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BSUMMARY, --- The evidence bearing upon the rheology of the * tec-
lonically significant layers *’ of the Earth (* fectonosphere '} iz analyzed
for the * short ™ time range (up to 4 hours). The evidence is based upon
seismic wave transmission and damping, and on laboratory studies. Tor
small stresses, the tectonosphere responds essentially elastically. With
regard to damping of seismic waves, it is notoed that, of the rheological models
available in the literature, only some nonlinear {logarithmie ereep) mechanism
does nol contradicet the data. In addifion, a strength limit is present; when
it is exceeded, the mateiial responds phentomenologically in accordance with
the Coulomb-Mohr fracture theory,

Riassonto. — Nel presente lavoro si analizza quanto fin qui stndiato in
reluzione allu reologia degli ** strati tettonicamente significativi ”” della Terra
(tectonosfera) anche per una gamma di intervalll brevi, clot fino a 4 ore. Gli
studi suddetti si basano sulla trasmissione e 'estinzione delle onde sismiche e su
prove (i lahoratorio, Alle piccole sollecitazioni la tectonosiera risponde essen-
zialmente in modo elastico. Per quante riguarda l'estinzione delle onde
gismiclie 81 nota che, fra 1 modelli reslogici disponibili nella letteratura, sol-
tanto qualehe meccanisiio non lineare (scorrimento logaritmico) non con-
traddice i dati esposti. Isiste, inoltre, un limite di forza; quando questo
viene superato il materiale risponde fenomenologicamente in conformitd alla
teoria di fratturazione di Coulomhb-Mohr.

1. — INTRODUCTION.
The writer has recently begun a re-evaluation of the rheology of

the tectonically signifieant layers of the Rarth (* tectonogphere ).
Thus far, the * intermediate '* and the ““ long ' time ranges have been
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investigated (3937), It is the aim of the present paper to conclnde
this series of studies with an investigation of the theology of the tecto-
nosphere in the “ gshort *? time range. By * short *’ are meant periods
of stress-cyeles of the order of up to 4 hours.

Tt has been well known for a long time that, in a first approxima-
tion in the short time range for stress cycles whose amplitude remaing
below a eritieal limit, the Barth behaves elastically. TIn this instauee,
the conditions described by the writer (%) iu the original paper on the
rheology of the Earth some 12 years ago have not changed. Tt remains
to give a summuary of the most reeent data on the clastic properties
of the layers of the Earth in question.

Much new data, however, have been acenmulated recently on the
# attennation range ', i.e. on the range of stress frequencies awd ampli-
tudes where energy is dissipated and rocks no longer behave perfectly
elastieally. Sueh data are commonly expressed in terms of a “ gquali-
ty * - factor in seismic wave transmission and in the free oseilla-
tions of the Barth, The new evidence will be reviewed.

PFinally, when the strength limit is exceeded, the pertinent layers
of the Farth exhibit the phenomenon of fracture. The latest informa-
tion oun the subject will be reviewed,

The main resnlt of the present study is that the imperfections of
elagticity found in the damping of seismic waves and free oscillations
poiut toward the same type of rheological logarithmic-creep eqnation
a8 has been found in the intermediate and long time ranges. Contrary
to earlier concepts, it appears now, therefore, that the deviations {other
than maueroscopic fracture) from elasticity of the * tectonosplere
correspond to logarithmie creep in all time ranges, and cannot be de-
scribed Dy linear models.

2. — TuE LKrLasTic ITANGE.

A, Theory.

It is well known that one needs two eonstants in orler to deseribe
the elastie properties of isotropic materials. As these constants, one
may, for instauce, take Lamé’s constauts 1 and g which are defined by
the equation

Tix = 7 Otk E35 +2#Em [1]

where 7 is the stress, and e« the strain-tensor. The quantity u is
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also often called “ shear modulus . [nstead of the above two con-
stants, others have been introduced as follows: Young's modulus &
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awl the incompressibility & (bulk modulus)
b=d+zp. 4]

Any two of the above-delined constants may be used to describe an
isotropic elastic body, TFor an anisotropie body, the number of requir-
ed elastic constants is greater; For a material with no axes of symme-
try, this number is 21.

The elastieity of a material has the effect that waves may he prop-
agated through it. There are two tivpes of waves possible, longitudinal
(P) and transverse (8) waves. The conneetfions between the corres-
ponding wave velorities »r and vs with the elastic constants are

vt = (A = 2u)in [5]

st = pufo [6]
wlhere g is the density of the material. As I3 seen, the wave velocity
is not determined solely by the elastic constants, but also by the den-
sity of the material. Thus, a knowledge of vs and »s is not sufficient
to deiluce 4 and g if the ddensity is not known.

B. Laboratory Measuremenis

Laboratory measurements of the elastie constants can be perform-
ed by various means. The incompressibility of a rock sample ean be
measured directly by compression tests: more common, however, are
ultrasonic measurements whereby the F and 8 wave velocities are
found. S8ince the density of a roek sample can be easily measured,
the clastie constants can then be deduced from Egs. [5] and [6]. The
latter method is also suitable for use at high confining pressures. ITata
for the highest pressures are obtained by observations of shock waves
produced by explosions.

The number of investigations along these lines is very large.
1’ertinent results have been collected hy Wuerker (4) anil more recently
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by Birch {*}. The values of the elastic constants vary of conrse widely
for various rocks, but are, for £ and g, generally of the order of 10#1-1012
dynes/em?, the value of ¥ being [or any one rock usually abeut double
that of x. Poisson’s ratio m is commonly around 0.2,

(', Tudireet Measurements

Of almost greater importance for tectonophysical purposes than
direct megsurements of the elastie constants of rock samples are indi-
rect inferences vegarding the * tectonosphere ' that ean be drawn
from seismological investigations. Here, the worle of Bullen {?) is of
greatest importance. In essence, from the scismie travel-time curves
one can obtain the wave velocities v and s as a tunction of depth,
But of course, as is evident from Iqgs. [3] and [0], this is not sufficient;
to calenlate the elastic constants of the material in qnestion, inansmneh
48 the density of the material must also be known. The latter can only
be estimated from general relations on compressibility of materials and
from the moment of inertia of the Karth as a boundary condition,
Modern sutellite observations foreed a recent revision of the value of
the moment of inertia, so that Bullen {!*} made new cstimates of the
elastic parameters of the Earth in 1964, These values are shown here
in Table 1.

. Relation of Hlaslic Properties lo Fabric and Composition

It is evident that the elastic properties of rocks depend heavily on
fabrie and composition, particularly in the nupper regions of the Earth.
Let us note [irst the problem of [abric. [Tere, it is to be mentioned
particularly that the porosity of the specimen influences the elastic
constants. In faet, to aceount properly for the porosity-effect, it has
to be noted that the porosity changes with pressure. Tor spherical
pores, Mackenzie (28) found theoretically the following equation
1 1 30 1— s @
ko & ‘ i (1— 2 m.,) (1— :a)

i=1

[7]

where £ is the incompressibility, » Poisson's ratio and @ the porosity.
The subseript o refers to zero porosity. For the relationship between
pressure p and porosity o, Walsh (38) gave the tollowing relation for
spherieal pores:

d 3 fl—msri &

dp 2 \1—2 mafll— )’ (8]
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Table 1, - VALUES OF DENSITY AND BLASTIC QONSTANTS 1N THE L arru,
AVTER Burniex (10, DaXsrey 1N ¢feM® STRESS VALUES 1N wMEGanan (1o
DYRE/CM).

Depth (km} [ensity Pressure [11<I'lci)lri1tlll|‘1'ressi- Modulus
A3 3.32 {005 114 0.G2

2000 3.30 (h 64 1.33 0.71
400 341 (132 1.59 0.8
H00 4.01 I 0.206 2,47 1,27
(EALHIY] 4,66 i 0.3%3 3.55 1.87

L400) .90 0.57 1.34 213
1300 4,12 [ 0.77 +.81 2,87

2900 5.33 0.9% 5.5] 2,60

2600 a.04 .20 .19 280

2700 3,59 .24 6.35 ) 02

28483 .68 1.37 547 2.1

2883 9.79 ' 1.37 6.4 (i

3000 Uy 1.4% G50

3500 10,65 I 8.53

1000 11.14 | 245 10,23

4301) 11.60 ‘ 2,84 11,66

1082 1.8 3.15

6371 13,22 3.65

Using the above velations, Anderson of al, (4} caleulated fables of
thie porosity-corrections that have to be expected in common minerals.

Studies of other types of pores, notably elliptical pores and narrow
cracks have heen reviewed hy Walsh and Brace (*} who caleulated the
relationships applicable for the ealenlation of effective lhulk-elastic
constants from a knowledge of the rock properties and the prevailing
holes. Brace (8) also made some theoretical caleulations of the moduli
of elasticity of polyerystalline aggregates from the erystalline fabric
of such materials. A comprehensive study of this problem las also
been reported by Anderson and Ideberminmn (8). For geodynamic
applications, such studies give interesting means for a comparison of
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the seismically inferred elastic constants with the hypothesised com-
position and thermul state of the * tectonosphere .

Finally, the question of the eflect of composition on the elustic
constants is also of significance. With regard to geodynamic questions,
it will be sullicient 1o mention those investigations that bear upon the
upper mantle. Tn this connection, it hag been noted by Kanamori and
Mizutani (21) that increasing serpentinization of dunites and eclogites
reduees the P-wave velocity therein. Similarly, Christensen () foundd
that Young's modnlus, Lame’s constants and the bulk modualus of
periodotites and dunites ecrease rapidly with serpentinazation,
Agrain, this lias o bearing upon the explanation of the various ebseread
properiies of the tectonosplicre.

3. — ArrENUATION IIANGE

A. General Theory

In the short time-range, the rheology of the 1darth can primarily
be investigated by means of a study of its wave-transmission properties.
In this connection, it has been observed that seismic waves are denped,
A damped harmonie wave can be described as follows,

A=4 l:r; t) expi[_hl: r—d) [9]

where 4 is a deereasing function of o (position) and ¢ (time), w 1% the
cireular frequency, & the wave number-vector. The funetion .z, 1)
depends on the damping-mechanism, i.e. on the rheology of the mater-
inl. In gpherienl elastic waves (distance » from source) without damp-
ing, the amplitude A{r,f) decreases, because of the geometry, like 1/r,
Phenomenologically, it is often found that A(rt) can then be represen-
ted as follows.

Aty = Ao =™y [10]

where a is called attennation constant. Instead of «, one often infrod-
nces the gquality factor @, defined as follows (23):

Q@ =wf2va [11]

where » is the phase veloeity of the wive. In a damped sfanding
wave, the deeny of the amplitude goes with the factor exp{— yt), where

y=w20. (12
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In a damped harmonic elastic wave, one has further
Sajt) = ABE [13]

where 1 £ is the amount of energy dissipated per exele in a given volnme
aid B the peak elastic energy in that volume.

As with the function Aix, t), the behavior of § (particulariy as a
function of frequency) is characteristic tor the rheology of the material
in question.

B. The Data

The most important resull of recent investigntions on the damping
of elastic waves in the upper mantle and ernst of the LWurth is that ¢
is frequency-independent with values in the upper mantle mostly ar-
ound 100-5300; the values change with depth,  Although there arve still
gome diffienlties with some of Lthe interpretations of the available data,
the above fact of frequency-independence of ) seems fairly well esta-
blished (see Knopolf (*3) or Jackson and Anderson {(1*) for a summary)
for periods from those corresponding to seismic waves 1o those cor-
responsling to the free oscillations of the Earth. A similar frequency-
independence of (¢ has also been found in lahoratory-experiments with
rocks (). Any deduelions regarding the rlicology ot the teetonosphere
must take cognizance of this fact of €)-constancy.

U, Rheological Implications

The most commonly assumed impertections of elasticity are mod-
ifications of the elasticity equationg by adding a viscosity term. This
ca, in faet, be done in two ways so as to yield either a # Kelvin soli<l”
or a “ Maxwell lHguwid * (36.37),

The damping of an elastic wave in u Kelvin-type of materinl can
be caleulated (33). One finds, in approximation, that the absorption
eoctlicient y is proportional to the square of the frequency;

p = const w? [14]
With Eq. [12] this yiekls for ¢

(} = iy = eonsljo . [15]
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In a Maxwell material, one finds {3}
) = constom. [16]

As is evident, none of the above two linear models yields the ob-
serveil frequeney-independenee of ¢, Knopofl {(28) has shown that no
combination of Maxwell and Ielvin properties (or: * (dashpots* and
“ogprings 'y can give n frequeney-independent €. It is possible fo
achieve this, by means of linear models, only if higher time-lerivatives
are nsed in the stress-strain relation and if the material is no longer
Lhomogeneous. A series of sueh possibilities liad been dliscunssed by
{laputo (12.13),

From simple macro-rheologieal models, a constant ¢ can fherefore
only he ohtained by some sort of nonlinear rheological equation.  Such
a maodel is the non-linear (logarithmic) creep model, for whieh the
(approximate) frequeney-independence of ¢ was dedueed for the first
time by Becker (%) in 1425, In connection with geology, the nonlinear
logarithmic creep law is usually given in the form of Lomnitz (2°)

elt) = TU [1 4 ¢ lognat (1 + B [17]

where ¢ is the strain, 7, the stress, J a modulus of elasticity (rigidity),
Using the above law as a stress-strain relation containing an explicit
time dependence, and employing a principle of snperposition, Lomnitz
showed that @ becomes praectically frequeney-independent for the
above law and that

1 ~gaf2. [18]

Although the logarithmic law is, in elfect, the integral of a nonlinear
stress-strain relation (35) so that the validity of the superposition prin-
ciple is somewhat doubtfnl, the above resnlts ean nevertheless be taken
as an indication of the prevailing conilitions.

Many speculations have Dbeen midde regarding the microscopic
mechanisms eanging the constaney of @ (anil causing logurithmie ereep).
Orowan {?*) has given an able summary of the most ecurrent irleas on
the subject. However, for a discnssion of the macroscopic rheology
of the teetonosphere, this is of little (ireet gignificance.
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4, — LARGE STHESSES

AL Phenomenology

Wlhen we consider the discussion thus far, we note that it refers
to stresses that do not canse permanent displacements in the media in
question, Tlowever, when a certain stress-limit, eommonly ealled
strength-limit, is exceeded, the material is deformed permanently, he
it by actnal fracture or by «duetile tailure. Thus it is of importance to
deseribe, with regard to an understanding of the rhieology of the tecto-
nosphere, what is known about the strengh-limit of rocks and their
failure patterns. Bome of our knowledge has come from Ligh-pressure
research {sce Kubz (27} for a recent state of-the-art report}, but most
important are those inferences that ean be drawn divectly from
natural phenomena like the ocenrvence of carthquakes.

3. Frocture

The most commonly observed permanent-tyvpe deformation of
rocks in the laboratory in the short time range is sudden (¥ brittle *')
fracture. The physies of tracture is fo this day a somewhat involved
and imperfectly understood diseipline, as evidenced, [or instance, by
the seven{!}-volume treatise on the subject edited by Liebowitz (¥).
Regarding the fracture ol rocks, a short deseription {(3) is worthy of
note. Of the more phenomenological approaches to the subject,
the fracture eriterion of Conlomb-3ohr is still most satislactory.
A recent account of this criterion and a historical discussion has been
given by Handin (17). As is well known, Mohr stated that, in a triaxial
stress state, two glide planes form when the yield stress is exceeded
which contain the intermediate principal stress direction and which
form similar angles ¢<745° with the maximum pressure direction. This
criterion seems fo fit [airly well the observed phenomenoclogy ol fault
patterns (2}, carthquake foei {where * fanlt plane solutions ** can be
interpreted in terms of Mohr glide-planes} and rock failure in the
laboratory [the number of papers on this subject is legion: a Dbrief
review was given by Handin in 1969 (17)]. Neglecting the effect of
the intermediate principal stress on rock failure does not seem to be
entirely justified (18 #?), but the eflect is certainly minor. Further
modifications of the Coulomb-Mohr theory have been made by Walsh
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and Brace (%) for anisotropic rock and by Adler (1) to allow for the
existence of plines of weakness.

The Mohr eriterion is entirely phenomenological. Many attempts
Lave been male to explain it in terms of basic physicsl prineiples.
Most ol these aitempts start in some way from the theory of Grillith (19}
who introduced the idea that small eracks are present in a solil at all
times and that it is the stress coneentrations at the tips of 1liese eracks
whieh hecome eritical in faillure. These various theories are interesting
in their own right, hut of little imporianee for the understanding of
the rlieology of the tectonosplere. We refer the interested reader to a
hibliography by Riecker (%).

The above discussion refers only to shear fuilure. Tn tensile fai-
lare, the lvacture surface is normal to the maximwmn tenkion (28).

O, Duectite Fatlure.

Al high contining pressures, rock has heen fonnd to fail in a duetile
Faghion. (racks are slowly propagated and the proeess ean be stopped
at any time by reidneing the stresses. Orowan (2?) suggested that the
transition from hrittle 1o duetile fracture ocenrs when the frietion across
the fraclure swrface Is as great or greater than the shear strength of
the rock. The phenomenon of transition from brittle to duectile failure
was fnrther investigated by Byerlee (1) who found that the Orowan
hypothesis is jnstified.  Tn duetile failure, the angle which the sliding
surfaces form with the compressional axis is close Lo 300,

1. Comparison of Theoretical Foilure Pallerns with Obserealions.

The ocenrrence of faults and earthquakes indicates that failure-type
processes do oceur in the # tectonosphere . Observed fault systoms
can easily be explained by reference to the Mohr-Conlomb fracture theory
as proposed long ago in the well-known theory faunlting by Anderson {2).
With earthquakes, the problem is mueh more diflienlt. “ Fault plane
solutions ' from tirst onsets of P-waves admit an interpretation in terms
of ¥ fracture ' surfaces at the foens of an earthguake, Imf it is diffienlt
to envisage brittle fracture as heing able Lo take plaee in inlermediate
and deep-focus earthquakes (22). Nevertheless, the phenomenological
appearance of eathquakes is that of a * shoek ' as from u ¥ hrittle **
fractnre,

Brittle fracture certainly fits the behavior of rocks in the labora-
tory for low confining pressures. How much this hehavior is relevant
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with regard to an understanding of the rheology of the tectonosphere, is
nneertain,

Thus, it must be assumed that sudiden fraeture of some sort (what-
ever this is plysically) oceurs in the tectonosphere whenever the
strength limit is exceeded. The latter is determined by the dMohr [rac-
tnre criterion, notably as expressed Dby Alohr enveloppes. For an
Anstralian sandstone Jaeger (#*) found (in bars),

= 612 = 1,6 g1 i19]

where o, I8 the largest, amd s the smullest compressive stress.  Tor a
South African quartzite, C'ook and IHodgson (33) found similarly

.= 2000 — 6. 20]

As a general remark, it can be said that the more compressible a roek,
the lower is its fracture strength (5),

Of great interest is the shearing strength of rocks at high confining
pressures.  Riecker and Seifert (32) have made o partienlarly noteworthy
set of determinations of the shearing sfrengths ol upper-mantle mineral
anlogs; some of their results are reproduced here in Table 2. They
were able to reaeh abont 50 kly eonfining pressure which, depending
on the density law chosen, correspowls to some 170 km depth {cf.
Talble 1),

Table 2. - HIIEARING STRENGTHS O SOME MINERALS AT IHHEH CONPINING
PRESSURES, AFTER RIBCKRER AND BRIFRRT (32), ALL 8TRESS vaALURS
IN KILORARS (= 10* DYNE/cM®).

AV, press. Olivine Lnsatatite Driepside Liabradorite
a.h .77 2.21 3.03
h.6 303 4.58 320
15.2 5.43
19.3 7.58 .74 G.32 .32
24.8 T.060 5.21
30.3 12,60 14111 0,23 10.30
39.4 14.15 11.38 12.358 12,14
49.7 15.17 14.90 14,03 13.15
535.1 16.10
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. — CoxoLuesioxN

In conclusion, we may summarize brielly the resnlts of the present
investigations of the short-time behavior of the tectonosphere.

For small stresses, the tectonospliere-materials behave essentially
elastieally, with elastic constants as given in Table 1. There is, howe-
ver, an energy-dissipation mechanism active which, in maerc-rheolo-
gical terms, can be represented only by the assumption of the oecur-
rence of logarithmice ereep. A Kelvin-type or Maxwell-type of energy
dissipation contradicts the observed behavior of ¢. Tt may be noted
that one finds thus the same type of deviation from linear rheology as
has been found in the intermediate and long time ranges. In eomparison
with earlier ideas (), this represents a eonsiderable simplification, inas-
much as the same rheological equation (the logarithmic creep law)
can acconnt for seismic damping, the seismic aftershock seqnences,
the uplift of Fennoseandia and many other plenomena.

Furthermore, when a certain stress limit is exceeded fracture-type
plienomena occur. The exact physical explanation of seismic faulting
is not yet entirely clear; however, heuristically, the Coulomb-Mohr
theory yields an entirely adequate description of the phenomena. The
shearing strengths would then be thought to correspond to those that
have been measured in the laboratory (cf, Table 2).
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