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Isostatic compensation 
and continental lithospheric thickness 
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Abstract. Lateral density inhomogeneities are a general 
feature of the continental crust and upper mantle. This 
suggests the generalization of the interpretation of iso
static response functions by introducing internal loads 
into the conventional model of an elastic plate flexed 
under a topographic load. With this modification, ana
lyses of continental responsc functions favour litho
spheric thicknesses larger than the avcrage thickness of 
the crust. These values also conform with independent 
estimates of the long-term thickness of the continental 
lithosphere and are therefore more satisfactory than 
recent estimatcs of only a few kilometres based on a 
pure flexure model. 
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Introduction 

The Earth's lithosphere may bc defined in several ways. 
Consequently, the meaning of the term is contingent on 
whether a dcfinition based on chemical, thermal or 
mechanical arguments is implied. Here we arc only 
concerned with certain mechanical aspects of the con
tinental lithosphere, in particular with its strength and 
thickncss on geologic timc scales. The importance of 
the mechamcal lithosphere was first discussed by Bar
rell (1914), who defined it as the Earth's elastic shell of 
long-term mechanical strength and suggested the term 
asthenosphere for its weaker substratum. An obvious 
method of inferring the mechanical properties of the 
lithosphere is bascd on its flexure in response to super
imposed loads. For continental areas, thc main results 
have recently been compiled and discussed by Cochran 
(1980). Depending on the method of mterpretation, they 
may be subdiVIded into t\\O categories. 

(I) If observations of load-induced flexure are avail
able, direct modelling in the spatial domain is possible. 
This approach has been applied to features of various 
characteristic loadmg times such as isolatcd topo
graphic loads, sedimcntary basins or Pleistocene ice 
sheets. It was pioneered by Walcott (1970). 

(2) Thc ovcrall mcchanical propcrtics of the litho
sphcrc for continent-wide areas may be inferrcd usmg 
the rcsponsc function tcchniquc. This method \\as in
troduced by Dorman and LeWIS (1970) for imcstigating 
isostatic compensation in North America. 

The basic assumption of the response function tcch
nique is that Bouguer gravity anomalies arc lincarh 
related to topography and its compensation. A filte-r 
may therefore be estimated which, when convolved 
with topography, reproduces the observed Bouguer 
anomaly. In the wave number domain, this corresponds 
to the determination of the isostatic response function, 
which may then be interpreted in terms of specific com
pensation models. 

Dorman and Lewis (1972) analyzed the North 
American response function assuming local compen
sation. Subsequent re-interpretations of the data, hO\\
ever, were based on lithospheric flexure, which is a 
regional type of compensation (Walcott, 1976; Banks et 
aI., 1977; McNutt, 1980). The flexure model was also 
applied to interpreting the Australian isostatic response 
function (McNutt and Parker, 1978). 

The basic differences between local and regional 
compensation have been discussed by several authors 
(e.g. Garland, 1979) and will not be repeated here. An 
attractive feature of flexural compensation c1earl) is 
that it provides a simple mechanical model of the com
pcnsation process. Interpretations of thc isostatic re
sponse function of continental areas based on thiS mod
el havc, however, usually rcsulted in lithosphefIC 
thicknesses of only a few kilometres. These valucs were 
usually explained by stress relaxation within the litho
sphere and taken as representing a long-term "cffecti\e 
lithospheric thickness". They are ncvertheless signtfi
cantly below values inferred from direct modellmg of 
individual loads of comparable age, whIch usualh in

dicated thicknesses between 35 and 60 km (CoL·hran. 
1980). 

In an attempt to explain this discrcpancy. some 
authors argued that the flcxure modcl might be in

adequate for interpreting the isostatic rcsponsc function 
of whole continents (Fors)'th. 1979; Garland. 1979. 
Cochran, 1980). This IS because thc model impltcs that 
compensation is exclusively attained by the depre'~llln 
of crustal material into mantle material due to flexure 
of the Itthospheric plate in response to an extcrnal load 
But for mountain ranges, whose pronounced topog
raphy and gravity signals govern continental re'pon,c 
functIOn estimatcs. downwarping is unlikel) to occur 
The only flexural effect may in fact be the Up\' arpmg In 

response to the (negative) eroded loads. The non-flexu
ral character of compensation of moun tams I, al,,) 



reflected when considering the major geologic processes 
accompanying orogenic events. such as overthrusting. 
magmatic intrusions or metamorphism. If. therefore. 
mountain ranges are compensated today. a substantial 
portion of this compensation must be caused by chemi
calor thermal inhomogeneities in the lower crust or 
upper mantle. which are unrelated to flexure. 

Based on these ideas. a quantitative model of com
posite compensation is developed in the following sec
tion. It is tested by applying it to estimates of the 
isostatic response function of western North America 
and Australia. As the results show. both data sets 
allow lithospheric thicknesses in excess of average crus
tal thicknesses. The consequences of these findings are 
briefly discussed in the final section. 

Composite compensation 

The composite compensation model suggested here is 
based on the reasonable assumption that it is unre
alistic to restrict compensation processes to flexural 
compensation. The incorporation of non-flexural effects 
into the flexure model presents some difficulties. howev
er, since a simple physical mechanism is lacking. 

On a large scale. crustal thickening in Alpine-Hi
malayan mountain ranges is primarily due to crustal 
shortening as a result of continent-continent collision. 
whereas in Andean-type mountain ranges it occurs 
mainly as a result of the addition of basaltic magmas to 
the crust. On a more regional scale. the complications 
are perhaps best exemplified by the diversified tectonic 
setting of the western United States. As discussed by 
Parkiser (1963), changes in crustal thickness across the 
boundaries of major tectonic provinces of this region 
usually bear little relation to changes in altitude but 
reflect lateral density variations in the upper mantle. 
Within individual provinces. however. the thickness of 
the crust tends to vary directly \\ ith altitude. 

Any type of non-flexural compensation effectively 
represents a mass deficit which is accompanied by a 
positive buoyancy force and a negative gravity anom
aly. Non-flexural compensating masses may therefore 
be modelled efficiently as internal load~. which are 
easily incorporated into existlDg models of flexural 
deformation. 

Lithospheric flexure has usually been analyzed using 
thin elastic plate models. Even though thin plate theory 
is an asymptotic theory. its validity for most problems 
of geophysical interest has recently been demonstrated 
by Comer (\983) and Wolf(in press 1984) 

The equilibrium equation of a deformed thin clastic 
plate floating on an inviscid and Incompressible sub
stratum is (e.g. Jeffreys, 1976) 

D J74 lI'(r) + (I' 2 - Po) gIl (r) = '/(r). (II 

where w(r) is the dO\\ U\\ard deflection of the plate and 
q(r) is the downward traction. both applied at point 
r= (x. y) of the horizontal plane. 1'0 denotes the demit) 
of the material infilling depressions of the plate and p 2 

that of the mantle material belo\\ the plate. D IS the 
flexural rigidity of the plate and D = II hJ [6( I - I')). 
\\here II, Jl and \' denote the thickness. shear modulus 
and Poisson's ratIO of the lithosphere. respectl\:ely. As 
usual. g is the acceleration due to gra\ It). Taking the 
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t\\ o-dimensional Fourier transform of (\) yields 

(2) 

where k is the wave vector and k = Ikl. The transform 
,ilk) of the traction encompasses a contribution caused 
by the load and a contribution caused by thc as
sociated compensation. Under the assumption that thc 
compensation is linearly related to the superimposed 
load. \\e therefore have 

,ilk) = [I - :x(k)] Po g ilk). (3) 

1'0 is the density of the topography t (r) ovcrlYlUg the 
(x. y)-plane and is assumed to bc equal to the density of 
the infill. Here :x will be called the inhomogeneity pa
rameter and measures that portion of the compensation 
\\ hich is due to internal loads unrelated to flexure. For 
the following argument it is sufficient to assume that 
:x(k) = const. Substituting for '/(k) in (2) yields 

• Pogi(k) 
lI'(k)=( \-:x) ----------. 

(p2-Po)g+Dk 4 
(4) 

For :x= \ \\e therefore ha\e lI'(r) =0 and compensation 
IS completely non-flexural. 

The transform of the gra\ Ity effect of an une\ en and 
possibly non-uniform layer of material \\as gi\cn hy 
Parker (1972). In the linear approximation and for uni
form layers the Bouguer <momal) in the (.x. y)-plane. of 
the flexural and non-flexural portions of the compen
sation. reduces to 

.1g(k)= - 2rrG {[(PI - Po) +(1'2 - PI) t' ~J,] li'(k) 

+:XPot' ~J't-(k)l (5) 

Here P I denotes the crustal denslt). "I the cru~tal 
thickness and "2 the depth of non-flexural compen
satIOn. G is Ne\\ ton's gra\ itational constant. Sub~tltut
ing for li'(k) finall) yields 

This is the isostatic response function of the composite 
compensation model. \Ve find. for "I ="1' 
IIm£/>(/\) = - 2IT (j Po. (7) 
k -0 

\\hich i~ the gra\ It) effect of a uniform la)er of UDlt 
thickness. If onlv non-flexural compematlOn I~ permit
ted. (6) ~Implifje; to 

Iim£/>(k)= -2rrGp o t' kJ, 

.~1 

ThiS represents the amplitude of the gra\ It) effed of a 
harmonic demlty ~heet of unit thlckne" at depth d 2 

(linear Air) compen,ation). 
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Fig. I a and b. Theore\lcal response functions for inhomo
geneity parameters ()( = 0.00, 0.33, 0.67, 1.00 for IIthosphenc 
thIckness a 11= 35 km and b II = 70 km, respecti\cly. The other 
paramctcrs are 11= 0.3· lOll Nm - 2, r = 0.25, Po = 2,670 kg m - 3, 

PI =2,840kgm-3, P2=3,270kgm- 3
, til =tl z=32km 

Results 

Figure I shows theoretical response functions cjJU) 
= cjJ(2 7t/k) for two lithospheric thicknesses and several 
degrees of non-flexural compensation. The other pa
rameters (see Fig. I) are fairly characteristic of normal 
continental crust and upper mantle and will serve as 
convenient standards in the follo\\ mg. As can be seen, 
the transition from local compensation (1= I) to flex
ural compensation (1 = 0) is accompanied by a substan
tial decrease in the magnitude of the normalized 
Bouguer anomaly. The effect is more pronounced for 
large lithospheric thicknesses. This is to be expected, 
since uncompensated topography, i.e. infinite flexural 
rigidity, is associated, by definition, with zero Bouguer 
anomalies. 

In Fig. 2 the observed isostatic response function for 
western North America (McNutt, 1980) is shown to
gether with 1\\0 theoretical cunes for different litho
spheric thicknesses. If the inhomogeneity parameter 1 is 
between 0.90 and 0.95, thicknesses between 35 and 
70 km arc clearly compatible with the data. From what 
is known about the tectonic history of the western 
United States, internal loads must be significant there, 
and lithospheric thicknesses of the order of the thick
ness of the crust or larger are therefore reasonable. 

McNutt's (1980) estimate of less than 5 km for the 
thickness of the western North American lithosphere 
was based on the conventional flexure model. Clearly, 
almost any lithospheric thickness will fit the data, if 
these indicate conditions close to local compensation. 
For large plate thicknesses this requires a high degree 
of non-flexural compensatIOn. If on the other hand, 
only flexural compensation is permItted, the thickness 
of the lithosphere must be sufficiently small. such that 
the flexural model approximates local compensation. 
Since the major densit) contrast responsible for the 
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Fig. 2. Observed isostatic response function for western North 
America after McNutt (1980). Best fitting theoretical response 
function (in a least squares sense) for 11= 35 km requires 
()(=0.91 (solid); h=70km requires 1=0.95 (dotted). The other 
parameters are given in the caption of Fig. 1 
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Fig. 3. Observed isostatic response function for Australia after 
McNutt and Parker (1978). Best fittmg theoretical response 
functton (in a least squares sense) for 11= 35 km reqUire, 
:x = 0.63 (solid); II=70km requires 1=0.66 (dotted), 11= 140km 
requires 1=0.72 (dashed). The other parameters are given In 

the caption of Fig. I 

Bouguer anomaly is close to the depth of the Moho. 
lithospheric thicknesses of only a few kilometres, hO\\
ever, indicate internal inconsistencies of the flexure 
model. 

Figure 3 shows a re-interpretation of the isostatic 
response function for Australia, on the basis of \\ hlch 
McNutt and Parker (1978) and Cochran (1980) mferred 
lithospheric thicknesses of approximately 5 km usmg the 
conventional flexure model. If the inhomogeneity pa
rameter :x is about 0.65, the data are again consIstent 
with lithospheric thicknesses larger than 35 km. The fit 
in fact improves further for lithospheric thicknesses m 
excess of 70 km. This may, howe\ er. not be significant. 
since, for simpliCIty, the degree of non-flexural com· 
pensation has been assumed to be independent of 
wavelength here. 

Conclusions 

The discrepancy between estimates of continental li
thospheric thIckness based on the response functIOn 
approach and estimates based on conventional modd
ling of indl\ idual loads is ob\ iously due to the 111-

adequacy of the conventional flexure model \\ hen 
analyzlDg response function estimates for contment
\\ide areas. If proper allo\\ance is made for mternal 



loads in the theoretical model, lithospheric thicknesses 
in excess of the normal crustal thickness are, however. 
clearly consistent with the data. On the other hand. if 
the observed response function indicates conditions 
close to local Compensation. our improved model is not 
very sensitive to lithospheric thickness. This is demon
strated in Fig. 2, where thicknesses of both 35 km and 
70 km satisfy the data exceedingly weI\. The response 
function analysis therefore does not seem to be very 
suitable for imposing tight bounds on the thickness of 
the lithosphere. 

More promising for that purpose are truly external 
loads, such as sediments or glacial loads. For Pleis
tocene ice sheets the characteristic time of the loading 
event is only of the order of 104 a. Post-glacial rebound 
data have therefore been mainly used for inferring the 
viscosity stratification of the mantle (e.g. Peltier. 1982). 
Initial attempts have. however. been made to constrain 
lithospheric thickness from records of load-induced de
formations in the peripheral regions of Pleistocene ice 
sheets (Peltier, in press 1984). 

Non-flexural compensation may also have some bear
ing on the thickness of the oceanic lithosphere. Suye
naga (1979) presented strong evidence that the warping 
of the Moho below Hawaii might not be completely of 
flexural origin but rather be partly due to chemical 
inhomogeneities below the volcanic island. If this is 
true. chemical inhomogeneities related to topography 
must be a fairly general feature of the oceanic litho
sphere. So far. the isostatic response function associated 
with oceanic topography has only been interpreted 
using the conventional flexure model (e.g. McKenzie 
and Bowin, 1976; Watts, 1978; Cochran. 1979). The 
incorporation of non-flexural effects into the model 
may therefore also require an increase in the thickness 
of the mechanical lithosphere below oceans. This Illa~ 
explain in part the large difference~ between the thickJle~~ 
of oceanic lithosphere inferred seismically and that ob
tained from studies of the flexure associated With sea
mounts and guyots. 

Ackllol\'ledgl.'melll.~. ThIS \\ork \\as supported b) a Natural 
Sciences and Engmeerlng Research CouncIl of Canada Post
graduate Scholarship. The author has great I) profited from 
numerous discussions \\llh Richard Peltier 

References 

Banks, RJ .. Parker, R.L.. HuestIS. S.P.: IsostatIC compen
sation on a continental scale: local \ersus regIOnal mccha
msms. Geophys. J. R. Astron. Soc. 51. 431-452. 1977 

Barrell. J.: The strength of the Earth's crust. Part IV Re
lations of Isostatic mO\ements to a sphere of \\eak.ness -
the asthenosphere. J. Geol 22.655-683. 1914 

113 

Cochran. J.R.: An analysis of isostas} m the \\orJd's oceans. 
2. Midocean ridge crests. J Geophys. Res. 84. 4713-4729. 
1979 

Cochran. J R.: Some remarks on isostasy and the long-term 
behavior of the continental lithosphere. Earth Planet Sci. 
Lett. 46. 266-274.1980 

Comer. R.P.: Thick plate flcxure Geophys. 1. R. Astron Soc. 
72,101-113,1983 

Dorman. L.M., Le\\ is, B.T. R.: Experimental Isostasy. 1 
Theory of the determmatlOn of the Earth's isostatic re
sponsc to a concentrated load J. Geophys. Res. 75. 3357-
3365, 1970 

Dorman. L.M., le\\ls. B.T.R.: Experimental isostasy. 3 In
version of the Isostatic Green functIOn and lateral density 
changes. J. Gcophys. Rcs. 77. 3068-3077. 1972 

Forsyth. D.W.: Llthosphcric flexure Rc\ Geophys Space 
Phys. 17. 1109-1114. 1979 

Garland. G.D : Se\cnty years of isostatIc theOries Publ Fmn. 
Geod. Inst. 89. 48-56.1979 

JctTreys. H.: The Earth. 6th edn. Ne\\ York.: Cambridge Unl
\ erslt, Press 1976 

McKenzie. D .. Bo\\ m. c.: The relatIonshIp bet\\een bath} m
etry and gravity III the Atlantic Ocean J Geoph}s Res. 
81.1903-1915.1976 

McNutt. M.: ImplicatIOns of regIOnal gra\lty for state of 
stress in the Earth's crust and upper mantle J. Geophys. 
Res. 85. 6377-6396. 1980 

McNutt. M.K .. Parker. R.L: Isostasy m Australia and the 
e\olutlon of the compensatIOn mechamsm SCIence 199. 
773-775. 1978 

Parker. R.L: The rapId calculation of potentIal anomalll:s 
Geophys. J. R. Astron. Soc. 31. 447-455. 1972 

Parklser. L.e.: Structure of the crust and upper mantle m the 
\\estern Umted States J Geophys Res 68. 5747-5756. 
1963 

Peluer. W. R.: DynamlL'S of the ICC age earth Ad\ Geoph}s 
24.1-146.1982 

PeltIer. W R.: The thIckness of the contmental lithosphere J 
Geophys Res .. m press 19X4 

Su)enaga. W: Isostasy and flexure of the lithosphere under 
the Ha\\alian Isl.tnds J Geophy~ Res 84. 5599-5604. 
1979 

Walcott. R I Flexural rlgldlt). thlck.ne~s. and \ ISCO~It} of the 
lithosphere J Geoph)~ Res 75.3941-3954.1970 

Walcott. R I . LIthospheriC nexure. anal)sls of gra\ Ity anom
alies. and the propagatIOn of seamount chams Ill' fhe 
geoph)slL'S of the PaCIfic Ol:ean and Ih margm. (; H 
Sutton. M H Manghnam. R. Moberly. ed~: pp 431-431' 
Washmgton. Am Geoph}s UnIOn 1976 

Watts. A B : An anal)sls of I~ostasy m the \\orld'~ ",'ean, 1 
Ha\\allan-Emperor ~eamount cham J Cieoph)~ Re~ 83. 
5989-6004. 1971' 

Wolf. D: ThIck plate fle'(ure re-examm.:d (ieoph), J R 
Astron. Soc. In prc,~ 19X4 

Reccl\cd June 21. 19K3. Re\l~ed Ver'llln Scptember 22. 19X3 
Acccpted September 26. 19X3 


