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ABSTRACT

The local temperature field of. a , dovngoing slab 1s

investigated ‘by using a tinit@-difference numerical
approach. A nuperical model vhich simulates he downgoilng
slab 1s Qsed to study the effects of various dip aﬁgles,
'diﬁferent rat:>s df~ subduction, heat sources ‘and‘ rising

material from the upper ~surface ot the slav. The model

'srumes a sinple descent meechanism near the surface and this
N :

mechanisn-1s discussed in terms ot tune associated earthquake
field and the interactions of the material there. The ‘Tate
or subduction and emount Ot shear-strain heating along the

\3upperxsurface of the s5lab are 1mportant factors in . the

)

deterwination otf "the .thermal regime. When melting occurs,

>

¢

r;sing"material fron tire tbp of the slab produces high heat

“flcy values at the surface of the earth on the coatinental

L
b ‘

side,of the oceanic trench. The vgravity effects of the

downgoing litho§§here are also 1nvestigated. The results

' o /,w: , o . .

indicate thag/@ﬁ; presence of rising nmelt will masi <the
< ‘/ . . s - -

gravity effect of the cold sinkicg slab at low subduction

velocities (i.e. 1 cm/yeér).//
The behaviour of time-varying electromagnetic fields

£ »

) .
corresponding to various ‘temnperature distributions

associated with a subducting lithospheric slab has ’'been

»tudied using a two-dimensional numerical model. The results
show that the novedent of melted material rrom the too of
the slabp considerably atfects the spatial behaviour of toe

electronagnetic field cOmpbnents at the surtace,

iv o



particularly that ot H, and Hz/ﬁv.‘ A “lateral conductivity

contrast at the surrace {l.ew a sea-land iuterfacef
completely dominates the behaviour of the field ‘components

there, and the etftect of any <subsurface tcmpq;dtuze

—y

varlaetions 1s neglagible.
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number ot the measurements were above the surface mean heat
tlow. A more up-to-date heat tlow map (Von.Herzen and Lee,
1904) indicated abnormally high heat tlow values associated

¥with island arc regions. Horai and Uycda (1969) tound

anomalously high heat t1o8%values associated with volcanic
areas that were related +to 1sland arcs. Most heat tlow
ohsorv&tions takea  to  wate have been tound in the Sea of
Japau where heat tlou values average 2.01+.38 s.d., H.F.U.
(suginura and Uyeda, 1973). since 1island arc regious 1o

general .re associated with volcanic areas, it is generally

believed that mn-t other igland arcs display ‘a corresponding

~high heat flow pattern.

In the pas: sevieral years = many <ctudies have .

investigated possible causes of anomalous heat flow values
. ! LJ

related to subduction zones as well as thermal regimes

assoclated with the descent of the earth's lithosphere in

these regions. Oxburgh and Turcotte {1968) determined that

frictional heating may play an important role in generating '

high heat flow in island arc regions. According to their

analytical calcuclations, production of magmas occurs betucen

100 km and 20¢C oth, where tenmperatures are nigh enouduh
on the desc: 3ii-- lithosphere®s fault zc 00 produce
significant pe N pelt. The partial melt ¥as the

hypottesized to rise to the earth's surface Ccreating an
anomalous heat flow region. McKenzie and Sclater (1968)
investigated High heat flow in the northwest Pacific and

deternined that posSible sources of heat - included volcanic

o S

A

7

7
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| _ )
intrusion into the <crust and dissipative shear heating in
K P
the mantle due to the descending lithosphere's nmotion.
Cﬁlculations denonstrated that ~shear heating near the
v \ A~
earth's surface or 4an increase iL“thermal éonductivity due
-~ |

to nass transport of magma could explain the high heat tlow,

although the 1nitial temperatures needed vere unrealistic.

HicKenzie (1909) obtained a temperature distribution in
the lithosphere thrust beneath an island arc region. Flou
and stréss{heating in the mantle maihtained a high heat rlow
anonaly in the ;sland arc. The aﬁaljsis assumed the
temperature  gradient below the lithosphere followed the
adiabatic gradient and the descending lithosphefe acted as a
thermal boundafy layer suppdrting temperature and density
gradients\iarger than those in the surrounding mantle. The
heat flow anomaly in the 'real world!* situation could then
be explained ir there existed u large shallow stress field
to produce shearing  near the earth's surface. The
calculations includedi a - large  number of lingari;gd

approxinations.

Oxburgh and Turcotte (i970) assumed frictional

dissipation of heat occurred along the rfault zone near the
S

-

upper surface of the descending slab_and established a line

heat source along this zone with source sirength as , a.

r

function of depth. They found that most of thé heat vas
transferred to the ‘descending lithosphere and the he .
source was unable to generate enough heat o correspon .

\‘ Al
high heat flow in the island arc region. Minear and Tok. ~7



(1970) and ‘Toksoz et al ‘(1971) used a finite-difference
solution of the conservation of *hermal energy (fguation to
determine the effects of.‘ spreading rate, .adiabatic
compression, radioactivity, phase changes and strain heating
on the ther;al regime ¢ the downgoinyg l*thospherig slab.
They were unable to Generate the hééting required to produce
a heat flow anomaly in the island arc region. Hasebe et al
(1970) considered two-dimensional time dependent heé&j
coﬂ%udtipn equations with large heat generation along thé
deep-ea;tﬂq;dke faglt éone and effective heat transfer due.
to rising magma in the upper mantle above +this zone. It uas
determined that heaf genefation four ;1mes as high  as the
mean heat flow at the upper surface of the lithosphere and
‘heat ’éonduction ten times as high ‘as normal phonon
conduction ugre required to explain aqomalouslx\:igh heat
flow in the island arc region; The values used vuere

justified by invoking viscous heat generation due to shear

stress and penetrative convection of magma.

6riggs (1972) established a thermal model’ of the
_deécending lithosphere which included gravity:effecfs and
possibie earthquake vmechanisms related to slab‘ motion.
Richter (1973) proposed fluia dynamic nodels of the .
‘lithosphere-aéghenosbhe:e sYsted uﬁich included generalized
\ .
nantle convecﬁion. ‘He obtained flow patterns uithin fhe
maﬁtle for idealizec¢ nodels assuming thé mantle acted as a

=Y

Nevtonian fluid. Turcotte and Schubert (1973f determined
5 - . o

'temps “tures  around the descending 1ithospherel using
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constant ﬁheﬂr ctress onh the rault zone as well as Stréss
weakly dependent upon depth. The analytac <model ass: aed
partial melting occurred alonygy the fault zone below the
point wheie active volcanoes lie. The temperatures and shear
stresses agreed with the mouels proposed by Toksdi et al

(1971) .

~

Andr us  and Sleep (1974) used numerical modelling of
tlow induced by the downgoing slap to explailn high heat flow

in marginal deins and island arc volcanism. The induced

"flow vas  two-dimensional, .time¥dependent and "included

viscosity dependent wupon temperature and pressure. The

'highest stress occurred at the base of the slab interface

creating a narrow channel for separating melt from source
materials, obtaining volcanic magma. In marginal basins

tensile yielding caused the plate to <thin and raise heat

~flow values. Bird et .al (1975) computed thermal regimes for

Continent-continent convergence zones podelled by  the
finite;difference technique‘ of Toksoz et al (1971). Their
model of the Zagros 'mountain Tregion 'satiééied gravity,
Seiémic, heét flowu de geologic éonstraints.

Spence (19Y77) .established a slabbing, escalator-like

descent mechanism for the subducting Pacific plate. -He

-proposed that partial melt is concentrated 1in a thin_tabulér

zone of mantle above the plate. partial melt is concentrated
by episodic pressure reductions due to viscoelastic rebound

induced by loading of the mantle. Partial melting caused by

deeper ~pressure pulses rises  to the underthrust plate "~

b N
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creating a marginal basin.

"K“"' .
The above studies indicate that there 1is interest in

the interactioh betueeﬁ sthe  osceadinyg slab material‘andlthe
;nrrounding mediun =~ .1l as the form of tha éounuarping
nochanism near the surface, though very little ‘has been
published oﬁ this latter point. In the work of Minear and
Toksoz (1970) as well as Toksoz et él (1971) the thermal
regime ‘fof a 45° dipping slab was investigated.‘lt also
appears that 1n mnpost discuésions concerning theoretical
calculations for downgoing siabs, a 45° dip angle has beén
aséu;%d. It 1s known that th@‘ earthquake zones (fault
zones),g,uhich'are_taken to define ﬁhe upper bdundary of'thé

downgoing slab, dip at various angles depending dpon‘ depth
and the region being considered, not necessariily at JSO (éee
Sykes, /1966;- Benioff, 1954)l The dip angles may varfvfrom
approxihately 159 in the T .gros mountain region and 220"f;;
the near surface pértion of the slab near éhe vest coast of.
South Americd to as much as 759% in the deepe-~ Bon;n—Héﬁshu
region. In ;ihis regard Bird et al (1975) have recently
considered slabs with shallower slopes (30°'and 150)'and; as
has been mentioned, have applied their method to the Zzagros

mountalin region.

It 1s also dpparent from the profilles of earthquake
] - : F '
epicenters that the dip angle of many zones changes from a

smaller angle nea§ the surface to a greater angle St'depth
or that zones may flatten out at .greater depth. If we

identify these =zones of earthquake activity with the upéer'
' ¢



boundary of the slab, the implication is that the moving
lithospheric plato must"bend' at depth as well as initially

near the earth's surface.

Severqi conductivity';tructurés which'are pOstuldted to
uccouut for various reglonal goomagnetlc xleld anomalies are
attrlbuted t% ‘variations. in the temperature belou' the -
eartht's surfuge (Uyeda and Rikitake . 1970; Law 'and
Riddihough, 1971; Gough, 1973 Gdrland- 1975) Variatidnq in
the subsurface temperature may be either due to ldrge scale
tectonic activity in.the crust aud mantle xeglons',or ~they
may be associated uith the subduction of lithospheric plates
info the upper mantle. Examples of geomagnetic anémalies
fhat are, attributed to tectonic.'activity include £hosé
observed -at Alert ‘(Riﬁitake and Whitham, 1964; Niblett et
al, 1969), Northern Gérmany (Schmucuer; 1959, KnbdelQ 1968)
and Texas (Schmucker, 1964). Rikitake and Whitham {1964)
sugéésted_that certain features of the aAlert anomaly é;uld
be explained ‘by the rise. of the 1400-15000 isétherms to
¥ithin 25 km of nghe earth's 'surface.u Schnucker (1;04)
attributeq the Texqs conduc;ivity anomal  to the rise of the
high- ﬁémperature' isotheras in ’the upper mantle. This
interprétafion by Schmucker’has'ueen subported _tb a larqge-
eéxtent by the heat flou observatlons of Harren et al (1969).
Comparlng their heat flow observations with the.gepmagnetic
Observations of Schmucker (1964), Warren e* al (1969) found

that regions-where Schaucker observed large aromalies in the

horizontal . nagnetic conponent and spall anomalies in the
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lithosphere;

vertical magnetic component, had' high heat flowv npear the

ground surface.

Twvo vell known examples - of geomdgnetic anomalies .

-

observed- in subduction Zones are t'~» Japanese anomaly and

the ‘Andean anomaly of Peru. It has been suggested (Gough,

1973, Garland,‘ 1975) hdt both of these. anomalies are

related not only to the downward movement of the cold plate,
but also the upward movement of hot material produced by the

frictional heating along the surface of the descehding

°

-

'Although an exact relationship between geomagnetic
field anomalies -angd heat flow anomalies - is yet to be

developed, it is believed that the anomalies observed in the

horizontal nagnetic components are. more Closely correlated

with heat ~ flow variations thaﬁ anomaliés in the vertical
Dagnetic component (Rikitake, 1966) . Large values in the
aorizontal Components are generally'vassbciated with. an

rased heat flow.
‘I ’ ! 3

~ ¢ ¢ studies indicate that the descending slab remnains

coo,;_ew ok the surrodnding mantle to depths-of 600 ka to
7031x . " @veriences shear-strain heating as it
descen: a_:ag the . upper »surface, although the
amount <. 2in heew- and its effect'remain,ah.aréa
of cont .:ve. U less . oon quantify is the anount of
heati. - ¢ " char 3 to the.'interior of._fhe

slab & i+ . o d= ~-.C th2 nechanisnp of slab



descent indicates that the slab éXperieﬁces.normal faulting
as it begins to subduct followed by thrust faﬁlting implying
the slab acts as a distinct mechanically separate unit fron
the surrounding mantle. The effect that | density and
temper&tute vgriations havé' on the associéted Jravity and
electromaguetic fields above descending' slabs. 1s still
uncertain. Current studies also inﬁicate that the descending

siab does mnot maintaih a constant dip angle as it descends.

Considering these aspects of the . evidence of slab

motion, it is of interest to develop a model which can

e,

provide for a rénge of dip angles as well as for the re

general case of a change 1in dip angle at depth. This gives a

flexible model which may be used to determine variations in

=

geophysicéi parameters at depth and neaf the earfﬁgs
surface. It is thepﬂjpossible to investigate tﬁe lover
limiting case of cdﬁditions required to produce melting on
the upper surface of the dbungéing slab. Several theoretiqal
modeis for the thermal’evolution of a downgoing slab are

considered, including varying aip angle, inclusion of
PR | , . :

vari~us heat sources at depth, and rising material from the

top- of the slab. This allows for the development of a model

which predicts the possible loci of melting at. depth =nd

B

variations of heat flow .at -the surface.

{

. The properties o the earth's interior can be better

P
o >

understood if data can be collected by various geophysical
nethods  (i.e. = heat flow, gravity, seismic, and

magnetotelluric mnmeasurements) and C§orrelated uith each

i



other. . In recent years, Studies 1nv§lving such detailed
corréigtlon are becomling @more common (Garland, 1975) .
Neverthéiéss, geophysicéi surveys involving the simhltaqeoué
use of more than one method may not always be practicable.

’ : [a]
One relatively simple means ot undertaking a

»

Va

cofrelétion study between various methods is through use of
Computer modelling. A wopumerical model is established to
compare the thermal properties of a desceﬁding slab and the
associated .gravity effects. A compdrison is also undertaker
to determine thé relationship between heaf flow anomalies
and electromaghetic field anomdli*f fof a two-dimensional
model as éeLl as the electromagnetic effects of temperature
vafiétions ¥ithin the descending slgﬁ? Electfical_

S u -
conductivity models are derived ~ from temperature

distributions for various thermal models.



CHAPTER 2 THE NUMERICAL MOUDEL

In the nunerical model to be'presentea,.the d&hgmics of
lifhosphere motion are assumed and perturbatibns in various
geophysxcal quantities are calculated on the basié of the
dynamics. This numerlcal method is based on that originally
developed by Mingar ~and Toksoz (1970). Tpe region of
interest is divided 1into a tvo-dimensional grid'uith initial
conditions. specified at each grid point. Computa£ion or the
temperature fleld ‘proceodf~ .by using the thernal ene:gy
balance equatlon ;nd the Peaceman and Rachtoxd alternatlnq—
. directicn lmp11c1t flnlte dlfferpnce numerlcal technigque
(Peacemah anq- Raéhford, 1955) . ' The variations in
temperatures resﬁlt in_denéity variations which répresent a
variation iﬁ the gtavity over the region of interest. This

’

variation is calculated and -plotted.

.. . N\ \
2.1 Lithospheric Slab Translat

P4

S~

Iq the mnodel presented by Minear and Toksoz (1970)
movenent of lithospheric material into the .mantle is
accomplisﬁed ' :anélation of temperatureé ahead or tpe
slab (see Wi.ear and Tokso- (1970), Fig. 4). The materiél[
as it 1is being subducted, 1s assumed to flow ‘“around the
bend® in circular arcs. This method feqpires a linear
-ntefpolag}on procedure to deternmine the tenperature valu;s
on the céﬁce of +the slab as the slab bends dounuatds.v
Haterigl‘assuned to be a£ a grid point nay not stop at a

11



corresponding grid point on its 'journey' into the mantle
over the period of time being considered, hence, the need

for linear interpolation between -grid points.

In the method presented here, the dounéard slab
movenent 1s- carriéd out by tranélating the tepperature
values diagomally through the mesh as i1llustrated in Fig:
- 1(a). This 1s advantageous . in that no interpolation is
necessary. Also, different aip.anglesﬂfor the slab®s descent
nay be‘readily-accommodated'byderying‘ihé relative lengths
of Ax and Az as shown in Figé. 1(b) and’_1(c). This method
can also conveniently pr0vide,t6r a change in tae dip ‘of the

slab as illustrated in Fig. 1(c).

ComparisOn of th . present model with that of Mincar and
* Toksoz leads to considerations of the mechanism by which the
~ slab -begins 'to. suﬁduct and the nature of'the interaction
between fhe moving oceanic plate and the sfable plate under
¥hich the slab is descehding. Whereas the Hinear and'Toksoé
‘deei limplies a bending of thé'slab by flexural vslip With
tensional stress at the tép of the'bend in the slab and
'compressiohal Stress at the 5Q top-of the bend, this modél
miﬁplieg 'a doungard slipping of the end of the slab together
uithvlocal tension as it starts to subduct, essentially dué
*o a normal faulting methanism; Cbnsider a; initial steady-
state_lifhosphere, becdming éraviﬁationally _unétable over
lover dgns;py material: it will sag at first, creatiﬁg a

broad trench-1like region on the océén floor,'folloued'by‘ an

inverted keystone failure at the ax’ s of flexure. Successive

13
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noimal faults will propagate 1nto the slalby, parail 1 *o the
first, permitting 1ts end o d050(nu1 Lnfo the mantle. The
analogy can be nade with a pack ot cards sliding pa. . one
dﬂOfHOZ. The stress-ficl’ at  tue top ol the <lab will
necessarily be te .onal subparallel to the surface.
Calcu’ations dore by Lliboutry (19e9) 1nci1cate that tne
strosses inyolved in lithosph@fic sinking allow rfor «a :imple
sitwvar nechaniso with pnormal faulting. This podel maintains
the vertical thickness of the lithosphere 1s unchanye with

downward sinkin of the plate in blocks by shearing along <
g i b ] -

vertical planes.

this type of lithospheric descent is Sﬁpportcd Y f1Tst
notion studies done by Isacks et alt (1908) which 1ndicate
strésg and defornation within a lithospheric plate nay occur
by normal faulting at shallow de >beneath the axis of the
trench and landward of the u: arust zone. This type of
nornal faulting beneath the seaward slope of the oceanic
trench 1s further supported by Katsunmata énd Sykes (792Y)
¥ith studies done in the Phillipine Sea. Malahoff f1970) has
cbncluded that gravity faulting 1is thé doninant type of
défdrnation in several trenches :1n the Pale%C based on date

obtained fronm §g£§Dic reflection profiles. Ludwig et al

—

t1966) belieyes gravity faulting *o be doninant :in the Japan

trench a Stauder (1968a, .b) reached sic.lar conclusions

Aleutian ‘trench. Lister (1971)’obtained on acoustic
y '

reflection prcrfile across the Chile trench off Valparaiso

which showed downbowed reflecticns and normal iahlting

1w



1adacat ing fhe Tothospher Lan ‘ o descendiogoan tn
escalatorlike fasnion. noterns ol viobable Lrator :
the slab, tne cbhove trdansia®ion procedure e beirevsd to
represent 1 possible gec.oanisa ol drthospherio movenent g
subduc* 101 zunes.
.4 Tegperature pield cnopuiataon
Ca’calation ot the teppetatuaie Tre Lo 1o aveomsliched
us 1.y the foacenan vnd ®achiord alternating-drrection
itoplicit iinite-d1r cerence aethod (Peacermen  aad  kachiori,
1955) and the theracl eanrgy balance oguallon:
Cooomr o= ToRTTY - oH ¢
) ‘t
where Cp 1s the .pecific heat at constant rressur:, . is toe
density, T 1s the temperatiare 1i dcareor Celsius, K 15 the
thernal conductivity and H 1s the hea-® >reTation perf  unit
vcelune. Coaputation of the thert. 1 - :ice pro~e~’s  2s
follows: tepnfera*ures representin  l:-hosbheric “aterial rare

translated downwards as descri - the previouds section;
+ae thernel energy balance tion 1s then <aployed to
obtain the corresponding temfperaetvres after a tire T the
litheospheric =zotion 1S 'thQD resuned anc¢ the Lecperatures
recalculated; and s0 on. The wvertical t:anslation doctace
for the 1itﬁospheric slab 1s 10 kz for each tiae step.

Use ot the thermal energy - balance equation 1S

acconplished by expressing the equation 1in finite-difference

forn and using an algebraic schewe

proposed

by

Thocoas
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(Peaceman and Rachtord, 1955) and modified by Minear and
Toksoz (1970) to obtain temperature solutions tor each -time
step. The scheme requlires setting up the derivatives to
obtain temperature solvtions solved implicitly 1n the x- and
z-dlrections in alternate steps, resulting in the final
solution. A comparison tbetween the solutions_obtained;from
the finife—difference method and an exact solution for ~ the
thermal energy balance equation 1indicates that the solutions

agyree to within a few percent (Toksoz et al, 1971).

Stability criteria established by Peaceman and Rachiord
(1959) indicate that the finite-difference solution 1s
unconditionally <=stable for <the thermal energy balance
equation for the case of constant thermal conductivity. In
. other words, the schene converges to the correct solution
for all gqgrid sizes and time steps. In the case of thermal
conductivity . being tenperature dependent, *the 'étability
conditions have been established by_Toksoz et al - (1971) and
Yinear and Toksoz (1977). The stability conditions require
thaf the spatial deri%atives in thermal conductivity bwe
restricted in nmagritude to allow convergence’bf the schene
' to the proper solution. In all examples presented, the

convergence'requirements have >een net.

2.3 The Initial and Boundary Conditions
”\\\/The boundary conditions are similar to those enmployed

by #inear and Toksoz (1970). Heat flux into thé bottom of

the grid was taken .as constant to mnaintain steady-state
r
s
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conditions in the mantle. The surface or the earth is
maintained at 0°C and it 1s assumed tﬁat there 1is xno heat
tlux across the side boundaries of thé region. This latter
condition implies that the edges of the region of interest
are not affected by the dogngoing, slab. The depsity'

distribution used in the calculations closely. follows the

Bullen A densit} curve and is shown in Fig. 2.

e
-~

-~
The initial vertical temperature distribution ¥as

obtained using the relationshib given by Mercier and Carter

(1975) for low-temperature oceanic pYroxene geotherns:

T = 4.34(P+8.6) - 11840/ (P+8.6) + 1340 L 2

wvhere T is the temperature in degrees Celsius and P is the

pressure in kilobars {vhere P follows the normal hydrostatic

gradient). Smpall variations in the initial temperature

distribution are unimpgrtant since it is of interest in Lh°s

nodel to study ‘perturbations in the thermal reginme. Alsg(
4 : A

there is much uncertainty in the éxact nmantle geotherm ash

illustrated by the VarieEy of geo{heIQ§ published (Mercier

and Carter, 1975).

v

The specific heat at constant pressure 1is len as

constant and given the value Cp =‘1.3x107ergs/gm - (Toksoij

ec al, 1971). Fecr conmparisons ¥ith the Hinear- and " Lsoz
nethod the thermal conductivity used is given by #Hacbonald
(1959), which inciudes constant lattice conductivity plus ' a
radiative tfanSfer tern which is dépendent upoqvfemperature.

This thermal conductivity gives unrealistic values for
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temperat ; above 1000°C and w1ill theretore aftfect the

o
\ <
temperature - distribution within the descending slab
) . .
(Turcotte and Oxburgh, 1972) . Furthermore, experimental
evidence indicates the radiative qpacity of olivine
increases with tempecature (Aronson et ale, 1970) .
Therefore, for mnst models a constant conductivify is used
with a value of K= .01 cal/cﬁfsecoc {Hasebe et al, 1970).

2.4 Heat Sources

T

fhe inclusion of heat sou;ce“ coefficients' is
incorporated through.the'heat production term in the thermal
energy balance. equatibn. Heat éources vhich have been
included are those due to qdiabé;ic compression and_ shear-
strain heating. Heating due to rgdiogenié sodrces has not
been included since it is expected the effect will . be
pinimal® in" the tiume periods‘ considered. This has been
supported bf"“alculations'done by Mihear and Toksoz A(197C)
and Toksoz et al (1971);.Heating due to phase changes within
the descending slab is’ of no known importance for.depths
less than 300 km and has not been conﬁédered bécause of the
uncertéinty in the «contribution this .term hﬁs in the
temperature fiéld,computation. Calculations done byG Oxburgh

and Turcotte (1970) indicate the effect of phase changes 1s

insignificant on the thernmal™regime.

The heating of the lithosphere as it descends into the
nantle due to compression is calculated by the rate of

enerqy release at depth h (Toksoz et al,* 1971; Hanks and

L



Whitcomb, 14971):

doQ 3T . " _
ey = I - V==V = qaTv (3)
dt Cob 3E 7 P,

h
wvhere p is the"density, Cp_is the specific heat at constant
pressure, v, is the vertical velocity of the slab, g 1is

-gravity and T is the temperature.'The volume coefficient of

expansion is assumed to have a depth dependence given by:

2N (4)

/

with the depth z in kilometers and o in units of 10 6/0C.

a = exp(3.58 - 0.00722) .

-

The ' inclusion of a shegr-strain heating term is
constrained geologically by the need ‘to éreate partial nmelt
‘at the ¥hpper surface of the downgoing slab (Hatﬁerton gnd
Dickfnsdn, 1969). Several shear-strain éoefficienfs vere
employed in order to determine.if‘partial melt qu‘prodﬁcedb
for the dif: -ent subdaction velocities. Shear heating vas
“iﬁpluded along,the upper surface of the slab and élso aloﬁg
the bottom edge of the slab."To -estimate the effect éf

J

shear-strain heating, assuming viscous dissipation:

. . v o, 5

L—OE—H(\B—{D> ) ‘ v ( )

vhere ¢ is the stress, ¢ is the strain rafe,_n is' the

viscosity, and the velocity gradient %% ) is  taken
rad .

' . - . o
perpendicular to” slab notion, across the shear zone. If we
assune the velocity distribution across ‘the shear =zone

varies linearly as:

£ (6)

=[N

v({) = vO
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vhere Vo 1s  the slab velocity, T is the wid+h of the shear
zone and ( 15 measured across. the shedar zone,the rate of

viscous dissipation is then: .

v 2 '
L= n _9> .o o ‘ (7)

- According to theoretical Calculations (T. Spanos, private

/

’ communication) the shear 'zone is approximately 10 km wide.

e

Therefore, ' the viscosity of the shear zone may be estimated
‘if -the apmount of shear heatiriy needed to produce partial

melt is known.

2.5 Rising HMelt.

Vi

The model may be adanted to study the effect of
,generating melt along the upper ,;urface of the doungoing‘
slab and causing it to rise. This 51mulates rising dlaplrlc
naterial when it has reached a)stage ot partlal melting at
the top edge of the slab, i.e. when the geotherm‘has
intersected the solidus eurve tor basalt. The' solidus for
basalt vuas ‘taken ffrom‘vYoder and Tilley 1(1962) ‘aith a
gradient of 3°C/km. Geological studies indicate that ‘basalt)
nagna is generated along the upper surface ‘of the slab and

A

this magma undergoes crystal fractlonatlon forming ande51t1c

magma near the earth's surface (Hatherton  and Dickinson,
1969; Kuno, 1968) . Therefore, sinulating upward uovement of

basalt- magmas is a good approxination geologically.

To sinulate novement of magma from the upper surface of

the descending slab tenferatures are translated upvards in a

~



similar manner to mbvement ' ot lithospheric material
downwards. The rising,mater;al is aséumed to haQe a velocity&

. , . A
of 1 cm/year to maintain order of magnitude enerqgy balance
betueen heat being produced in fﬁe shear zone and ihe amount
of heat removed. The amount of heaf being removed méy be

l2)

estimated by (Hasebe et al, 1970):
Q = C-V-AT (8)/)

where C 1is the specific heat at qénstant volume, V i; the
velocity of the rising material and AT is the . teamperature
difference between the-tob and bottom éf the magma layer. No
allowance has been made for heat of rfusion as the'amodnt of
heat.required 1is about fuo orderéhdf ﬁagnitude iouér thﬁﬁ/
the amount of heat produced, mipimizing the etfgcf of'hea£

Y

absorption due to heét of fusion.

2.6 Gravity cCalculations

\ ' ‘ o S
The gravity effect of a sinking slab 1is ~calculated
using a method developed by Dyrelius and Vogel (1971). For a
tvo-dimensional rectangular block with .upper edge at the

- surface z=0, the gravity effect'is'given by:

2,2 2, 2 A '
+ : - -
Ag = vpla 1n 2—75— - b 1n 9—%5— + 39z (tan 1 % - tan ! %) (9)
o a ' b™ " s

S ) | sl
vhere v is the gravitational constant, p is the density,>
X, 1s the x-coordinate Of the left edge of the glock, x, is
the x-coordinate .of the right edge of the block, ‘a is X=X, 4

b is x-x, and z is the depth to the lower edge of the block.

[

%

/ -
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The above jequétion also holds for the upper - rners of the
o4
block. When X=X
' 2. 2\
lim a +z _ 10
ar0 | @ 1n ?———- 0 (10)
and therefdre:
2 2
b +z -1 b v
Agazo vp-l =b 1 —g§~— + 2ztan E) (11)
For x X, :
= in & +22 + :Zrztan—l é-\ (12)
'Aqbzo = vp | a n‘—;j—— 2'/ _

-If the gravitv effect is considered from the jth_block' at
‘ t
the ith point = of observation, the total gravity effect at '

the point of observation.Pi is:
m _ .
- 95 = z Ag. . : (13)
vhere there are 'g!* blocks.

- For the calculation of the gravity effect a tué-
dimensional‘ griﬁ‘ was used which 1ncorporated the densities
used in the thermal regime computatlon. A system of grid
ﬁells, vas establlshed which used densities specified at the
téur .grld points enveloping ‘a grid cell. The. gravity
contributidn v;rom each grid cell was then -added to obtain

the gravity effect at selectédA_observation points at the
: . - . e

i

surface.

Variations in density that arg accounted for im this -
calculation are due to tenperature fluctuations in the

lithosphere and Asurrohnding‘mantle. The changes in density
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includé the effect of the.volume coefficlient of expansion
tor temperature above and below the normal mantle geothern.
It 1s éxpected that the’cold sinking slab will maintain a
higher  density than the surrounding material and partially
molten material will be less dense then the' surrounding
medium. No allowance has been made for denglty var1a£ions

due to phase changes and chemical inhomogeneities.



CHAPTER 3 THERMAL REGIMES FOR DOWNGOING SLABS

3.1 Comparison Qf the Diagonal Translation method and the

Minear and Toks.: Method

.In order’ to compare the diagonél translation‘method
#ith the Minearuand Toksoz #qferpdlation procedute, a slab
with a dip‘angle“of 450 was modelled using bdth techniques.
A slab 80 kn thick sﬁperimposed‘on a grid of 151 x 151
points 1is used, 1n yhiéh the mesh size is taken as 5 km x 5
km. The slab moves Bith a vertical velocity of 1.4 cn/year,
and éo the veloc%ty of the slab through the surrounding

naterial is 2.0 cm/year. ' iy
. . 7 ‘

The two models are compared in Figs. 3-5. The left
sides of the figures' show the resulié for thé Minear:and
Toksoz nethod (Figs. SA,‘uA.and 54), uhile'the right sides
show the effects of- the{ diagonal. translation procedure
(Figs. 3B, 4B and 5B). The tempeféture-fieids afe shown in
'the lower diaqréms with the corresponding heat flow profiléé
shown at the top of che figures. Figure 3 shows the thermal
regimé and surface heat fiow at 10.63 .million years after
the start. of ,subduéfion, while Figs; dlaudvs are at 21.26
pillion years ang 35;44 million years, respectively, ‘atter B

the beginning of subduction.

Fron the figures the effect of the narrower slab in tne
diagonal translatipn procedure 1is apparent; in that the
isotherns lie closer together . inside . such a, slab. '« This

Ex|
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1nplies that the distortion oif *he normal geothermal field
by the cool downgoing slab depends on the thickness of  the
slab, and the perturbation or the thermal reginme thfoughout
the surrounding material takes place 5lbuly. Al so, the
effect of +he vertical lower face o the slab i1n the
diagonal iTanslation pLoceduré 1S evident, causing
distortion of the isotherns near this region. Although the
isotheras differ to some extent necar the boti 71 of the slab,
the tenmperature field above the slab is not greatly artected
except near the surface. Close inspection of Figqg. 3 shows
that the isdtherms are slightly di}ferent near the surrace
Close to the point vwiere subduction beqgins. This 1s
particularly true for the 100°C isotherm. This difference 1is
also apparent in Figs. 4 and 5. Th. surtace heat flow valner
reflect thig ﬁear surface difference and it appears that ‘the
ninloun in the heat flow 1is lower in  the 'diagonal
translation method. This difference becomes nore apparent as
tiue goes on (Figs. 4 and 5) ard Tthe nininuf for the
diagonal translation nethod is nctic2ably lowver at 35.44

nillion years. -

The reason for the louer pninioun becozes auparent when
the geometry of the tvo subducting nechanisns is zonsidered.
In the Hinear and Toksoz nethod where matefial»is assumed to
flow 'aréund the Pﬁ;d', the actual vertical aotion of the
nateri-' is not aé' proncunced near the surface of thae
lithos_.ere as ir the diagonal trahslatioa procedure. Tﬂe

‘bending® phenorenon allows the slab to traverse a larger
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horizontal distance in the Minear and Toksoz methéd,
producing smaller temgerature gradien%s ne... the surface of
the slab dnd thus allowing the near surface portion of the
slab to warm up at a quicker rate.. The effect also causes
the heat flow profiles to differ as time proceeds,
particulariy to the r . of  the polnt where subductioﬁ
begins (as in Figs. 3, 4 and 5). |

\

3.2 Thermal Regimes for Slabs with Different Dip Angles

- The wmodel was wused to investigate the temperature

\\ .
fields and heat flow profiles associated with & shallower
dip angle and with a slab in which the dip angle changes

with depth. The thermal conductivity used in these models is

-

given by HacDonald (1959). \

%

3.2.1 Dip Angle of 26.6°

The results for a slab in vhich the dip angle is ‘26.60
are shown in Figs. 6-8. In this ﬁbdel A#=1O km and Az=5 kn.
The vertical velocity of the slaﬁ is 1.4 co/year and
therefore the suabduction velocity 1s 3.2 cm/year. Figures 6-
8 shoy ' the associated thermal fieids'and4surface heat flow
profiles of 10.63, 21.26,.‘andv 35.44  pillion years,
respebtively, after thé start of subduction. Comparison of
this shallower anglé vith the 45° angle of Figé. 3-5 shous
the 1isotherns nore séverely distorted for the 26.6°vdipping

case. This is explained by the creater subduction velocity

in the shallouver dipping case. The 26.6° dipping slab does
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not have as nuch time to varm up as the 45° cage, resulting
in isotheras Qbeing' taken to greater depths. Also, the
Shallower dipping slab has a larger thickness in the
‘direction of subduction, resulting in a thermal boundary
layer thCh requires a greater time to be heated' to mantle

tempera tures.

Although the 45° dipping slab in Figs. 3-5 has a fairly
.Symmetric heat flow profile, the 26.6° dlpplng slab has an
vasymmetrlc form which becomes more pronounced as subduction
progresses. ‘Further, near the point where subductlon begins,
the . bottom of the dip in the heat fLou becones flatter as.
time progresses (Figs? 6-8) . This result 1s apparent fron
the' form of the dovnwarping mechanism_«and the rate of
sub&dction, Uhereas the horizontal slab velocity in _the 45¢°
case 1is 1.4 cm/year, the horizontal velocity- in the 26,69
case 1is 2.8 cn/year resulting in a broad mlnlmum 1n the heat

flov pattern.

3.2.2 Dip Angle HWhich Changes with Depth

NN

To investigate the temgerature fields of slebs in which
the dip aogle changes with depth, two ﬁOdels,uere rune_ The
fifst nodel is that of a slab which d1ps initially at 26.69
and after 10 63 mllllon years the d1p angle changes to 459,
The second nodel also initially dips at 26.69, but after
10.63 nillionAyears the dip angle chques to 56.3°, In bofh

“nodels the dovngoing velocity of the material in fhe 26.69

portion is 3.2 cn/year. In thée lover portions of the slabs
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the subduction velocity is 4.0 cm/year for *he 45° slab and

’

5.1 cm/year for the 56.3° slab.

Figufes 9 and 10 give results for'these tvo models at

21.26 million fears after the beginning of subduction. By

‘comparing Figs. 9 and 10, it 1is seen that the slab has

pedﬁtrated deeper into the mantle in Pig. 10 for the same
time period, resulting in the isotheras being pulled dosn .
further into the mantle with the steeper dipping slab. The
lowering of the isotherms'can also be. interpreted as due to

the greater,subductiop velocity in the steeper dipping slab.
Near the point where subduction begins the heat flow
profiles and thermal regimes are similar. This implies that
the perturbations’ created at Qreater depths db not affect
the thermal regimes near the surface. When compared ulth the
slab with constant 26.69 dip angle (Flg. 7) there is 1little
difference between the surface heat flou profiles, although

the temperatures'near the slabs display _marked‘ differences

Vdeeper in the mantle, These ‘results ‘indicéte” that the

perturbations in the thermal fields at depth do not have
sufficient time to be propagated to the surfaée in the time
periods considered, giving'little information regarding,slab-

processes related to heat conduction and slab velocity

changes at depth.

In the exanples .presented here heat conduction aiong

with the inclusion of heat source coefficients for shear-
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strain heating and adia;atic compression are cohsidered. The
model was used to  compare ‘thermal regines and heat flow
proflles associated ulth slabs dipping at 26.60° and 45° for
tvo vertical subductlon velocities, 0.7 cm/year and 5.6

cm/year.

3.3.1 subduction Rate of 0.7 cn/year

The results for a downgoing slab with dip angle 45° ang
a slab with dip angle 26.60° are shown 1n Flgs. 11-13.AFigure
11 1llustrates the thermal reglme and_ surtface heat flow
profile associated with a slab dlpplng at 459 with a
vertical velocity of 0. 7 cm/year. The resulting sub”-~ﬁion
veloc1ty is 1 0 cn/year. Adiabatic coapression is 2d
as a heat source within the Slab together with a saear-
strain heatlug coefficient of 1.6x10- °ergs/em3-sec along the
top edge of' the -slab and 1°6x10‘sergs/cm3-sec along the
botton edge of the sleb. The order of magnltude lower shear
heating term along the botton edge of the slabp’ is qﬁe~zo an
assuned snaller v1sc031ty in the low rlocity zone in  the
nantle qsehubert et al, 1976). The shear gzones along the top
and botton edges of the slab are assuned to have a 10 kn
vertical thickness. Together ¥ith the assuned val@es’ of
shear heating, this ‘inplies an average Viscoeity in the
shear zone along the upper edge of the slab of approx1nately
1023 p01se. This agrees vithin an order’ of pagnitude with
t;e average  viscosity in the shear zZone 1f the descendlng

lithosphere is assuped to have a viscosity of betzen ?02°

2
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poise to 1025 poise (Ha{gott, 1970; De Braemacker, 1977) an
the upper rantle has a viscosity of approximately 1021 poise
(Schubert et al, 1976). Results ior a total subduction
period of 70.88 nillion years are illustrated in Figs. 11-
13. Figuré -12 (curve A) gives a temperature-dept;;profile
along the upper surfacc of the slab. This nay be éompéred
Qith Fig. 12 (curve () which represents the soldidus for

basalt {Yoder and Tilley, 1962).

From Fig. 11 it is seen that the interior of the slab
renains cooler than thé surrounding ﬁantle to depths'gréater
Nlhan 500 kp 1inplying that the slab does not reach thernal
equilibrium in the time .period considered. This nay bé
justified by ‘the faét that earthquakes occur to depids of
700 ko within the downgiing slab [Benioff, 1954; Iscacks et
al, 1968] a ;ossible sources of earthquakes may be due to

\ .

N . :
a colder brittle .__ab descending into the npantle {Griggs, -

1972; Hckenzie, 1969). The sheér—strain heating term raises
the isotherms locally near the top edge of the slab althoughv
the bottom edge of the slag is unaffected by shear heating.
The surface 4heat flou‘pattetn exhibits a disti..: low near‘
Vthe point of subduction with no visible change in‘ the heat
flovy as a result of shearrheating along: the dpper surface of
the slab. This result indicates that a therma’l pulese
propagating fronm the’upper surface of the siab uill not
reach théi surface in the (time period considered.

Tenperatures along the upper surfac of the slab intersec:

the melting curve between the depths of 250 © and 350 ka

K



N

inplying that n.lt is generated in this region.

]

The thermal regime and surface heat flow profile for a
‘slab dipping at 26.6° are illustrated in Fig. 13. The
subduction velocity is 1.6'cm/year «ud the heat sources are
the sane as those of Fiac 11. Total time of subductio;

70.88 nillion years. Fig. 12 (curve B) gives the ‘associated‘
tenperature-depth ’profile along the wupper surface of‘thqi
slab indicating that temperatures along the upper edge - of*

the slab reach the partial nelt cnurve fron approximately 150

ko to 400 ka depth.

A comparison of the results fco the two different ¢-<-
angles indicates that the interior and lower »oarts of the
slab repain cooler at shallorer angles of d4ip due to the
greater sub&uction velocity for the shallowver angle slab and
the greater thickness of <this slab resulting from the
descent mechapise. The upper éurface- of the slab 1is
naintained at higher tenperatures in the shallover dippiﬂg
slab due %o increased‘shear zone thickness beciuse, in turn,
of the increased slab thickness at shalloger dips. Melting
then occurs at shallower dépths. The sliyhtly larger
subduction velocity in the 26.6° slab tends to cause a
general lowering of the isotherms wvithin the slab region
alﬁgpugh the ef?ect is largely negated along the slab's
uégervsurfacg due to the increased ;shear zone thickness.
Thére is little indication in the surface heat flow of the

presence of shear heating in either of the slabs, although’

@%@ dip in the heat flow profiles may be more symbetric as a
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result- of shear heating (induced artificially by the depth

at wvhich shear heating begins in this model: 30 kn).

The effect of generating melt and causing it to rise is
shoen in Figs. 14-15. For both a -45° dipping slab and 26.69
dipping slab containing the same heat soﬁrces as shown in
Figs. 11 and 13, melt was forced to rise for depthé
extending from 250 kn te 350 km This sinulates rising
diapiric material after it has reached the basalt solidus
along the +top edge of the slab. The reéion of rising melt
extends froom the 300 km -point to the 400 km point along the
liorizontal axis in Fig. 14 and fron the 600 km point to the
800 km point along the horizontal axis in, Fig. 15. The
region of rising partial melt is in agreement Hlth studies

)
done by Hatherton and Dickinson (1968) on the relationship
betveen rihe depth of thej shear zone below Qolcanoes in
relation to the distence of the volcanoes ffom ‘the trench
“axis. A list of a nunbef of volcanoes in relatlon to treQSh

systeas is shovn in Table 1 (Hatherton and chklnson,;1969;7\\\

N ’ ) . . .

»For the 450 dlpplng slab the result of the,'melting
anomaly is to increase the heat flow by appr0L1ma{/ly 25% at
306 km from the point of subductlon. There is a general N
lraieing of the geothefms‘in' the nelt region due 4to the‘
4riéing material with a large temperature gradient occurring
.at approximately 30 ko depth. ‘Teﬁperatu:es- threughout the
melt region }remagﬁ ‘high compared with t{é shrteupdihg

mantle.‘hlso, the widta of the heat flow anomaly ‘corresponds

with the wvidth 6{kthe meltihg anonaly resqltihg‘ﬁfrom the

oy . - < o~
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(22)
(23)
(24)
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128)
129)
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(32)
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- (35)

(36)
(37)

(38)
(39)
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Table 1. Geometry ggbActigg Volcanoes

in Indonesia, Lesser Antilles and

——

New Zéaland

Indonesia No.~* h

— ——— —_——

Harapi 6,1-14
Tandikat 6,1-15
Galunggung : 6,3-14
T jerenas 6,3-17
Slamet . 6,13-18
Dieng ' 6,3-20
Ungaran 6,3-23
Merapi’ 6,3-25
Paluweh ‘ 6,4-15
Levotolo . ) 6,4-23
Lokon-Erpung 6,6-10

"Dukomno 6,8-1

Lesser Antilles
; ,

Ht. Hisery o 16~3
Nevis Peak ° ' 16-4
Hontserrat : > 16-5
Hont Pelee 16-12

Qualibou, St. Lucia 16-14

New Zealan

——

Ohakune-Edgecuombe -
White Island -
Egomont ‘ S—

Nuamber of volcanoes in Catalogue

~of the World [1951, 1961].

|
0/

\\'A./

160
130
130
210
210
260

290

225
240
240

130.
180

120
120
120
130
130

140

210

280

>f

[}
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250
250
250

300
300
380

e Volcanoes '

depth to center of Benioff zone be.¢ volcano

present.

‘distance to volcano from centre of trench, where
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vertical transport of magma (and therefore heat) towards the
earth's surface. Fiqure 15 shous the melting anomaly in the
26.6° dipping cése rising from the sane dépths as those of
FPig. 14. Due to the revised grid dimensions for the 26.6°
dipping slab, the region of parfial pelting is widened along
the horizontal axis. Heat flow is also. raised - by(
abproxinately 25% over the uidtﬁ of the anonmaly. The;region
of high  heat flod is in agreement with heat flow
measurements in the Jdapan Sea (Vacqﬂier et al, 1966) which
'indicate.that the width of the lhéat flow anomaly -in the
island arc region 1is dependent on fhe digbaﬂgle of the fault
zone below the -island arc. Avéorresponding high heat flow
anomaly over a shallow dipping slab‘(approxiﬁately 30° dip)
" has twice the‘,horiiodtal width as éompared gith a‘steéper
dipping slab (approximately 459), This result nay .indicate
that the corresponding heat flow vanomaly due to pdrtial
meltlng nay he caused by mel:\qigafed in a .specific depth

interval not related %o the dip angle of the slab.

3.3.2 subduction Rate of S.e“Cn/year
| -/
a

The results  for dovn901ng slab with a vertic:l
velocity of 5.6 cm/year are shown in Figs. 16-19. In the 450
dipping slab of Fig. 16, the sdbddction velocity of the slab
is 8.0 cm/year. This“ _epresentsvran upper llmlt for the

spreading rate of the ‘lithosphere (Le Pichon et al, 1973).

Total/ﬁ}me,of subduction is 8.86 million years and heat
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conduction 1is considered as the only process whish governs
the slab*s thermodynamics. Figure 16 shows the associated
tepperature field and surface heat flow profile for the
descending slab. From theifigure it”is Seen thét the slab
remains cooler than the surrounding mantle to depths greater
than 500 .kp indicating that heat conduction alone is
inshfficient to ‘allow slab assimilétioh ~into the  upper
mantle. The increased : .c. velocity as conpa;ed with that of
Figs. 3-5 results in uhe heat flou proflle dlpplng to near
zero values at the p01nt of subductlon. ThlS suggests slab
dynamics may ‘be -indicated by fhe magnitude of heat flow
observations in ocean trenches. Lower heat floy values in
ohe trench relativé to another nmay :indicate that the
velocity of the slab with lower heat flow may ﬁe greater
than the siab vhich displays higher heat flcwu in the trench
region. It isﬂuhcefta}n~uhethér this effect wi- be -'masked

<

by regional anomalies of a near surface origin.

'The' effects. of adiabatic'compression and shear-strain
heating on a 459 dipping slab with a subduCtion~véiocity of”
8.0 cm/yeér .ate shown ;n Fig. 17. Shear heating occurs in
the sane areas as rentioned with feg&td'to Fig. 11 ard has a
magnitude Qf 6.0#10‘* ergs/cn3~sec‘along the top'sdrface of
the slab and &n order of magnitude lower term aibng‘the
botton sﬁrface of the slab. The i-plied viscosity iﬁ. the
shear . zorne a.. »ng the top suarface 6f ‘the slab 1is
aéproxiuately,lozz poise. The combined effeétl of adiabaticv'

conpression and shear heating is to warm the interior of the
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slab substantially as compared with heat conduction alone.

Shear heating along the upper surface of the slab raises the

temperatufes above the basalt solidus (Fig. 18, curve C) 1in-
depths rénging fron 175 km to 350 kg (Fig. 18, curve A). The
effect ., of shea} heating 1is not observed at the earth's
surface due té the periods of time considered. Fidhre 18
qcufve B) - gives the temperature—depth'profile {along the
ppber surface of thé slab) for a slab dipping at 26.69°, The.
shear . zone thickness for the 26.6° siab is slightf} largér
than that for the 459 dippigg slab 1in the direction of
subduct ion, ‘resulting in npore intense heating along the
shallover slab. This incfeased shear zone thickness-'is‘ a
resulé of the descent mechanism aé described previously
(Sec. 3.3.a). The vertical velocity of the 26.6° dipping
slab ' is 5.6 cm/year, resu}ting in a subducfion velocity of
12.5‘Acm/year. The effect of a much large;v subduction
velocity is negated by shear heating along the slab's upper
surfaée since it is expected a greater subduction velocity
will tend to nmaintain cooler temperatures aloag theyﬁlabs

upper surfdce. The region of partial nmelting is extended

from _100'k6 to approﬁimately 400 km depth in the 26.6° case

" (Fig. 18, curve B).

- The effect of increased shear-strain heating in the

1 26.6° and 45° dipping slabs 1is . illustrated in Pig. 19.

Eigure:19 (curve A) gives the tenperaturé—deptE profile

~along the upper ;ufface of a 45° dipping slab with shear

heatiugﬁalong this coper surféce amounting. to 7.0x10-°
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ergs/ca3-sec. The corresponding 15% inctea;e, e shéar
heating-alogg> the ‘upper surface eztends the “region of
partial npelting from 100 km to 400 km depth, an increase of
70%. A sinilarvincrease is noted for the 26.6° case as showun
in Fig. 19 (curve B). The shear zone has.’a shear heating
" coefficient of 7.0x10 -* ergs/cm3-sec ané¢ is 10 km in
rvvertical thickness along thg upper surface of tbe slab; The
~thicknesé".‘of the region of partial nelting is increased by
20%. The above results indicate that a small increase in the
shear heating along the upper sdrfadé.cf the slab produces
large changes in the thermpal fields of the reé“ “ive slabs.
Shear hea;ing nay contr;l the regions of part. - melting‘id
the descénding slab while beding cC.rectly controlled itself

by the anmount of stress propagated by the coupling of the

slab-nantle interface.

3.4 Gravity Effects of the Downgoing Slab

~Pigures 20-21 indicate gravity effects due to sinking
slabs with various heat sources and rising naterial fron the
ubper sur face of the slab. Figure 20 illustrates‘ttﬁ-gravity
_effect ‘for slabs dipping at 459. In Fig. 20,'curve-A gives
the results ,iorv a slab Qith a vertical “Velocity_ of
subdhctio; o £ 0.7,cm/year:and adiabatiq compression includéd
vith  shear vheatimg along the upper surface of the slab.(as
in Pig. 11). Thé résﬁltinq gravity efféé% indicétes a wveak
negative amomaly over tbe‘hErizontal axis; Thé effect of the .

cbid sinking slab is wasked by th- partial melt created at
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the upper surface of the slab. 'Figure 20 (cur-e ° B)
represents the gravity effect dne to a 459 dipping slab with
partial melt, rising fron the slab®s upper surface (as in
Fiq. 14ﬁ;( The ;esuiting gravity anomaly shows a broad
regional 1lowy rgith a4 trough of approximatelf 60 milligals.
The ~ffect of the rising pelt again ﬁasks‘ the dynamics of
the cold descending " lithosphere. The anomaly has a long
vavelength uhich results fron .the\ horizontal extent over
vhich rising mpelt occurs. Figure 20 (Curve C) illustrates®
the effect of ;’;50 dipping slab uiih suﬂducfion vélocity of
8.0 co/year (as in Fig. 16). The offect of a =o0.d sinking
slab warméd:‘only by hea: conduction is represented by a
.positive regional anomaly with a peak of approxinately 75
nilliggls, TAé large'positiyé‘éhonaly Zesults from the large
subduction velocity causiné:the,l;thosphere to remain cooler
than ‘théfsutrounding.mantle to depth of 500 km. In Fig. 20,
curve D is the gravity effect cf an 8.0 : cp/year subducting
siab varned. by adiabatic compression and shear'heating (as
in Pig. 17). The additional heat sources causegihe " peak of
the anonaly to be lowered to abéut 25 pilligals as arresuit

of less dense naterial being forned along the upper surface

of the slab.

Harine gravity data pruduced by Hayes (1966) indicates
that there is a snall positive anonaly of appro%imately 20-
30 c© .ligals extendina 200-500 knp touaid-thé céntinéntal
side of subdﬁction across the Chile trench at 239S. This

amoaaly is comsistent with Pig. 20 (curve D) for a slab

-
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subducting at 8.0 cn/year. The subduction velocity and aﬂble"

of descent are consistent with data évailable on .thev Chile
tregch {Le Pichon et al, 1973) - which _indicates the
iithosphere plate veloq}ty to be _.bout 6. ca/year. The
observed negative‘ anomaiv'of ipproximately 209 milligals,
in the Chile trench, 1is -due to lou-density ocean-floor
sedimehts near the trench axis (Groufénd Bowin, 1975). uctts
and ~ Talvani (1973) calculatedv the gravity effects in
subduction zones and concludf*'tpat the gravity effect of

-the downgoing slab is confined to the island arc and trench

region, which is consistent vitl gravity profiles calculated
‘ {

- “here.  The gravity profiles considered allowy sor

investigation 1into the study of ‘slab dynamics. A broad

regional negative anonaly'(Figp 20. :ve 'B) may indicate
ﬁhat a substantial amount;qf pat:72.. © :1t has fisen from the
top of the slab cre¢ating a ‘o~ - :nsity tegiqn over the

continental side ' of subduction. The anomaly can also

i .cate that the -slab 'is nmoving with a relatively small

-2locity (approximately 1.0 cm/year) pféventing larée’m

o

temnperature gradiénts fxom'pécurringv(allouing the~siaj'to
! , N T

varm to pantle temperatures). Alternatively, a large

positive anomaly may indicate a slab moving at greater

subduct ion veloc1t1es (approxlmately 8.0 cm/year) not having

enough tinme to warm to mantle tenperatures.

Flgure 21 glves results for dlfferent ‘slabs dlpplng at

26.60 ulth. various heat sources. Fxgqre 21 {curve A) shows

thefgpavity_effect due to a slab with shear heating and -

o
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Fig.lzl Gravity profiles acrogs the horizontal extent of
subduction for a 26. 6° d1 g slab. Curves A and
B correspbnd to the models of Figs. 13 and 15 res-—
pectively. Curve C is. associlated with.a slab des-
cending at 12.5 c¢m/year with only heat conduction
considered. Curve D is associated with a slab deSr
cending with the same velocity but with adiabatic
- compression and shear heating added /
v
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adiabatic compression having a Qertical velocity of 0.7
cn/year (asviﬁ'Fig. 13) . The resuleing anomaly 1is negative
over‘ the +trench region, noving to near zero 400 km to the‘
-left of subduction (as in.the figure) and fallipg ‘to -46
milligals about 1000 km from = = point of subduction on fhe
continent side. Figure .. ; -rve B) represents the g;avity

2ct . of a -slab .o with a vertical velocicy of dqi
cm/year with rising melt (as in Figqg. 15);‘There is a 'lgrge
'hegative anomaly with a trough of =140 milliéals due to the
low density ri§ing material. The effect of the cold sinking
slab is gasked by the rising nelt exqept. for a short
wavelength enomaly at the 1000 :n p01nt along the horl?ontal
,a%is. Figure 21 (curve C) is the gravity effect due to a
slab dibping at 26.69, poving with a vertical veldcify-af
5. . cﬁ/year wits oaly heat>conductioh considered. Figure 21
,(cufve D) is’ similar: te Fig. 21 1curve C) except for
adlabatlc compression and shear heatlng considered as ﬁeat'

sou:ces. The resultinq -positive ' amomaly peaking -~ 150

. . \ N .
milli~als in Fide 21 (¢ € C) is Jrwered by the shear
aed g and‘adiabatIE/;:::DXSSion as shown in/Fign <1 (curve

D). . | ' - S

Comparison 'rf Figs. 20 anq 21_ indicates that the
grafity anoaalies for.the shallower dippiﬂg.slab arevof much
larger amplitude and .extend over a larger region.r Tgie is’
aue to. the descent ngmechanisnp vhlch causes the shallower
udlpplng slab to maintain a greater thlckness and therefore a -

7-:-6
larger region of dens1ty anonaly. The in allcatlons for slab’
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dynamics are that a shallower dipping slab (i.e. 26. 60)
vhich hcos penetrated into the lantle to the same depth as a
steeper dlpplng slab (i.e. 459 will display a_larger
gravity anonaly Que to the descent mechanisnm involved' in
- subduction as- uell as thevrelocity of spbduction over the
sane tine periods considered. The descent mechanism causes a
slab dipping at a shallower angle (i.e; 26.6°) to maintain a
greater thickness ie the direction of.subduction are well as
being subducted over a greatervhorizbntal‘ region éb freach
the sane "depths as a steeper dipping slab (i.e. 459), The
result is n@ore =slab material being ;ubdueted in the
shallover dipping slab ddding tsvéhe gravity anomaiv. The
greater subduction velocity in the shallower dipping slab
causes the isetherm to be pulled further into the mantle
creatlng a larger positive anomaly than a steeper dipping
slab, over the same time period. |

? . PR

3.5 Supmmary of Results

The results presented dn this chapter deseribe the

>

‘thernal and gravity effects of a downgoing .slab heated by
eonducti06:\~§alabat1c compressron and viscous 61551pat10n.
From the reeults, the effect of dip angle on the thernal
regime is' to“maintain lower telperatures,with the,elab at
gentler dips (i.e. 26.69) oveEJ}/Le sanme time period and
depth interval. consxdered as compared with a steeper dlpplng

slab q1.e. 459, Thls result may be explalned by the greater

. subduction velocity needed to rea h the same depths in 'the

A t
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sane tinme periods considered as well as the grecater slab

thickness requlrlng more energy to be heated to surroundlng
mantle temperatures in. the geuntler sloplng slab. This effect
is largely negated along the upper surface of the slap when
Shear heating is considered. Shear 'heatind raises the
isotherms locally to a greater extent in the gentlervsloping
slabldue to the larger region over which' this heating
occurs. The descent of the slab causes akdip in the heat

flov near the point vhere subduction begins resulting from

‘the inability of the slab to reach thermal equilibrium with

surrdunding material at shallow depths.' The various heat
sources uizéin the slab do not affect the neat flow at the
surface in the tine period; coneidered.

The snbductiOn velncity affects the temperature' field
vithin and around the descending slab. A iarge subduction
velocity (i.e. 8;0 ca/year) causee“the temperatures within
the slab to remain nuch lover than the surrounding mantle as
compared with a lov subductlon veloc1ty (i.e. 1.0 cn/year).

Thls effect, in tucn, reguzres a greater anount of shear

heating in the faster nov1ng slab to Create partial melt -

along the upper surface of the slab. The faster nov1ng slab
creates a lover ninlnnn 1n the heacv flow profile near ‘the
point where subductlon beglns as compared to a slower ROVing

slab.

‘}: . .
Rising nelt, generated at, depth creates a hlgh in the: }

heat flow pattern Ong the horlzontal extent to thCh thJi
e

melt ‘occurs. The region of rising- nelt is larger in -t
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shallover dipping slab h(i.e. 2¢.0°) creating alheat flow
high over a vider region than the steeper dipping 'cﬁse ﬂdué
to the depth range over which the ﬁelt is forced to rise
tthe same 1in both cases). Léfgé horizontal temperature
gradients oOccur at the vertical boundéfjes of thé rising

nelt,

The dedsity variations wvithin the subduction zone
fesulting.from the perturbed thermal regime create anomalous
gravity effects. at the earth's sﬁ:ﬁace. The cold sinking
slab creates a broad positive anomaly over the ~horizontai
extent of Suﬁductibn resulfigg from the siab being ‘denser
than the surCfounding ﬁediun. The grévity effect of the
sinking slab is masked by the creation of partial melt at
tﬁe surface Of fhe slab which rises creating a . negative‘
anomaly 6ver the region of ;gterest. The effeét is more
pronounced over ihe shallaower ygggping slab (i.e. 26:69)
because of the larger region ovef which parti;l nélt"occhrs
as'qompared With the stéeper‘dippi;g case (i.e. 459). These
lgravity . effects ‘may Abe‘altered by the presence of dénsity

anomalies 'in the crust as well as topography variatipns. -

Pia

The variations is heat flow énd gravity uifh;n a
éubduction Zone presented in this chaéter have ilpliCationé
in the study Of slab dyna;ics.'By studying the changes in
fhe observables, it léf pé possible to obtain a better
uhderstanding of brochSes occqrrin§ within snbduction zones'
and quantitative estimates of the lagnitﬁdes ‘of\_thesé

processes. AN attempt has been made to determine changes in
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heat flow and gravity as a result of a slab descending into
the mantle wunder various conditions. It is hoped that the
results obtained hay be . .plied to the further study of slab
dynampics in regard to heat flow and gravity in subduction

zones and related island arc regions.

~



4.1 Description of the Hodeiﬁ

N
CHAPTER 4 THE EPFECT OF SUBSJRFACE TEMPERATURE
VARIATIONS ON THE BEHAVIOUR OF -TIME-VARYING
.ELECTROHAGNETIC.FIELDS

— L~

; ’ LN o
The electricial conductivity of the earth is in general

v

a complicated function of seyeral variables including
R . . b} 4
temperature and pressure. The effect of pressure on

conductiVity is not well known allthough some work has been

done on the variation of conductivity with pressure-induced

phase transitions at depths between 400 kn and 900 knm

(Rikitake, 1959, Aximgto and Fujisawa, 1965). Although the
, : ; ' ki ‘
present numerical ana’ysis includes regich§ at dgpths of 600

'km, the variation in conductivity as a function of pressure

is ignored. -The relationship betwueen - temperature a:

electrical conductivity can be expressed as:

;El/sz , "-EZ/ZkT ~E,/kT h
¢ =0;"e S+ ozf e Tt e : . (14)

3 ~

taking into ‘consideration three different conduction

mechanisms; impurity, intrinsic, and ionic (Rikitake, 1966) .

In the above equation, (d')l. denote the conductivities

2583

at infinite temperature, (E) ,., denote the _excitation
. . ) > .

energies, T is the absolute temperature and k is the
Boltzmann constant. The temperature dependence of the
excitation energy is contained in the values for (E)y . This

dependence occurs because ;pf. the dominance of difie:ent

y : ' A
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conduction terms in specific temperature intervals. Although
the excitation energy is expected to depend upon pressure,

only crude estinates have been obtained as to an e-act

. rel-:lonship (Rikitake, 7966) and therefore the effect has

been ignored in the present models. Since the composition of

the mantle consists mostly of olivine-pyroxene minerals, it

e .

is reasonable to choose thé following values for the
constahtsz o," = 104“,02' = 1079,03' = 10°6, E =1, E,=E;=3,
vhere 6° is in enu and E is in ‘electron volts  (Rikitake;
1966) . The conductivity distribution doeé not take into

consideration specific variations related to melted nmaterial

other than those due to temperature.

N
&

The thefmal nodels considered in this work are:

Hodel (a): This model gives. the temperature distribution

- corresponding to the tinme vhen the slab just begins to

descend (initial state),

~,

HModel (b):. This gives the temperature distribution after
the slab has descended for a period of 21.2 million years
with heat coanduction considered as the only mechanism of
heat traﬁsppft (Final state), |

~

Hodel (c): - The period of subduction is the same as that of

nodel (b), but the temperature distribution is influenced by
partial melting along the upper surface of the-slab;

L
A
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Model (d): The period of subduction is the same as that of
nodel (b), but this model assumes that the material melted
along the surface of the slab rises to within 30 km of the
carth's surface. In nmodels (b), (c), and (d) the angle of
subduction of the slab is 45° and its dovngoing velocity 1is
1.0 cm/year. The vertical thickness of the slab is taken to

be 80 kn.,

Figure 22 shoué the tenpéfatﬁre distribution obtained
for . model (a) (Fig. 22a - left) and for model (d) (Pig. 22b"
- left). The tenmperature distributions fP; podels (b) and.
(C) are not shown. The dimensions of each model are 300 km x
300 km. The tenperature varies from 0°C at £he surféce to
approximately i700°c at a depth of 300'Vkm.'VTbe “electrical
conductivity model shown in Fig. 22a (right) corresponds to
the thermal model (a), and thét shoun in Fig. 22b (right)
corresﬁonds to model (d4d). Sinée fhe fipite-difference
numerical . method for thé electromagnetic - calculatiqns
‘reéuires that the coné- ivity distributidn be divided‘into-
various cells, each with a specified condugtivity value,
sméll variations in 'temperature (and conductivity) aré
ignored. The‘;alues aséigned'to. each cdnducting -cell ,are
shown 1in Fig; 22. .

~
I

Figure 23 shows the geophysical model considered in
this uork.\S:;consists of a conducting layer of thickness
*d* and of two differengyconductivitiés o, and o, overlying

the'cdnductivity distributionLdeterminedté}meach of the four

3

thermal models. The inducing source field is assumed to be
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conductivity values are in emu units.’
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. co. ¢
uniforn with its horizontal electric component in the x-
direction (E~-polarization). The frequency of os~illation is

chosen to be 0.75 Hz.

The electromagnetic modelling tec Jue used in the
* pPresent uofk is basically the same ;s that described by
Jones and Pascoe (1971) ard Pascoe ~nd Ja {7 (1972), with
ihg nodifications proposed by Williamson (1974) and_
B:euett-Tayldr and Weaver (1976). The echnlque lS based on
the finite~-difference approach to the solution of - Maxwell™s
equations in two dimensions and has been extensively used in
;inves}igating various conductivity anonalies (Jomnes, 1973).
JIé'the nuperical method a 71 x 71 grid of mesh points with
variable grid dimensions is superimposed c- the geophysical
mod~' sho.a.in Fige 23. It is n§;ed that, for large positive -
and negative values of y, the cdndﬁctivity nodels, of Figs:
22 and 23 have layered structure, uhich is one of the
"bouddary conditioné to be satisfied in the numerical method
of Paécoe and Jones (1§72). It should be nentioned here that
;for the; convenienCe " of displax only a part of tae 71 x 71
grid used is shown in Fig. 22. The lower boundary in the
eiectromaénétic numerical. nodel has been eh%sen at - = 390
ka, whereas the lower boundary in the heat flow aumer. sal
nodel is-at z = 300 km. This difference in th‘depths of the
lower  boundary implies that it has been assumed the
tenperature is constant between depths of 300 km and 630 km.

This assumption pernlts the lower boundary in the electrical

conduct;vxty configuration to be far avay from the earth-air

ia
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interface z 0 0.

4.2 Discussion of Results

on 9t Xesult
&

The numerical calculations forr the electric - and
nagnetic field componénté have béen carr’ 3 out for two
different cases: (1) the conductivity of the lower iayer 1is
vafied ul__le | the  conductivities o~ the upper
layer, o1 and ¢g,, and its thickness are kept constant, and
{2) the coh@uctivity 02 1s varied while keepiﬁg d, o1 and
the conductivity of the lower Jlayer constan=®. vInA the
follouing discussion, E  denotes the amplitude of * the
hofizonta%,electric field conmponent, vuhereas’' Hy and H;
denote <€be .ampiitpdes of the horizontal and vertica}
nagnetic components; respectively. lThe, apparenti
resistivity is defined as P= (0.2/€) ¢~ e, thére f 1is
the :reéuency‘ in hertz, Ey is in oV/kn, .y iIs 1in oersteds
and p_ is in emu. The surface heat fiow’ is exiressed in
units of microcaléries/(céz-sec). To diétinquisu betdeen the
electronagnetic npodels énq the heat‘floufﬁodels, letters
A,B,C and D .refer to the eleCtrémagnetic_modeis (Fig; 23) im
vhich the lower layer configuration is determined by the .

conductivity distribution correspec2ding ‘to +the heat flow

nodels’a,b,é or d, respectively.

To study the effect of . the subsurface témperature

v%riaiions on the electric and nagnetic fields observed at

1

‘the earth's surface, calculations vere carried out for.

.

wmodels A,B.C and D by choosing d= 5 km for tﬁe,upper laYer oy
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depth and 0. = 02 = 1015 emu for the upper conductivities.

° _
Fiqure 24 shows the. spatial behaviour of the amplitudes Ey,

Hy, H; and their ratios for points at the surface z = 0
along the y*direction (i e. perpendlcular to the source
electrlc field). Although the results*are presented only for
*+he reglon'ﬂlié kmy = y;s&ISO km, the left and right outer
bOundalles-g”ﬁbﬂ he " numerical <calculations rfor  the
,conductivity models are kept far beyond y = % 150. km. This

s 'dauemmiu order to satisfy the boundary'conditions which

requyire tkdt in regions far away «from the anomaly, the

conductivity structure is Layered a%d that the fields there

,

renaln unperturbed The factors that appear on the ordlnates

of some of the' amplltude curves are” the 'scallnf factors

4)

which are to be used 1n determlnlug the exact: amle.tude° For
H_example, 'at 'y~= -1‘0 km, the apparent re51st1"ty for

model A has the value of approxlmately 1. 011015 eju S.

N '
- O
2

It is ev1dent fron the results shoun in ‘Fig.’AB that

i
e

'Jnﬁthee surface heat flou P for’ the'x;gal state (nodels B~ D) is

1§ss than that fbr the 1n1t1a1"” tate (model A). This “is
@2inly  due to cool;nq in the mantle singe the'beginuing of

subductios. As the high temberature isotherms rise to the

.

surface (nodels C and Dy F shovsAa general enhauCeheut. The

T

heat flou F, which unuergoes an abrupt change near y =_40 km
for the 1n1t1a1 state, exhlblts a smooth varlatlon for *the
.final state, Hlth a sllght horizontal shift of about 5 kn in
the location of 1ts nlnlmul. The 'klnk' tﬂtt appears in F.

for the -odel D shous the effect of rislng hot l?rerlal fron

“



'obserVed at ‘the surface. mhe rising of hot materlangrom theﬁ

e 3‘} ©

observed

r\

the upper surface of the descending slab. Since the results
for' the electromagnetic field components shown in Fig. 24
correspond to ihe electromagnetic model with uniforn source
field and a uniformly conducting overburuen, any variation

in the spatial behaviour of the field conponents, can be

attributed to the subsurface temperature variations. The

results for the&horizontal electric.component indioa@eo t h&t
Ex 1imn deneral has low amplitude‘in the regions where there
is increased"heat flou'and high amplitude"in “the regions
with Qecreased”;heat;lflow. Noting that the only difference

between nodels B and C s ;Qha W;n% latter ‘assumes the

o

":'/Mm ,\y‘)@ S e

melted materldl along !he slaB it is readily

s

presence /of -

1\

™
;nCLeased ‘heat flow cause‘aiﬁeductlon in the Ey anplltudks

-
“;‘ -

slab (nodel D) copslderably affects both tﬂe amplitude and "

shape of the Ex c@hponent.:i- v
‘.c- ‘ . 5-.‘_ "“

N : N
As ‘expected, the horlzontal‘gagnetlc component ﬂy has

large amplltude in reglons of lﬂf“ ased heat flou. In the

c of- éflnltlal temperature dlstrlbutlon (model A).‘HY

1ncreases gradually as the reglon uhere F undergoes a sudden;

)
var1at1on {near. y = 40 kl) ig approached, reachxng a maxlmum

near y #--10 ka over the hlgher heat flou 51de..Beyond this

74

o
hat these materials vhich are responsible for _the.

)

point, Hy falls’ ofﬁ(gand gradually approaches a constant.

.value for large values of |y| as required . by the uniforam

source - field. For model B houever, Hy does not exhibit any

pronounced laxllul, but  instead undergoes a mininum

7,

-

3

o



75

approximately ‘where  the surface heat flow is a nmin:igum. AS
the high tem: rature isotherms rise to the surface (models C

and D) Hy a :in shows behaviour similar :o that of Hy for

model A.
B ,;'V;'x'u m
T ehaviour of the verti@Al hagnetic conponent (Hz)
. ,1 ) -
at th svrface appears to be nore sensitive to the

subsurface  temperature variations than the behaviour of the

hbrizontal component (Hy). This is particularly evident in.

the horlzontal shift 4in the locatlon of the peak value af H;
wh1ch is c0051derably affected by the rate of decrease (as a
function of y) of the surface heatzflou. A'comparison of the
oehaviour of Hz uith that of Hy lndlgates that with respect
’ to the location where F undergoes a rapld _varlatlon, umhe

B maximum amplltude for Hy aluays occurs over the hlgher heat

e to” the rlght over the decreased heat flow side. The results

also indicate that the movenent of hot nagma from ' the slab

—.;“

(model D) has .considerable influence on the amplitude as

ot . well as on the'general behaviour of the vertical component.
s ‘ , : .

-

rﬂ\ N

-t ! . .

The results for the vertical to j%orizontal Ragnetic
> B \.

{: fleld ratio (Hz/Hy) and the apparent re51s€1v1fy (p ) are

-~

algg%glvenngn Fig. 24. The behav1our of Hz/ﬂy as @’;function

N
LS

of'y is very -similar to ghat,of H,. The;appareni resistivify'

. .3
’ . .

is, as expected, less over.the higher heaffflowfgpgions'thah
over the .lower' heat. flow regions.‘ Like the other rield
‘tenperature~vvariations, the vnostunOticeable effects being

)

N flou reglons whereas the maxiaun of Hz occurs sone dlstancev

co"iponents,,oa is also influehced by - the rsubsurface,



v

3

‘fkdpparent is that

.“varlatlons 15 more pgonou d Lo the amplltude contours of.
Peonounged »

(B

due to the'melted material that has risen from the sla',

Figure 25 shows the contours of equal amplitude of the

subsurface ., temperature  distrihytion and of the three field

components for models A—Df’Only the temperature distrifution

i below the rface z=0 is shown, since it has. been assumed

that in the numerical model for the heat flow problem, the
temperatur~s for z < 0 remain unperturbed and are taken to
ne zern for convenlence. For the electromagnetlc fields, the

. ‘L
amplltude contours 1mclude both the free-space region

(z = Oj and the conducting region (z > 0). It must be noted

that -the contour values of each of the three components are

[fhe_same tor the four ﬁodelst_One feature that is readily

v

the_effect of the subsurface,temperature

u‘“

, h, a!
Hy . and Hz than in the contours’ of Eve The contours for té

vertlcal component for the four models show ‘clearly the’
horizontal shift 1n the location of the Bz naxlma that was
observed earller (Fig. 24). The presence of the tvo maxlma

in Hz is also ev1dent in the contour plots for model D. ,

| " The effect'on;the electrouagnetic fields of varYing‘the
upper flaYef couduccivity coutrast ;hés ,beeu studied by *
varying the§ conductivity o¢bwhiie' keeping‘ both o) and did
comnstant. Fioure 26 glves the results fronm - z/ﬂy and p at'”

the’ surface for - various values “of 02/01 for model D
;iiﬁ‘““%{J Z:kiAénu oféfiﬁ-ls emi. At the frequency of 0.75

Vﬂz, the skln depths in the conductivity oz are 58, 18, S. 8,7
‘and 1 8 km for oz/'olz 1,10 108, and 103, respectively. The

u
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boundary beﬁueenﬁ 0, and 02is located at y = 47.5 km. For
convenience of digglay, difterent scale faq@ors are used 1in
tﬂe results for Hz/Hy. Foi example, taking into account the
sqale factors shown in Fig. 26, the - maximun ?mplitudes éf
Hz/Hy shoqld " read as V0.17, 0.49, 1.5 and 2.0 for
02/01 = 1,10;102, and 103 respecfively. fhe bqhaviour of
H;/Hy for the .model in which 0,/0; = 1 is similar to that
1shoﬁn in Fig. 24 for\podel D. Since, in this case, the upper
layer is uniformly coﬂducting, the.variétion in :the field
components as a function of.y Fah be ihterpreted'as due to

. Y , X
subsurface temperature variations only. Thel. results

¥

indicate, that as-ﬁozfincreases, the effect of the’uppex

R P :
layer conductivity cofitrast increases and the effect of

}emperaturé variétions is dqﬂinatea,:by the upper layéra
contrasts. This is eQident from the sudden inéreése' in the
ampl{pﬁdé ,of'Hz/Hy~ne§r y = szé“km for large valugs of 03.
7Sihc§ 02}01'; 103 is of the sabe order as that for the sea-
contiﬁeﬁt_-interface,' the resul;s for dz/o1 = 103 would be

t

applicable to the sea-land quefwih which 0, represents the

sea. Thus, from these.'réSultsifit'is apparent that large

conductiviity contrast at the surface dominates the behaviwvar
. . . Q9 N . 7 :

of the magnetic field ratioﬁ,and_the.apparent resistivity to

J . N - . .
the extent that the ‘effect of the subsurface temperature

" variati ] §ﬁppressed;.Although the effect of the surface
onductivity cqnttast will in general - be -different for

”freguencies, its predominance in this model may be
- due to its location (y = 47.5 km) which is not far from -the

r

‘Eggipn (neaf' Y = 35 km) where ﬁhe surface heat  flow

. o
) ) . v’

. N B 4
S O

it
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undergoes a rapid variation.

its .

4.3 Summary of Result

-

The results presented in th@ﬂprevious section describe
the behav1our " of tlme—varying_ electromagnetic - fields
corresponding to heat flow dastrlbutlons assoc1ated With a
downgoing slab. From the results Presented for a unifdfﬁ%&l

conducting upper dayer several aspects of slab dynamics may

"be investigated. In’' the case of a descending slab heated

only by conduction, the results indicate  considerable
variatipn in the vertical magnetic componen+ tHz) as wéll as

the magnetic field ratio Hz/Hy., The effect of the cold

'descendlng slab is to increase both_of these guantltles over

the region of slab descent. The 'effect of shear heatirg
along the upper surface of the slab causes a slight increase
in the valu. of the horizontal magnetlc component Hy with‘
little effect on ‘the’ other field conponents.' The inclusicn
of rising melt from the upper surface of the sla rauses

\
51gn1f1cant varlatlons in the electrlc and magnetic lield

g ——

components - with the 1argest yariations‘ observed in the

vertical magnetic component (Hz) . and the magnetic field
P | agne

-

ratio Hg/Hy.

ifrom ;hey.above results the 'study of eiectric and
nag'e%’ f 2lds 1n\subduct10n zones may be used to study
slab uotion. A decrease in the apparent re51st1v1tx,may be
1na;cat*ve of‘nelted later1a1 rlslng fron, the top of the_’
descending slab asJ vell as corresponding increases in the"

y" o c . T I
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vﬁgoqnetic)field components. The effed¥ of a slab descending
e ‘

with no melting »~long the upper surféce is to increase
apparent resistiQity vhile — decreasing the horizontal
Amagnétig cbmponent. When a lateral conductivity. contrast is
introduced in the upper lé}er, the results show that ‘the

effect of the temperature variation in the lower layer is

reduced, and that; for a large conducti#ity contrast (e.q.,

sea-land interface;, the subsurface temperature variation

‘has little effect on the' surface electromagnetic fields.
Although this result is expected on the basis that currents
induced in good conductors flow near the surface, in ‘this

model, the QQmihanée ot .the surféﬁb conﬁuctiéit& ccitrast
over the subsurface tempeééihiervariations is prbbably” due

- .
L4 \,"»s:\‘,,"_v

to the closeness in the ‘lecation where the heat flow varies

rapidly. This aspect of the screening c<fect of the surface

- conductivity ¢ontrast as well .as the effects on the

. b i - a/ .
electromagnetic fields of "different frequencies requires

- .  Vew ?
further investigation. .

; , 2
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