

Ih" 2 uKd" 
., \\'here 0 is the angle the subducting 

,that is, descending) plate makes with References 
:11 the horizontal. From the solidus tem-
!l,t 

perature, the velocity and geometry of 
~·r. the descending plate, the thernlal 
('. ~ 

~roperties of the plate and the depth to 
:he plate beneath the volcanoes (from 
,eismic data defining the Benioff 

;,\, lOne), the shear stress on the slip zone 
1 Ulay be determined. 

It, The temperatures inside the de-
,cending lithosphere have been com-

1"1 
II" Juted by eXlending the analytic model 

Jiscussed above with .numerical calcula­
,,,;ions.34 The temperature on the slip 
'r :one at depths greater than that which 

'orresponds to the onset of partial 
I"~ llelting is assumed to be given by the 

iC1salt solidus temperature. Calcula-
h. ions included the effects of adiabatic 

:eating and heating due to the olivine­
pinel phase transformation. This lat­
i'r is a solid-solid transformation from 
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