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Bumasary., — The available evidence hearing upon the rheological
helhavior of the tectonically significant layers of the Earth (** tectonosplere ™)
in the long { = 1004 years) time range iz analyzed. The phenomena from
which lata were gleaned are lsostatic uplift and sinking, the nonhyilrostatic
bulge, the theoretical behavior of rocks al high temperature and pressure,
awd the slabilily of mountainsg. The main result of the study is that the
commoenly assumed viscous model for the rheclogical hehavior of the tecto-
nosphere does, in fact, not fit the evidence; the latter indieales logarithmic,
not viscous ereep,  In addition, there iz prohably a low strength threshold
of 10% dynesfem? present. This rheological behavior is very similar to that
of the lecltonosphere in the intermediate time range.

Rrassuxro. — Vengono analizzate le prove disponibili nel eampo del
comportameulo reologico degli strati teltonicamente significativi della Terra
(" tectonosphere ), riferite a lunghe seadenze, {oltre i mille anni). 1 feno-
meni dai quali sono stati prelevati dei dati sono i sollevamenti ¢ gli
abbassamenti isostatici, il gonfiamento non idrostatico, il compurtamento
teorico delle rocee ad alie temperature ¢ pressioni, e la stabilith delle mon-
tagne. Il risultato principale eni giunge lo studie & che il modello viscoso,
normulmeute adottato per il comportamento reologico della tectounosfera,
uon collima con le prove le quali indicano scorrimenti logaritmiel, non viscosi.
Probhabilmentie, vi & presente anche una soglia di forza minima (i 108 dinefem?,
Queslo comportamento reologico rassomiglia molte a quello manifestato
dalla tectonosfera negli inlervalli di temmpo medi.

(*) Institut fir Geophysik, Technische Hoehschule, Karlsplatz 13,
A-1040 WIEN, Ausiria.
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1., — INTRODUGCTION.

It is well known that the time-scale of geologieal phenomena
reaches from fractions of a second to hundreds of millions of years. Re-
garding the rheological properties of the tectonically significant layers
ferust and upper mantle; “tectonosphere’), it way proposed by the
writer (33} to split this vast time range into three, termed * short ™
(up to 4 hours), intermediite (4 hours to 15,000 years) and long (longer
than 15,000 years). In each of these time ranges, the rheological
response of the Barth to applied stresses appeared to be very different.
The then available evidence on this rheological response was reviewed
by this writer some fourteen yeurs ago (38),

Recently, the writer (4) has begun to re-evaluate the available
evidence beuring upon the rheology of the Turth, starting with the
“interinediate ”* time range, The present paper continues this re-
evaluation, concerning itself with the * long ** time range.

The largest body of data bearing upon the rheological behavior
of the tectonosphere is provided by secular wvertical motions of the
Earth’s erusf. The data on such verticul motions have recently becu
collected by Gopwani and Scheidegger (22). The most important of
there data are comnected with postglacial isostatic recovery. The end
of the last ice age is now usuully put at around 11,000 years ago,
but it culminated about 18,000 yeurs ago (). Thug, according to our
terminology, glacial recovery would barely enter into the “ long ' time
range.  However, the natural division pomt between “long ™ and
“ intermediate ' time ranges should probably be put closer to 1000
years, inasmuch as there are typical  intermediate *’ phenomena whose
characteristic times are of the order of days and yvears (Chandler wobble,
seismic aftershock sequences, ete.), and then there is a time-range
gup until one comes to the “ gecular’ phenomens such as slow tec-
tonic motions. The * natnral’ (rather than logarithmie) division of
the geological time ranges would therefore be: Short, up fo a honrs;
intermediate, £ hours to 1000 vears; long, longer than 1000 vears.
We shall adhere to this terminology in the present paper.

Tn addition to isostatic glacial recovery, there may be loading-
nuloading features of origin other than glacial, snch as the loading of
land by water when a lake is formed or by the positioning of guyots.
The nonhydrostatic bulge of the Barth, commenly believed to be due
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to a delay in adjustment of the shape of the Barth to the changing
rate of rotation, represents a load on a rather large seale.

Attempts have also been made to deduce the long-term rheology
of the tectonosphere from other than vertical motion data. Thus, the
recently postulated plate-motion hypothesis of crustal Dlocks hias been
used for this purpose. However, it seems too eatly to dednee reliably
the mechanical properties of the Iarth from such a4 hypothesis.

A further atterpt is due to a theoretical discussion of the rheology
of rocks at high temperatures and pressnres in the long time range,
siwh a5 might prevail in the tectonosphere, hased upon solid state
Physics.  Bnceh attempts are tied up with estimafes of the temperature
and pressure in the Earth's interior, which introduces a measures of
nneertainty.

The lay-ont of the paper will be that all the possible rheologival
models suggested for the long-term behuvior of the tectonosphere
will he diseussed in individual chapters; in each of these chapters the
diverse available observational material will be presented. Since the
latter is mostly based upon observations of vertical laind-motions, an
initial section will deal with the time-analysis of such motions, before
the above-menfioned rheological models are studied.

Tt will be seen that the evidence is overwhelning that some type
of nonlinear (such as logarithmie) ereep is the dominant phenomenon
in the tectonosphere. The generally proposed viscous bhehavior is
obviated by the shape of the postglacial rebound curves.

2. — EMIIRICAL DATA.

As noted, most of onr khowledge of the long-term rheology comes
from measurements of the contemporary and recent rater of vertical
motions. HMHerein, one understands under * contemporary ** the rates
observed over the last 80 years or so (usnally by making repeated
precise levellings), and under * recent '’ the rates deduced {from geo-
morphieal elanges over the last 100-500 years or so. A world-wide
picture of the presently known rates has been recently presented by
Gopwani and Scheidegger (2).

An interesting extension of the study of present motions is the
study of past vertieal motions. It is, of course, very dillicult to do
this on a geological seale, but attempts to construct uplift rate-curves
for the ftimes since the end of the last ice-age have been reported.
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These are based on radiocarbon datings of strandlines; corrections
have to be made for the eustatic changes of the sea-level.

Thus, Schofield () presented uplift curves for the Fennoscandian
and Canadian Shields, shown here in Tig. 1.
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Fig. 1 - Dostglacial uplift covves; after Schofield (18).

Much of the recent evidence on uplift curves has heen summarized
by Andrews (3-4). Of particular interest is the form of these uplilt
curves.  Thus, empirically, several equations have been postulated to
describe uplift. The first possibility is an exponential  decay .

W= 0o [1]

where W is the * remaining uplift ¥, that is the amount of uplift that
has to be accomplished at time ¢ after deglaciation to attain complete
isostatic equilibrium, and & a * decay constant ”? for which Andrews (3)
gives values between 0.34 and 0.56 {mean 0.45) if W is measured in
meters and ¢ in millenrmia. The constant € represents the total uplift
at a site from the time of deglaciation. Writing equation [1] in terms
of uplift accomplished, U, one obtains

U=0C—W = C(l-c*) . 2]
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Andrews () noted that the uplift equation [1] dees not necessarily
fit the observational data all too well; there is a4 murked decrease in &
ag time proceeds. In fact, this indicates that the exponential form
of [1] is perhaps a poor approximation of the observed facts. Thus,
Wuleott (47) suggested that the uplift might in actuality be given by
the sum of two exponentials and postulated

W =0 ert o Chehat, [3}
Ifor Canadian conditions, Walcott found

¢ = 150 m
C: = 460 m
k1 = 1 millenninm-!
k: = 0,02 millenia-?
Because of the poor fit of the uplift duta with Eq. [1], Andrews (3)

abandoned the hypothesis of an expenential decay altogether and
snggested a logarithmic equation instead:

U =a+rint. [4]
In terms of rates, Eq. [4] yields upon differentintion

dl i Ty :
a L 3 L

-

Andrews (?) found & much better agreement of equation [4] with natural
duta than of equation [1]. He {1) made later a specific comparison of
the two equations for 58 uplift curves and found that the exponentiul
dependence gives consistently present-day uplift rates that arve too low
in comparison with observations, whereas the logarithmic depen-
dence gives correct values.

Equation [£], being logarithmic, is evidently not valid for ¢ — 0.
Thus, a cutoff must be applied near { — 0. This cun easily be done
by modifying [1] to read

U=a-+rin{t+1). [6]
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Regarding the constants » and ¢ in equation[4], Andrews {*) found
sonie interesting relationships. From a comparison of 21 uplift rates
he deduced by # least squares procedure

— o = 5.6+ + 10 meters

(7 In meters, ¢ in years), and thus, using [4], and setting ¢ = 1000,
one finds

o A+ 10
’ 1.3

where A is the uplift in meters that oceurred during the first 1000
vears of deglaciation. A direct correlation analysis ol observational
data gives w similar result, viz.

A4—9.8

1.02

In approximation, » is thus simply equal to the uplift A that
ocourred during the first thousand years.

Thus, there is a strong indication that the form [1] is the best-
fitting representation of the observationul evidence, and that the
exponential from [1] i3 actually contradicted by the data.

In addition to the above exponential and logarithmic dependences,
a simple power law s also been sugeested

U = af . 7]
In this case, one linds [rom a statistical evahiation of observational
material (1)
g o~ 0.5,
Any discussion of the rheological response of the tectonosplere

to Isostatic stresses will have to account for the above empirical
evidence.

3. = THRE AVAILABLE RIIEOLOGICAL MODELS.

If the data mentioned in the Introduction are to be interpreted
in terms of the rheology of the tectonosphere, it is necessary to set
up hypothetical mechanical models of the phenomensn in question.
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Naturally, these models are built np from buasic rheological ele-
ments, embodying features of viscous, elastic or ideally plastic -
terials. Tn addition, one might think of the possibility that logn-
rithmie ereep, phase change, or 4 breaking threshold might ocenr. The
possible rheological equations describing sucl phenomena were dis-
cussed recently by the writer (1) in connection with the intermediate-
time rheology of the Earth.  The basie physical possibilities, of course,
are the same in all time ranges.

The specific models that can be constructed for the interpretation
of the long-term rheology ol the tectonosplere will be discussed one
by one below,

1. = V1SCOUS MUDEL.

The most common view of the rheological properties of the “tec-
tonosphere ! {n the “ long 7 time runge is that the latter exhibits the
belinvior of a viscoelastic Qlaxwell) material. Noil only has this been
postulated with regard to the interpretation of postglacial rebound.
but also with regard to the explanation of global plate movements (¥,
polar wandering [(*®) pag. 265], and the nonhydrostatic hulge of the
Earth (*%).

The customary way of deducing viscosily values for the model-
vigeous material representing the tectonosphere is based on isostatic
uplift and sinking observations. In general terms, this cun be done
ay follows,

Let a block of material (continent, crust) loat upon a wviscous
fluid (substratum). If the weight of the blovk is exaetly equalled
by the weight of the displaced fluid {(Archimedes’ principle), we live
an equilibrium sitnation. If in such an equulibrinm sifnation, ma-
terinl is taken away (melting ice) or added (lilling of a reservoir with
wauter) on top, the equilibrinm is destroyed and a new equilibrinm
sitnation must be found. If we denote the vertieal deviation from the
equilibrimm situation by @, then the restoring force F iy propor-
lional to @

=il

where & is some constant.
The resistance B to restoration, in a viscous material, is propor-
tional to the velocity @ and the viscosity s, viz.
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= — e
where ¢ is 4 constant, 8o that the equation of motion reads
= — kp—ene

where m is the mass of the block.

If one assumes that the restoring motion is highly damped, so
that the acceleration term can be neglected, the solution of the above
differential equation is

@ = T {.3—.|"lvl."'nl'|‘= [8]

where £ — ke This shows that the equilibrium position will be
reached by an exponential time funetion.

The connection between the viscosity and the * relaxation time
of the uplift {or sinking, a8 the case may be) data depends on the spe-
citic model that is adopted. Omne of the most rigorous discussions of
this problem has been given by Haskell (28} agsuming a homogeneons
“liguid ? in which a piece of crust is rising or sinking. Applying
the general Haskell theory to a cylindrical crustal bloek (radiug 175},
one obtaing for the viscosity

ogdr

: O
RN i

where 7' is the relaxation time of the exponential in [8], o the density
of the fluid and ¢ the gravity acceleration [cf. e.g. Scheidegger {39),
P 349]. I o rectangular block is used instead (sides I, m), one oh-
tauing [ef. e.g. Heiskanen & Vening Meinesz (23), p. 364]

og Ty

T [9b]

e

where
1 {am

oo+ mayi

In either case, il one applies the above formulas to the uplift of
Fennoscandia (7, — 5000 years: 1/6 = 750 km), one obtaing visco-
sities of the order of

5 ~ 102 Poisc .
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A similar application ol the above formulas to the observed rise
of the land around Pleistocene Luke Bonneville in Utah (%) vields
i viscosity of the order of

i = 1021 Poise

i.e. un order of magnitude less than from the postelacial rise of
Fennoscandia.

The submergence of guyots (1) can be considered as the exact
opposite of the postglicial rise of land; they are assumed to be voleanic
erptions which sink subseguently until isostatic equilibrinm is reached.
Depending on the sinking rates assumed, one obtains for the order of
magnitude of the viscosity

i~ 102 to 102 T*oise

with the lower value from Suito (*7), the higher one [rom Scheidegger
[(#0) 1. 345].

A similar analysis of rebound processes in linear and terrestrial
meteor craters by Dunes (07) yielded the result that the viscosity #
would have to e even much higher.

One thus sees that the lowest viscosity value is required by fea-
tures of the size of Liake Bonneville. For botly, smaller {craters,
gayots) and larger (Fennoscandia) features, the required viscosity
inereases.

However, it should be noted that the model npon which the above
viscosity ealeulations are based, envisuges a homogeneons viscons hody
for the pertinent tectonically active layers of the BEarth. This iy
evidently an oversimplification.

[t may be expected that i lagered viscosity-maodel may exhibit
featnres which may explain the observed viscosity valnes as a funetion
of the size (* wavelength ) of the isostatically rehbounding features (.41).

The simplest layer-ussumption is the hypothesis that just below
the crnst, there exists w low-viscosity layer. Thus, Takeuchi and
Hasegawa (1) made some calculations ol isostatic rebound in a vis-
cous layer of finite thickness and showed that the discrepancy in
viscosity values avising from taking a homogeneous, inflinitely down-
ward extending viscons snbstance, as a model, can thereby indeed
be reconciled. The idea of layers with different viscosities was also
elaborated by Artyushkov (3% and by Anderson and O’Connell (1).
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Calculations of the resnlt in isostatic adjustiment assuming a
rariable visvosity in the tectonosphere huve also been made by Tanes(18),
but his dependences (exponential and linear) with depth are too simple
to luuve much practical significance,

The layered-viscous model of isostatic rebound can be made cven
more realistic by assuming a thin elastic layver on top. The eflects
of some sneh models were caleulated by MeConnell (32) who wrrived
at postnlating a viseosity disteibntion in the Barth as shown liere
in Figure 2.

= T 7
ELASTIC ~.65 X 10’
200
v 400
o
(51
—
L
=
(=}
= 600
x
Fig. 2 - Viseosity distributien in the
5 + f 2 = BOO
Jarth obtained by assnming a viscous g
[=]
model of the teetonosphere. After
ot az
MceConnell (*2), i i
1200
| |
2 2 22 23

LOGJO VISCOSITY

Attempts have been made to correlate the crustal motions oif
the sides of uplifting or sinking Dblocks, buased on visvosity models.
Thus, Broecker (]} computed the deformation of the shoreline of
proglacial lukes caused by the ewrvature of the uplifted land-portion.
Alternatively, Krass and Ushakov (29} calenlated the free snrfuce of a
vigeonus fluid near a subsiding solid material. 1t should be noted,
however, that sueh calenlations may yield a quelitative agreement
with observed phenomena, but do not help much with regard to an
elucidation of the rheological behavior of the tectonosphere.

The data obtained from an analysis of the non-hydrostatic bulge
of the HEarth seem to confirm the viscosity distribution with depth,
obtained above. According to Anderson awd O'Connell (t) the non-
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equilibriunt bulge isx due to the changing rate of rotation which ve-
quires & mantle viscosity of 102 Poise. Similarly high wvalues were
obtained by MeKenzie (*1). These values can be explained by noting
that the nom-hydrostatie bhulge of the Tarth is a feature whicel is of
even mueh larger extent than the ones previously discussed, thus
being affected by the viscosity of the deepest layers ol the mantle.
The general course of the viscosity-depth curve is thus contirmed.

The postulate of a rheologically viscous hehavior of the * tecto-
nosphere ™ hay sigmificance with regard to the possibility of existence
of such phenomena as glohal plate movements (2°), conveetion euwr-
rents (M) and polar wandering [(3%) p. 265 1. In twm, viscosity
values can be deduced for the tectonosphere trom o study of these
phenomena., Thus, Cramer (%) obtained, on this basis, viscosity values
that were close to those caleulated from postglacial uplift.  ITowever,
the very existence of these phenomena is too hypothetical to get visco-
sity values that would be at all reliable.

Attempts have been made to justify the assumption of a4 viscons
rheological hehavior of the tectonosphere not only from s plhenomeno-
logical-observational standpeint, but also from considerations of solid-
state theory. Accordingly, it is usually assnmed that the viscosity
in due to dilfusion creep wlich appears macroscopically as viseous
behavior, The viscosity u is then estimated from the Nabarro (*)-
Herring (25) egqnation

A 2
p=dA-imi withD e 1497 i 110]

where 4 is a constant (abont 1/30), £ is Boltzniann's constant, 7' the
abysolute temperature, a an atomic lattice dimension, { the grain size,
D the coefficient of self-dillusion, ¥ the activation encrgy for sell-
diffusion and R the gas constant. Upon the above theory, estinmtes
of the viseosity in the numtle using reasonable valnes for the para-
meters, lave been nuade by Zharkev (52), Gordon (*2), and MeRKenzie (31).
Zlharkov () found an incredibly low viscosity (101 — 1017 Poise); the
main feature of all ealeulations is an Inerease of viscosity with depth,
confirniing qualitatively the findings from uplift data,

In conclusion of owr discussion of the viscous model for the rheo-
logy of the tectonosphere, one cait thus say that this model qualita-
tively fits some of the observed data, il a low-viscosity layer is assmmed
in the upper mantle.
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1lowever, it should be noted that viscosity always yields expo-
nential reluxation patterns; these do not seem to be borne out by the
uplift curves diseussed in Sec. 3. TFurthermore, there are theoretical
ws the mantle iv assumed to consist of) is not viscous (**).  Thus, the
treatment of the rheological behavior as  viscous ” is probably not
justified. The reason that partly satistactory resulls were oblained by
its use lies in the facl that many (non-linear!) types of relaxation can
be approximated by a * pseudo V-viscosity, usging some fictitious
value for ».

3. — KLANTIO MODEL.

The theory of isostasy does seem to account for many of the
observed vertical displacements on the Earth’s crust. However, it
may he that the tinal equilibvium configuration is not entirely deter-
mined by buoyancy forees, but that there is a residual effect due Lo
elasilic bending of the Harth's erust. Thus, the final equilibrium de-
formation of the Harth’s erust under a surface lond may be considered
as the equilibrium configneation of a loaded elastic plute on top of a
viseous Hluid below. The “tectonosphere ™ would thus consist of the
clagtic erustal plate plns the finid helow to a certain depth.

This model hias been used to ealculate hypothetical configurations
of the Earth's erust under various types of loads for a long time.
A recent summary of work of this Lype has been given, e.q. by
Walcott (#8). Tables of the deformation of an Earth model as discussed
here under surface loads have been given by Caputo (1),

For an elucidation of the rheology of the “fectonosphere , the
reverse problem is of intercst: YWhat are the elastic constants that
can, be inferred {from an analysis of deformations?

This problem hag been attacked by Waleott (1), Accordingly, the
quattity that ean be determined is the flexural rigidity 7

e

11
12 (1 — o?) L11]
where ¥ i3 Young's modulus, 7' the thickness and o Poisson's ratio of
the plate. Beyond the edge of an areal lond, the elastostatic equations
for a horizontal elastic plate have solutions containing terms of the
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type e—wfe cos (@fu) which indicate a daumped harmonic wave with
wavelength A — 2 ma with

LD

at [12]

oy
where 47 is the density of the fluid below the clastic plate and g the
gravity acceleration. The gquantity « is called # flexural parameter ';
it has the dimension of u length.

Using appropriate solutions of the elastostatic cquations, it is
possible to ohtain values for D by a comparison with obgervations.
Walcott (%) obtained values varying from 5 x 10k~ to 9 x10* Newton-
netres (1 Newton-metre = 107 dyne-em). This is evidently quite a
range; the individual values do not correlate well with crustal thickness,
ete. One must therefore conclude, as admitted also by Waleott (),
that the elastiv model is too simiple and that reluxation effects cor-
responding to some other rheological behavior of the whole tectono-
sphere are of paramount importunce,

Elastic models of the tectonosphere of an even more extrenie
kind have ulso been proposed: The whole tectonosphere hag been
taken as purely elastic (). Uswally, the short-term values for the
rigidity and Poisson’s ratio are taken in this case.

Becanre of the proven reluxational character of uplift and sinking
phenomena, any purely or even mainly elastic model of the long-term
rheological hehavior of the tectonospliere would seem to be inappro-
priate.

6. — KELVIN-TYPE MODELS.

The elastic models disenssed in the last seetion can be improved
somewhat if an elastic aftereflfect is introduced to aceount for the
observed relaxation phenomena. If this idea is applied to the inter-
pretation of glacial rebound data (*) the mental picture is that elastic
afterworking (not delayed huoyancy) supplies the gradual readjustment,
Of courge, the attainment of equilibrium would again be in an expo-
nentixl form, with the same relaxation time (probably 5000 years) as
that for the wviscous model. This, agsin, does not agree with the
shape of the uplift curves.

There is no confirmation of a Kelvin-type model from solid state
theory either, inasmuch as materials wt high temperatures and pres-
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sures tend to approximate a viscous or creep-type hehavier rather
than an elastic vne,

7. — PLASTIC CREEP MODEL.

Slow motions seem to be a clharactervistic feature of the long-
term rheological behavier of the * fecetonosphere ', Tn this imstance,
it would appear that some sort of viscous model would deseribe the
observed facts most appropriately. However, as noted on varions
previous instances in this paper, objections against viscons models
huave been raised on various occasions. Thus, in order to retain the
slow-motion aspect of viscous models without having to be tied to
lineay wiscosity, one might think of sone other form of * creep .

Most of the arguanents egeinst viseous and for some other form
of ereep adduced heretofore in the literature are based on consider-
ations of the molecular behavior of polyerystalline solids, of which
the lower crust and upper muntle are presumably composed, under
the pressure and temperature conditions that are asswmed te prevail
in the “tectonosphere .

A recent summary of these considerationy hus been given by
Weertman (%) who presented the theoretieal results in the form of
cileulations of ¢ effective ?” viscosities with deptli: For a given strain
rate, it is of course obvious that even a non linenr rheologinl equation
can be characterized by an * elfeetive ' {or * pseudo ’-) viscosity.
These attempts at deducing tlie rheological hehavior of the tectono-
gplere from microscopic considerations are very pertinent, but they
are unfortunately affected by all the uncertainties in our knowledge
of the composition and of the conditions in the Tarth’s interior. More
than qualitative indications of tle rheological beliwvior of the Barth's
interior cun therefore not he expected from them.

Much more hopefwl is the direct observation of the respense of
the * tectonosphere ™ to  changes of stress, and in this instance,
Schofield’s () postglacial uplift enrves (see Fig. 1) provide an im-
portant clue.

We have noted in See. 2 of this paper that the isostatic rebound
is not exponential, but logarvithmnie (ef. M. £).  This cann be explained
by introducing a rheological model which exhibits logarithmic ereep
recovery, rather than exponential creep recovery. his type of be-
havior bas been found in many materials long ago by Andrade (2); it

!I1
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is common for the laboratory rvesponsge of rocks to stress-clianges (42)
and has recently alse been postulated by the writer {#1) as the rheolo-
gical behavior of the tectonosphere in the intermedicde time range.
Tt thus appears that this type of behavior is also characteristic of
the Farth in the {feng time range.

Thus, it is elear that a logarithmieally erceping material could
satisfactorily describe the glaciul rebound curves. Suell a nuiterial
Iing the following strain (e) — time (§) relation

g = ——j; I (e — D) [13]

where 5 is o viscosity, § o creep factor. The quantities # and b are
constant. In terms of stress o and strain g, the above rheological
equation (*} has the lollowing form:

g = 2ng + fer. [14]

Unfortunately, it is not possible in a siimple faghion to deduce
the values of  and £ in the hasic rheological equation from data ob-
tained from postglicial nplift corves at this thine. [t does appear,
however, that a logarithmic creep maodel is the only one that does
not contradict the nplift. data.

8. — ToE LONG-TERM STREKGTH OF THE TECTONOSPHERE.

An even cursory inspection of the Earth indicates that creep
beliavior cannet possibly be the whole eharacter of the long-term
hehavior of the “tectonoaphere . The fact that monngaing, the non-
Lydrostatic bulge and gravity anomalies exist, indicates thatl there
may be a strength-thireshold. Of course, it may be that some or all
of these features are the expression of a dynamic steady state rather
than of a static equilibrium; in that case the strength of the Earth
might in fact be very low. XNevertheless, vulues for the long-term
strength of the tectonosphere have been deduced from all of these
features.

Turning first to the information that can be deduced from moun-
tain ranges, we nete that from simple stability considerations one
ohlaing for the shearing strength

i = 4 x 108 dynesfem? .
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This comes out of the well-known stability formula of Terzaghi (19)

fl

H=—XN [15]
oy

for » mount of height If consisting of a materinl of density o . N iy
a gtability factor depending on the slope angle. For a slope angle of
about 452, one has ¥ = 6. Choosing for the other variables & = 8 km
(roughly tlie height of Mt. Everest), o = 3 g/ems, ¢ = 980fsec?, yvields
the above quoted value for f. This deduction assumes, of course,
that mountaing are stalic and not dynamic-steady stante phenomena,

Similar values for 4 are obtained if the non-hydrostatic bulge
of the Iarth ig interpreted ag a static (and not as o lag-exhibiting
transgient creep) phenomenon. Munk and MeDonald [(#3), p. 281] obtain

! — 108 dynesfem?.
The same order of magnitude, viz.
! = 3 x 108 dynesfem?®

wag obtained by Jeftreys [(#8), p. 209 [£.] for the tectonosphere below
50 km deptl (up to 0~ 1.5 x10¢ tfor the region above 50 km depth)
from an analysis of the etfect of gravity anomalies of large horizontal
extent.

Apain g gimilar value (# << 2 X 108 dynesfem?) has an upper
limit of the shear strength and was obtained by Brune et al (%) by
noting the abgence of a heat iflow anomaly greater than about 0.3 cal
gectem? on the San Andreas Fault.

Perusing data on the gravity fleld of the Barth that have been
obtained from sutellite measurements, (aputo (1) wrived at an im-
proved strength value on this basis of

!~ 3 x 107 dynesfem? .

The consideration of rotational features of the IZnrth, other than
the non hydrostatie bulge also leads to strength values [{28) p. 280).
Thus, an Barth withont strength would be completely unstable
with regard to polar wandering, The tact that the present north
pole  does not move towards the pole of the continent-oecan
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svstem, if assumed due to strength preperties, leads to a lower
lmit ol 0, viz.

fl > 107 dynesfem? |

Similar strenglh values were obtained by Clunnery (32) when estim-
ating the stresses that are released in an enrthqualke, assnming that
the latter correspoids roughly to the strengtli-thireshold of the material.
Generally, he finds

I~ 107 dynes/em?.

The lowest strength vulues are indicated from sostatic rebowul
data.  The mere fact that rebound dees seemn to oceur, puts an upper
limit on the strength of the “tectonospliere . Thus, Crittenden ('%)
finds maximally

!~ (0% dynesfem?,

This low value comes from the observation that the Iarth yvields
to ice surface loads that can be ealeulated.

Tu sunnnary, one finds that values of the shearing strength 7 for
the ff tectonosphere ™ have been estimated as between {108 to 108
dynes/emz A reconcilintion between the various values ean only be
achieved if some of the theoreticul models, wpon which the ealeulations
were based, are rejected. Thus it is quite conceivable thal neither
mountaing nor the bulge of the Earth are static equilibrium features,
but rather dynamic stendy-state or even transient fentures that are
dynamieally supported.

9, — I’HASE TRANSIFLON MODELS.

The uplift data mentioned i the earlier part of this paper have
also heen interpreted in terms of an entirely different type of * rlieo-
logy M, Thus, Broecker (7} estimated the contribution to land-rebound
that might be eaused by load-induced phuase ehanges in the material
of the “ tectonosphere . e found that the contribution of phase
transitions would probably not be the dominant mechanism in glacial
rebound.  On tle other hnnd, Magnitsky and Kalashnilkoyva (3) claim
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that the hypothesis of a “ phase-teansitional ' origin of yertical mo-
vements of the BEartl's erust is justified.

Unfortunately, caleulations of this type are fied up with the
miture of the Molorovicie discontinnity and of other discontinuities in
the Idarth. Tt is a fact that very little is really known about the oc-
currence of such phuse changes inside the Itarth, and therefore phase
transition models of the rlieology of the tectonosplere are lughly
spaculative.

Furthermore, what is ol interest in a meclhanieal context is only
the overall rheological behavior of the tectonosphere, The question
of whetlier this behavior is duc to phase transitions or duoe to some
other process is actually of very little phenomenological significance.
The justification or rejection of phase-transition models, therefore,
does not aflect the mechanical results which we have adduced in the
earlier sections of this paper.

1. — ("OXCLUSLON,

In conelusion, it may be well to snmmarize the nmin results of
the present study.

The rhedlogical modely of ay merit that were investizated are
hased upon viscosity, elustie ffexure, elustic afterworking, logarithmic
creep awd the idea of a strength-threshold. The phenomena from
which data were gleaned arve isostatic uplift and sinking, the non-
Lydrostatic hulge, the theoretical behavior of rocks at high tempera-
ture il pressure (¢ golid-state theory ™) and the stabilify of mountaius,
The results are summarized in Talle 1. There are otlier phenomena,
like the plate motions of crustal blocks, and other models, like the
phase-change theory; however they are not included in Table I because
not enough information ean be deduced from them.

The main result of the study is, thus, that the commonly assumed
viscous model for the rheologienl behavior of the tectonosphere does,
in fuct, wot agree with the obgerved postglacial uplift curves. The
latter indicate logarithinie, not viseous, “ creep .

There is probably a low strength-threshold in the tectonosphere.
TTowever, one obtains conflicting values from uplift, hulge and moun-
tain-stability data. The diserepancy can be removed if the lower
villue (¢ = 105 ¢gg) is adopted, and it i5 assumed that e mountain-
stubility and the bhuolge are dynamie, not static phenomena.



Table I — LoxG-TERM BHEOLOGY OF

THE 'UECTONOSPHERE.

— Phenomenon
) Inostatie 1iplift Bulge
AModel
Vigcous snhstance Tectonosphere must be layered. Possible
Poor (it with uplift envves 5= 10 car
o= 102 to 10% cps
Elastic flexure Poor
D= 5x10% ~ 9x10% cgs
Kelvin Poor fit with uplift curves.
Hyip ~ 3000 years
Logarvithmie ereep Good,
Uplift eurves fit.
Strength Possible Possible
0 = 108 eus A= 10f egn

i Btability
Solid state theory |
of mountains

Poor
{polyeristalline snbstaneces do
not quite behavein thiz fashion)
oAy 1OV —- 10T
inereasing with depth.

FPoor

Good, Tits predicted behavior
of polyerystalline substances.

Possible
= 4108 ¢urs
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[t is worthy of note that the above-deduced rheological behwvior

of the fectonosphere in the fong time range i3 very similar to that
found in the intermediate time range hy the writer (). The recent
evidence, therefore, does no longer bear ont a dichotomy hetween
intermediate and long time ranges,

——
&
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