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Altimetry Data over Trenches and

Island-Arcs and Convection in the Mantle

hbstract:

Transfer function techniques have been developed to
calculate the isostatic component of the geoid signal over
trench/island-arc/back~arc systems, Ranoval of this isostatic
conponent. from geoid profiles determined by GEOS=3 radar
altimetry leaves & residual geoid that can be attributed to
the effect of mass inhomogeneities below the depth of
compengation, Efforts are underway to extend the analysis to
all the major trench/island-arc s,stems of the world, In
conjunction with numerical models of flow and temperature in
subduction zones which are also being developed, this work
should provide more detailed understanding of the dynamic

processes occurring beneath island-arcs,



L 3

Altimetry Data over Trenches and
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Islond-Ares and Conveolion in the Mantle
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Introduction

The nature of the deep structure of subduction zones is one
of the major unresolved topics in geadynamics,  Such important
questions as the nature of deep earthaquakes boneath island arcs
and the role of the ¢ scending lithogphere in driving plate
motions will ru;\.n.:in enigmatic until a hetter understanding of the
processes operating in cubluction zones is achicved.

In the pest ten years or so, much effort has heen devoted to
this questicn, hut progress has been slow, There are good reasons
for this. The problem is extremely camplex and precise data with
which to test possible models have until recently been few,

With the availability of high precision satellite altimetry
measurements of the shape of the ocean surface derived frem CEOS-
3 and SEASAT, however, this situation has now changed, The far
more extensive and continuous coverage of the gravity field in
the oceans available throuch satellite altimetry now allows the
opportunity to place much tighter constraints on models of flow
and temperature in subduction zones than heretofore possible, In
conjuction with recent advances in detexmining the flow law of
olivine and also in our understanding of plate kinemati ¢s, detailed
modeling of the dynamics of subduction zones now appears warranted,
This proposal addresses the analysis of GEOS-3 measuraments of

the shape of ccean surface over trench-island arc systams and



discusses nuncrical models of £low and temperature in sulxiuction
zones that the altimetry data will be used to cunstra.i}.'. The
proposed work is based vpon the rosults of previous work finded
by NASA under Cooperative Aorcement NOC 511 "Altimetiy Date over
Trenches and Joland Arcs and Convection in the Mantle". fThese
results are first biclfly deseribed and then proposed new work ig

presented,

Results of work porformed +o das- )

One of the reasons for believing that satellite altin ey
data offer a potentially important constraint on the deep structure
of subduction zones is shewm in Flgure 1, This figqure shows aver: 1ed
geoid height variations derived fn CoOg=3 altimetry over a
number of different trench/island-are/hack-arc systens plotted as
a function of the inferred age of the back-arc basin, There is
obviously a strong inverse correlation between the amplitude of
the genid signal over thece regions and the age of the associated
back-arc basin., fThis is emphasized in Figure 2, which displays
individual eltimetric geoid profiles over the Tonga, Bonin and
Western Aleutian arcs.
There appear to be at least two explanations for this correlation:
a) It is a topographic effect dun to the shallower
depth of young back-arc basins cembined with the
difference in litlospheric Ages on oprosite sides

of the trench, 7The generally small free-air aravity

ancmalies observed over back-arc hasins incdicate that
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these regions axe in approximate isostatic equilibrium,
Because of th2 diflerence in the mean depth of the
ocean fleor in the hack-arc area and soaward of
the troench, however, there should ke a long- wavelongth
contribution to the geoid signal over trencne.; and
island-arcs dve solely to the topography con ity
campenzation, Since the mean denth of back-are basine
appears to systematically increase with age, this topo-
graphjclcnnpcnant of the geoid should therefore decreace
with the age of th: back-arc area,
b) It could reflect differencies in the deep structure
of subxduction zones related to the presence or absonce
of an active hack-ore region. This is supported by
the observation that the inferred dip of the downgoing
slab, as reflected in the distribution of intermadiate
and deep carthquakes, is generally steep heneath regions
of active or recent back-arc extension and shallow
beneath regions where back-arc extension is absent
(Uyeda and Kanamoxi, 1979),
rram the point of view of investigations of tha deep structure
of sukduction zonng, poesibility (a) is a complicating effect
since it results frem shallow crustal /upper mantle structure that
may mask the gravity effect due to deeper structure,
Transfer furctieon technicues have therefore heen develoned
to calculate the comronent of the geoid signal over trenches ‘ar

island-arcs due to offeck (@



The method is illustrated in Ficures 2 and 4 and ean Le descy iled

as follcws:
Given a function bx) representing bathymatry, we seck a
filter £(x) walch whan cenvolved with b(x), will predict the

theoretical geoid variation n(v) due to topography and its

compensation, viz ,

-

(&3}
n(x) -—-f b(x') (]| x=x"])ax" (

-

~

Taking the Fourier transfom of “oth sides of equation (l) we
obtain

N(S) = B(S)F(S) (2)
where N (S) represents the Fourier trans{owm of n(x), ete,, and 8
is the transform variable, We note frem (1) that if b(x) is a
delta function

b(x') = §(x')
then n(x) = £({x{), The filter £ therefore repregents the Green's
function resronse to a point topographic anonaly on the ocean
floor, The Fourier transfomm of this filter is known as the ad-
mittance and can bhe theoretically calculated for different schemes
of isostatic compensation. Figure 3a shows the form of the
admittance for the Pratt-Hayford medel of isostasy in which
topographic variations on the ocean-floor are compensated at
depth by variations in the density of the mantle. The spati al

filter correspending to Figure 3a is shown in Pigure ¢

The method procecds as follows: The Fourior ol iof

e =
ANSLOrm 0

the observed Lithymetr (Figuwre 3d) is used to obtain the bathymetry

spectrun (Ficure 2b), "his complex spectxun i multd
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theoretical admittance and the inverse Fourier transform of the
result taken to cbtain the isogtatic component of the geoid

(Figure 3.,, This procedure is equivalent to oonvolv‘i,ng the

filter in Fiowre 4 with the obr~od bathymetry (Figure 2d) hut
caleulations proceed much more rapidly in the wavenumber demain,
Care must be taken to avoid spurious res.lts due to edge effects,
This was acccnplished by extending the left hand end of the profile
in Figure 3d by 500km and app) ying a 500km long cosina taper to
both ends before Ealculating the spectrum,

It can ke scen from Plgure 3c that 15-20 meters of the
observed geoid variation over the Tonga arc cwn be attrikuted to the
bathymetric effect, Subtraction of this component from the
observed geold gives a residual geoid shown as a dashed line in
Figure 5. The residual ceoid therefore represents that part of
the observed ¢eoid signal that con be attributed to sublithospheric
sources,

The filter shown in Pigure 4 represents the geoid effect due
to aline source assuning a Pratt schema of isostatic compensation,
Other filters con easily be constructed for other isostatic
mechonisms, such as the Alxy-toedskanen machaniem, in which topo-
graphic variations are compensated by variations in crustal
thickness., The question of which mechaniem is rere appropriatao
in a particular instance is to some extent subijective but the
Pratt mo>del scoms Lo be the most appropriate for island-arcs with
evidence of presently active or vecent extension behind the arc,

These regions are characterized by hich heat flow in the back-are
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region and anomvilous seismic attenuation tehind the cdowngoing
slab, all indicative of anomalous mantle conditions down to some
1

depth, On the other hand, the Alxry=Heiskanen model may be more

appropriate for older arcs with normal |eat flow in the back-arc

area,
It can e seen from Fiqure 5 that subtraction of the
lgogtatic component from the COS-3 aeoid successfully removes moot

of the topographic effects except in the region immediately
seaward of the trench, The reason for this is that the topo=
graphy immediately seaward of the trench resul ts, uot from iso-

flemare of the subducting plate

static compensation, but from the
as it enters the trench., This outer rise is present seaward of
most trenches and can give rise to gravity ancmalies of up tec 60
milligals (Watts & Talwani, 1974), These ancmalies are much
larger than those calculated assuming an isostatic model and
therefore the computed geoid in this region is tco small.
This problem was overcome by apply ing a separate filter
corresponding to a model of a hending plate to the cuter ri
region seaward of the trench, The results are shown in Figure 6
in which it can be seen that the outer rise compenent of
observed geoid signal has row been removed resul ting in a resicdual
geoid which is smoother than in Figure 5,
The above procedure was also applied o the other profiles

ne results shown in Ficures 7 and 8

shown in Figure 2, with ¢

Figure 7 compares the results obtained from profiles crossine

Tonga and Ponin island-are systons It is interesting to note

WL e D

that althouah the observed aeoid height variation is larger over

Lia
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the Tonga arc than over the Ponin arc, the residual geoids left

after subtracting the isostatic component are roughly similar in

shape and amplitude for the two cascs. This suggests a similavity
in the deep structure beneath these two regions,

Fioure 8 displays the results for profiles crossing the
Westemn Aleutian trench, The bhack-are arvea in this region has
nomal heat flow and there is no cvidence of ancmalous attenuation
in the mantle behind the downgoing slab., In this case, an Alry
isostatic model was therefore used to ccmpute the topographic
genid conponent except over the outer rise where a banding plate
model was used as before., There is an offset in the CGEOS-3 cata
along' this particvlar track and it is interesting to note that if
this offset were to be removed, the amplitude of the residual

geoid variation would be only of the order of 5 meters., The

great difference hetween the amplitudes of the rosidual geoids in

beneath these regions, Such differences are also suggested by
the distribution of earthaquakes heneath these areas, In the
former case, earthjuake foci extend down to 600km whereas in the
case of the Aleutian arc, earthcuakes deeper than 300km are
unknown,

These differences in the maximm depth of earthquakes hencath
island arcs have, of course, long been recounized and generally
attributed to differences in the thermal structure (e,qg. McKenzie,
1969) What is new here is that the geoid data offers an additi

important constraint that will

allow some of the previous ideas

to more critically tested.

—
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1, Purther anolysis of altimeter data
It is proposed to extend the mathod deseoribed about to othar
trench island arc systems in order to look for any systematlc

patterms in resicual geoid ancmalies and also to compile a catal

of residuae! geoid profiles for use in testing the numerical

A related line of research will bhe to develop methods of
using 3~-dimensional isostatic geoid filters, This will compli-
ment work on the analysis of 2-D profiles and will also allow the
isogtatic and residual geold ancmalies to be calculated for
specific regiors of the world., It is planned to utilize an
extensive data set of 1° ¥ 1° bhathymetry measurements and radar
altimetry geoidal heights recently accuired from the National
Geophysical. and Solar-Terrestrial Data Center, Comparison of the
2=D and 3-D results along conmon lines ghould provide a useful
test of the relative merits of each method. Regional maps of
isostatic and residual geoid height variations will be published
as a rosult of this wols,

2. Develomment of numerical models of a subduction zone

Finite-difference models of the deep structure of seismic
zones have been developed and further work in this area is

required, The construction of these models has been cuiced }

the following factors

L7



Y

ol ).'«

OY x) (1 >

\’

\("‘

The models shonld be as consistent as possible with

what ig presently known aboul subduction zones without

intraducing a priori assumtions. For cxample, althow
the relative motion {and in some cases, the absolute
motion) of the cenverging plates at the surface is
reagonably well. determined for most trenches, the

attitude of the streamlines ot depth is not, The

conmon sumption that the planar Renioff zone defined

by the foci of intermediate and deep earthqualiss lies
parallel to the surface of the descending lithosphere

is only an assumption which is not subject to any

rigorous test, It is largely bhased upon the cowclu_,.

sh

of Isacks and Molnar (1971) that such an inter pro*nt:ion

is consistent with the focal mechaniems of intermedin

and deep earthquakes, However, Isacks and Molnar assumed

to

that stresses within the deccending plate were uenerates

by forces applied to the ends of the plate. If these
stresses are in fact caused by surface tractions due
the motion of the plate through mantle, then the
same focal mechanisms arque acainst the idea that
streamlines are parallel to the Renioff Zone. Ob-

vicusly, any satisfactory model of a subduction zone

must produce stresses that are at least consistent wit

ns of deep ecarthcuakes, but this

1
FREN

should b rasul: of the m

xlel, not a primary input.
!

m - ) - N s de - :
I'he models st be numerically tractable and the com-

puting algorittm sufficiently fast that testing of a

e
U



wide range of

feasibla,

A satisf ictory cam:

have been achicoved with

Krameters and houndary conditione is

i
ronise botwoon

the model that gave the rosules shown in

Figure 9, mhe governing equations re

differences on a 25km gy

by 600km deep, ha depth

)

d within

Creased once +ha humerical schemo ie in

these factore aprears to

solved uging finjte

@ rectangular box 2500km wide

Cf the comn ting region can be in-

final fomn, Urwind

difforonc:’nU wWas used to maintain numerical st ability in the

temperature equation ‘

far include acdlabatic compression,

and intemal heat govrce
internal buoyancy forees
been includeq since the
therefore unre:): i8tic,
realistic rheology have
be considered,

The main airf ferencn

most other proviens models

‘the horizonta) Youndari e

velocity is zero excent

Upper boundary and that

values, fThe specification of

the lowey boundary alle

respect to the lower n

boundar-i es, the conditions are zero vert

of shear stress, Where !

18 specified., When it 1

. .
Factors inel uced

in the cemputations en

variable thermal conduct:ivi ty

8. More complicated effects, such as

and shear gtrain heating have net yet

I‘!’“\’ﬂ(‘ﬂ‘/ assumeacl

1 80 far is Newtonian ana

Cnce problems with introducing a more

boon enlved y thes

batween tha o

i

lies

e additiona)l factors ecan

el shawm in Figure 9 ang

the boundary conditions, on

¢ the conditions are that the vertical

in a 100km wi de

transition region on the

the horizontal velocities assume speci fied

\tle to be invest

naterial enters

2aves the region

1!)
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perature oradient is assuned to be zero, These conditions re-
present a smcoth continuation hotween the flow and temperature
ingide and outside the region, In spite of the 1argr':' nurhayr of
grid points and the nece:.ity to adjust the vorticity »nn the
boundaries to satisfy thae velocity conditions, the use of an
Altemating Direction Im

slicit schame produces rapid convergence,

Because of the uncertainty in the position of tha slab at
depth, no rigid roundary is specified within the interior of the
reg'on, The aim is to uee a temperature-~ and pressure-depencent
viscosity and allow the dynaimics of the flow to determine a
region of high viscosity that can identified as the aowngoing
slab, It is necessary, however, to simulate the initial attitude
of the streamlines at the upper surface, This is done by intro-
ducing a 100km wide transition zone on the upper boundary within
which the velocities vary smoothly from a value appropriate to
the convergence velocity of the seaward plate to a zero value
landward of the trench, The values of the stream function withir
the transition zone are calculated g0 as to be consistent with
conservation of mass over a Skm thick vegion. Thus the vwoper
boundary of the madel reprasents a depth of S5km in the earth and

PG

the temperature values on the upper houndaries are adjusted

accordingly.
Ficure 9 shows that with a oonstant Newtonian viscosity the

streamlines spread out hencath the trench leading to a broad zone
of descending material Az a consequence, temperatures at depth

. L] \.

are urealistically low, since the zone of descending material

too thick to be heated up appreciably by the surrounding hot



maitle, In reality, it is to La expocled that the zone of des~
cending material will be much narrower because of the;&ffoctw of
tenperature ~denendent rheoloay,

The next step is to medify the rheolegy e0 as to take into
account this effces, It is plonned to ug? the most recent detor-
mination of the flow law of olivine (Ppas ct al, 1979) which
includes a power law exponent and the experimental ) y=determined
value of the ac ilztion volume for creep, The creep law has been
cast in a tensor form so tYat +he evisting numerisal method can
be used, but with an additional +ewm taking into account the
variation of viscosity. It is well known that extreme variations
in viscosity lead to numerical instabilis kY, £0 that it will be
necegsary in the camputations to limi+ the range of effective
viscosities allowed, Nevertheless, enough of a viscosity variation
can be included to substantially alter the flow pattern shown in
Figure 9 and hopefully lead to a narrow zone of descending material
beneath the trench,

Some of the additional factors that will be included in
later models are intermnal Aloyvancy foreen, chear serain heating
and the effects of phase changes., Quantities caleulated from the
mocels will include stresces within tha flow for comparison with
the inferred fooal mechanisms of deep earthquakes; surface de-
formation; and the resulting shape of the geoid at the surface ‘or
comarison with the residval geoid obtained in the other rart o
the study,

Modifications to the koundary conditions will ineclude ex~

tending the depth of the rewion to 1200km o look at the effect

ORI™'NAL PATE 18
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of a deepar roturn flow and also preceribing a non=zero hor-
izontal velocity on the lewer boundary, The latter medification
is in ordor to simlate the of fect of migration of the trench
with respect to the deep mantle which hos not baen included in
any previous work,

Although the mode) prososal above is falrly complicated, it
is tractable provided that cave is taken to ensure numerical
stability, and promises to offer sone new insights into our
understanding of processes cccurving in subduction zones, Using
the results of this study, it may be possible to address some of
the outstanding questions related o the role of subduction zones

in driving plate motions.

Proposed Timetable

Punds are requested in this proposal for a two-year stucy of
this problem, During the first vesr, afforts will bo concen=
trated on:

(1) Extending the calculation of two-dimensional lsostati
geoid ancmalies to all the major trench/island-are
systans of the world;

(2) Developing metlvds for applying three-dimensional geoid
filters; and

(3) BExtending the numerical mecdel to handle non-linear
temporature= and pressure- dependent viscosity,

Parts (1) and (2) of this study will be initiated in Septanber,
1980, and supported under NASA grant NAG 5-94 "Altimetry Data
over Trenches and Island Arcs and Con otion in the Mantle"

during the period 9/1/80 - 1/31/81.,



The second year of +he study will bo deveted o camaring

the results of the medels with observetional data and, Yooking ae

the effecte of additional factors that may be important in gover«

ning the flew pat

termns and temperaturs in suluetion 20nes,
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