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Ab i t r  ac t 

The geoid and topographic f i e l d s  of t he  cen t r a l  P a c i f i c  have been 
de l inea ted  and shown t o  c o r r e l a t e  closely at  intermediate  wavelengths (500-2H)O 
km) . The assoc ia ted  admittance shows that  anomalies having wavelengths less 
than about 1000 km are probably supported by the  elastic s t rength  of t h e  
l i t hosphe re  i t s e l f .  Larger wavelength anomalies are due t o  dynamic e f f e c t s  i n  
t h e  subl i thosphere.  Direct modeling of small scale convection i n  the  
asthenosphere shows t h a t  t h e  amplitudes of observed geoid and topographic 
anomalies can be independently matched, but t ha t  the  observed admittance cannot. 
Only by imposing an i n i t i a l  regional  va r i a t ion  i n  the  thermal regime is it 
poss ib l e  t o  match the  admittance. It i s  proposed t h a t  t h i s  v a r i a t i o n  may be  due 
t o  d i f fe rences  i n  the  onset  t i m e  of convection beneath- l i thosphere of d i f f e r e n t  
ages . That is, convection beneath thickening l i thosphere  is s t rongly  dependent 
on the  rate of thickening (V) r e l a t i v e  t o  the  rise t i m e  fo r  convection. 
critical Rayleigh number conta ins  the  length scale K/V,  where K is  thermal 
d i f f  us iv i ty .  Young, f a s t  growing l i thosphere s t a b i l i z e s  the  underlying 
asthenosphere unless it has an unusually l o w  v i scos i ty .  Lithosphere of 
d i f f e r e n t  age,  separated by f r a c t u r e  zones, w i l l  go unstable  a t  d i f f e r e n t  t i m e s ,  
producing regional  horizontal  temperature grad ien t  t h a t  may s t rongly  inf luence  
convection. Laboratory and numerical experiments a r e  proposed t o  study t h i s  
form of convection and its inf luence on the  geoid. 

The 
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1 . Introduction 

As t h e  l i thosphere  moves away from a r idge  it  cools and thickens,. forming a 

r i g i d  l i d  over viscous mantle material. 

t i m e  j u s t  as does t h e  rate of heat flow through t h e  l i thosphere  i t s e l f .  

The rate of thickening decreases with 

The 

r i g i d  l i t hosphe re  is a thermal and rheological boundary layer  t h a t  conta ins  

most o f  the  (negative) buoyancy associated with cool ing at the  surface.  To 

e s t a b l i s h  i t s e l f ,  convection beneath the  l i thosphere  uses the  s m a l l ,  remaining 

p a r t  of t h e  thermal boundary t h a t  is not contained wi th in  the  r i g i d  l i thosphere.  

The impetus f o r  i n i t i a t i o n  of convection thus increases  with t i m e  i n  concert  

with thickening of t h i s  cool ,  but mobile, leading edge of the  boundary layer .  

The t i m e  t o  i n i t i a t e  convection, t he  rise t i m e ,  decreases  with increasing 

accumulation of negat ive buoyancy; viz .  rise t i m e  decreases  with age of the  

overlying l i thosphere.  If t h e  r a t e  of growth of t h e  l i thosphere  is  f a s t  

compared t o  the rise t i m e ,  i nc ip i en t  i n s t a b i l i t y  i s  overtaken and "frozen" i n t o  

the ' l i thosphere .  The critical Rayleigh number thus involves the  growth rate of 

the  l i t hosphe re  ( see  l a t e r )  and is only exceeded af ter  some t i m e  when growth i s  

s u f f i c i e n t l y  slow t o  allow convection. 

(e.g. separated by a f r a c t u r e  zone) w i l l  have a d i f f e r e n t  Rayleigh number and 

convection w i l l  be influenced by t h i s  horizontal  v a r i a t i o n  i n  p l a t e  growth rate. 

Adjoining l i thosphere  of d i f f e r e n t  age 

The inves t iga t ion  of t h i s  r e l a t ionsh ip  between l i t hosphe re  growth rate, onse t  of- 

s m a l l  scale convection, and the  source of midplate geoid and g r a v i t y  anomalies 

i s  the  proposed subject  of research. 

A good dea l  of previous work has considered t h i s  problem of v a r i a b l e  

v i s c o s i t y  convection beneath a growing, highly viscous or r i g i d  l i d  (e.g. 
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Parsons and McKenzie, 1978; Yuen e t  b., 1981; Yuen and F le i tou t ,  1984; F l e i t o u t  

and Yuen, 1984; Jaupart  and Parsons, 1985; Buck and Parmentier, 1986). None of 

t hese  works e x p l i c i t l y  recognize the  strong s t a b i l i z i n g  inf luence of a r a p i d l y  

growing l i thosphere.  

and Parmentier, t h a t  small scale convection w i l l  set i n  benenath the  

l i thosphere .  Most s tud ies  have assmed a q u a s i s t a t i c  s t a t e  ( i . e .  thickness)  of 

the  l i t hosphe re  and the  ove ra l l  va r i a t ion  of viscosi ty . ,  That i s ,  a thermal and 

viscous p r o f i l e  is assumed and then analyzed for  its s t a b i l i t y .  The competit ion 

between convective risetime and l i thosphere  growth rate is e s s e n t i a l l y  

uninves t i ga t ed  from an e x p l i c i t  ana ly t i ca l  perspect ive . 

'Ihese e f f o r t s  do show, however, e spec ia l ly  t h a t  of  Buck 

W e  now proceed to  summarize our work on this sub jec t  over the  past  year and 

i n  sec t ion  3 t o  state more c l e a r l y  the proposed work f o r  the upcoming g ran t  

period. 

2. Present and Past  Years Work 

'Over t h e  past  ten years  our plan has been f i r s t  t o  de l inea te  the  g r a v i t y  

and geoid f i e l d s  i n  the Pac i f i c ,  with pa r t i cu la r  emphasis on anomalies of 

intermediate  wavelength (n,m ,J 18-22; h ~ 2000 km), and then t o  i n t e r p r e t  

these  anomalies i n  r e l a t i o n  t o  the dynamics of t he  l i thosphere  and upper mantle 

(e.g. Marsh and Marsh, 1976). The method of sa te l l i t e  t o  satell i te tracking 

(SST) w a s  used t o  de l inea te  these anomalies over the  c e n t r a l  P a c i f i c  (e.g. 

Marsh e t  al., 1981). And with the  complementary d a t a  from SEASAT (e.g. Marsh 

e t  al., 1984) t h i s  anomaly set has become w e l l  es tabl ished.  But because some 

workers (e.g. 

i n  part, be a r t i f a c t s  of t runca t ing  spher ica l  harmonic expansions t o  remove the  

Sandwell, pers. corn.) f e e l  t h a t  these  anomalies could, a t  least 
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long wavelength (i.e. regional)  e f f ec t s ,  w e  bave also continued research along 

these  l i n e s  (see more below). Having establ ished this class of anomalies, we 

have worked at understanding o r  in te rpre t ing  them i n  terms of the  i s o s t a s y  o f  

the  l i thosphere  and convection w i t h i n  t h e  underlying mantle. 

Hinojosa, 1983; Marsh e t  al., 1984; Hinojosa and Marsh, 1985; Hinojosa, 1986). 

(Marsh and 

W e  have found tha t  t h e  most d i r e c t  way t o  show t h e  unequivocal ex is tance  of 

these anomalies i s  t o  take the f u l l  geoid (untruncated) of t h e  cen t r a l  Pac i f i c  

and remove a simple ( f i r s t ,  second, o r  t h i r d  order) surface.  It is  important 
.- 

t o  r ea l i ze  the  t h e  removed surface is  not  a spher ica l  harmonic f i e l d  but merely 

a Cartesian surface,  which is possible over this l imi ted  area. The r e s u l t a n t  

res idua l  geoid is  exceedingly s i m i l a r  t o  t ha t  found by removing a spher ica l  

harmonic f i e l d  model (n,m < 12,12), see Figures 1 and 2. The same has been - 
done fo r  the  bathymetry i n  t h i s  region, and the geoid and bathymetry has  been 

p lo t ted  against  one another (Figure 3 ) ,  which g ives  a clear pos i t i ve  c o r r e l a t i o n  

( co r re l .  coef . = 0 .66 ) .  

s i g p i f i c a n t  ( i .e.  w 7 . S  m/b) i n  that  i t  i s  very c l o s e  t o  the s p e c t r a l l y  derived 

The slope of this co r re l a t ion  i s  also highly 

admittance (see below). Altogether we are confident t h a t  t h i s  class of 

anomalies is r ea l .  

The understanding of these  anomalies i n  t e r m s  of i s o s t a s y  has  been the  

subjec t  of Hinojosa's Ph.D. desser ta t ion  (Hinojosa, 1986), t h e  a b s t r a c t  of which 

i s  given as Appendix A. In b r i e f ,  by t r e a t i n g  both bathymetry and geoid i n  the  

spec t r a l  o r  wave number domain, t h e  admittance has been obtained from the r a t i o  

of the  geoid to  the topography, which expresses t h e  geoid anomaly i n  meters f o r  

every kilometer of sea-floor topography (Figure 4). 

found and it  is  always positive and genera l ly  s m a l l .  

The phase has a lso  been 

Synthet ic  admittance both 
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f o r  f l e x u r a l  and Airy compensation models have also been ca lcu la ted  and are 

shown along with the  observed admittance of Figure 4. 

wavelengths sho r t e r  than about 1000 km can be compensated both reg iona l ly ,  by 

It i s  clear here t h a t  

4 

t h e  elastic s t r eng th  of t h e  l i thosphere  i t s e l f  , and l o c a l l y  by d i sp lac ing  mantle 

material t o  reach i s o s t a t i c  equilibrium. The l a r g e r  wavelengths , however , 
cannot be explained in  this fashion but m u s t  be supported dynamically within t h e  

subl i thospher ic  mantle. 

To i nves t iga t e  this dynamic process of compensation, Hinoj osa (1  986) has 

numerically s tud ied  the e f f e c t  of convection of a v a r i a b l e  v i s c o s i t y  f l u i d ,  

cooled from above and heated from below on deformation of the l i thosphere .  

Using the  mean f i e l d  method, with and without i nc lus ion  of a low v i s c o s i t y  

channel,  t he  geoid,  topography, and admittance have been calculated as  a 

func t ion  of time (see  Figure 5). Although the  results of t h i s  s tudy are f a r  too 

numerous t o  be included here, the  cen t r a l  result i s  t h a t  s m a l l  scale convection 

by i t s e l f  i s  not strong enough to  produce s i g n i f i c a n t  geoid and topographic 

anomalies t h a t  also s a t i s f y  t h e  observed admittance. (Buck and Parmentier (1986) 

show t h a t  the  geoid can be matched but they did not  n o t i c e  the problem with 

admittance.) But t h a t  regional  thermal v a r i a t i o n s ,  o r ig ina t ing ,  f o r  example, a t  

t he  r idge  i t s e l f ,  ca r r i ed  along by the  flow can cause anomalies of t he  observed 

magnitude (see Appendix A). 

anomaly magnitude as a func t ion  of thermal anomaly depth and amplitude. 

same has been done fo r  topography and both results have been combined through 

admittance t o  reveal  the acceptable  range of thermal anomaly amplitude and 

For example, Figure 6 shows contours of geoid 

The 

depth. Ihe critical range is 70-100°C a t  depths o f ,  respec t ive ly ,  100-120 km. 

A l l  of this work is  now being readied f o r  publication,.  
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Appendix A 

On the S t a t e  of Isostasy i n  the  Cent ra l  Pac i f ic :  

S t a t i c  and Dynamic Compensation Mechanisms 

by 

Juan Homero Hinojosa 

A d i s s e r t a t i o n  submitted t o  The Johns Hopkins University 

i n  conformity with t h e  requirements f o r  the degree of 

Doctor of Philosophy 

Baltimore, Maryland 

1986 

- -  

Abs t  r act 

The intermediate-wavelength geoid (A hr 2000 km) and sea-floor topography 

f i e l d s  i n  the c e n t r a l  P a c i f i c  Ocean have been s tudied i n  terms of s ta t ic  and 

dynamic compensation models. Topographic f ea tu res  on the  sea-floor with 

wavelengths shor te r  than about 1000 km have been found t o  be compensated both 

reg iona l ly ,  by the  e l a s t i c  strength of t h e  l i t hosphe re ,  and l o c a l l y ,  by 

d isp lac ing  mantle material t o  reach i s o s t a t i c  adjustment . The la rger -sca le  

sea-floor topography and the  corresponding geoid anomalies with a wavelength of 

about 2000 km cannot be explained by e i t h e r  l o c a l  o r  regional  compensation. The 

topography and the  r e su l t i ng  geoid anomaly a t  t h i s  wavelength have been modeled 

by considering the dynamic e f f e c t s  a r i s i n g  from viscous stresses i n  a l a y e r  of 

f l u i d  with a highly temperature-dependent v i s c o s i t y  f o r  the cases of i )  su r f ace  

cool ing,  and ii) basal heating. 

elastic part of the  l i t hosphe re  have been taken i n t o  account by consider ing an 

In this model, t h e  mechanical proper t ies  of t h e  



.\ 
a c t i v a t i o n  energy of about 520 IrJ/mol i n  the  Arrhenius l a w  for  the  v i scos i ty .  A 

l o w  v i s c o s i t y  zone has been incorporated i n t o  the model to  simulate the 

astenosphere. N u m e r i c a l  p red ic t ions  of the  topography, t o t a l  geoid anomaly, 

and admittance have-been obtained,  and the  r e s u l t s  show that the  thermal 

per turba t ion  i n  the l aye r ,  which accounts f o r  the m a s s  d e f i c i t ,  m u s t  be located 

close t o  the  sur face  t o  compensate the g r a v i t a t i o n a l  e f f e c t  of t he  sur face  

deformation. For the case of basal  heating, both hot  and cold thermal boundary 

l a y e r s  develop. In the low v i s c o s i t y  regions,  convectiGe motions are vigorous. 

In  the colder regions,  however, the  v i scos i ty  i s  high, and the motions near ly  

vanish.  This response t o  cooling r e su l t s  i n  the separa t ion  of t he  upper, 

quasi-r igid l i d  from the  lower mobile f l u i d ,  hence i n h i b i t i n g  the  development of 

a compensating thermal per turba t ion  a t  shallow depths.  The geophysical 

observables can be w e l l  explained by a shallow, t r a n s i e n t  thermal per turba t ion ,  

most l i k e l y  or ig ina t ing  at  t he  East Paci f ic  Rise and being brought c lose  t o  the 

su r face  by the  large-scale mantle flow. 
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c o n t r i b u t i o n .  
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F i g u r e  5 6  The admi t tance  as a f u n c t i o n  o f  age f o r  
Case 1 w i t h  t h e  d i f f e r e n t  v a l u e s  f o r  t h e  a c t i v a t i o n  . .  
e" e 9Y. 
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F f g u r e  6 . 
anomaly f o r  case 3 i n  which t h e  f l u i d  l a y e r  f s  c o o l e d  
f r o a  above, t h e  l o w e r  boundary tempera ture  i s  f i x e d  a t  
13000 C, t h e  R a y l e l g h  number i s  585 000. t h e  mean 

The parameter  space f o r  t h e  p r e d i c t e d  g e o i d  

_ _  

v iSCOSltY a t  T = 1300' C f s  1.E22 Poise ,  t h e  a c t i v a t i o n  
energy i s  526 kJ /mol ,  t h e  c u t - o f f  tempera ture  i s  950 
C, and t h e  i n i t i a l  LVZ t e m p e r a t u r e  i s  1350' C e x t e n d i n g  
t o  a d e p t h  o f  200 km. 
i n f t i a l l y  i n t r o d u c e d  e x t e n d i n g  from t h e  s u r f a c e  down t o  
a g i v e n  d e p t h  ( h o r i z o n t a l  a x i s )  and o f  a g i v e n  i n i t i a l  
a m p l i t u d e  ( v e r t i c a l  a x i s ) .  The v a l u e s  cor respond t o  an 
age o f  about  60 Ma. 
t h e  range o f  t h e  observed g e o i d  anomaly. 
f n t e r v a l  - 1 m. 

The thermal  p e r t u r b a t i o n  was 

The ha tched area cor responds t o  
Contour 


