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The Effect of Block Rotations on the Global Seismic Moment Tensor 

and the Patterns of Seismic P and T Axes 

ROBERT J. TWISS, BARBARA J. SOUTER 1, AND JEFFREY R. UNRUH 2 

Department of Geology, Univeristy of California, Davis 

Distributed brittle deformation of the Earth's crust involving block rotations is comparable 
to the deformation of a granular material, with fault blocks acting like the grains. The deforma- 
tion of a granular material is not adequately described using classical continuum mechanics be- 
cause the individual grains within the material rotate in a manner that is not uniquely deter- 
mined by the large-scale average deformation. Thus a theoretical link has not existed between 
the kinematics of deformation involving block rotation and the associated effects on the seis- 
mic moment tensor and focal mechanism solutions. We establish this link using micropolar 
continuum theory (Eringen, 1964, 1966a, b; Eringen and Suhubi, 1964) and the analysis of the 
effect of block rotations on fault slickenline patterns by Twiss et al. (1991). This theory takes 
into account two separate scales of motion: a large-scale average motion of the material, the 
macromotion, composed of a macrodeformation rate (i.e., a macrostrain rate) and a macrospin, 
and a local motion, the microspin, that describes the average rotation rate of grains in the ma- 
terial. The micropolar kinematic theory allows us to predict the orientations of coseismic slip 
directions v on local shear planes of any orientation in a large-scale shear zone. We define a 
local and a global asymmetric micropolar seismic moment tensor in terms of these slip direc- 
tions. For a restricted kinematic model, the theory shows that two scalar parameters, D and W, 
determine the symmetry of the global micropolar seismic moment tensor and the pattern of 
seismic P (shortening) and T (lengthening) axes. The deformation rate parameter D is defined 

in terms of the principal values of the deformation rate tensor D --- (d 2 -•I$)/• 1 -•I$). The de- 
formation is transtensional (constrictional) if 0 < D < 0.5, plane strain if D = 0.5, and trans- 
pressional (flattening) if 0.5 < D < 1. The net vorticity parameter W is a normalized value of 

the difference between microspin and macrospin W --- (•o13-•vl$)/•/•-•/$). It is an objective 
variable. W = 0 implies that the global micropolar seismic moment tensor is symmetric and 
that P and T axis patterns have orthorhombic or higher symmetry. W ½ 0 implies that the 
global micropolar seismic moment tensor is asymmetric and that P and T axis patterns have 
monoclinic symmetry. The antisymmetric part of the global micropolar seismic moment ten- 
sor is associated with the net vorticity that characterizes the deformation. W has different val- 
ues for different models of rigid block rotation and thus could serve to identify the rotation 
mechanism. 

1. INTRODUCTION 

Brittle deformation is characteristic of Earth's shallow 

crust. In many tectonically deformed areas of crust, dis- 
tributed deformation is manifested as a broad region of fault- 
ing. In tectonically active areas, a high density and broad 
distribution of seismic activity is characteristic, especially 
in crust adjacent to plate boundaries. Mapping of deforma- 
tional structures in plate boundaries, as well as numerical 
modeling studies, have shown that the rigid plate approxi- 
mation for the lithosphere does not adequately describe re- 
gions of distributed brittle deformation. Recent advances in 
geodesy have confirmed that result for on-going deforma- 
tion. Displacements within the continental lithosphere re- 
lated to plate motion may be distributed over hundreds or 
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even a thousand kilometers from the accepted plate bound- 
aries and are best described by velocity gradients perpendicu- 
lar to the plate boundaries (a survey of much recent work on 
this topic is the collection of papers edited by Kissel and 
Laj [1989], see also the works by Ward [1988], England 
and Houseman [1988], Ekstr6rn and England [1989], Ward 
[1990], Lisowski et al. [1991]). 

The rotation of kilometer-scale blocks has been described 

in numerous papers as a characteristic of many zones of dis- 
tributed brittle deformation in the crust. This deformation 

has been modeled by the rotation of rigid blocks such as the 
domino block model, the pinned block model, and the float- 
ing block model [e.g., Luyendyk et al., 1980; Wernike and 
Burchfiel, 1982; McKenzie and Jackson, 1983, 1989; Ron 
et al., 1984; Garfunkle and Ron, 1985; Kissel and Laj, 
1989; Wells and Heller, 1988; Jackson and McKenzie, 
1988; Luyendyk, 1991]. In the same or similar areas, focal 
mechanism solutions for seismic events and/or fault slick- 
enline data have been used to constrain the regional tecton- 
ics [e.g., Kostrov, 1974; Molnar and Deng, 1984; Ekstrgrn 
and England, 1989; Zoback, 1989; Jackson and Molnar, 
1990; Holt et al., 1991]. The link between these two ap- 
proaches, however, is missing. Current models for the 
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kinematics of rigid block rotations do not predict the asso- 
ciated effect on seismic focal mechanism solutions or fault 

slickenline orientations, and interpretations of the seismic 
data and of slickenline data do not constrain the kinematics 

of block rotations (see, however, the discussion of Holt et 
al. [1991] in section 5.8). In fact, although classical con- 

have concentrated therefore on determining the pattern of 
slip directions on shear surfaces of different orientations, 
and using inverse theory to extract information about the 
characteristics of the regional stress or deformation from 
that pattern. We use the approaches of both the seismolo- 
gist and the structural geologist to demonstrate the applica- 

tinuum theory is generally the basis for the interpretation of bility of a more general continuum theory, micropolar the- 
seismic first motion data and slickenline data, the effects of ory, to the understanding and interpretation of distributed 
rigid block rotations in the deforming medium are not in- brittle deformation. 
cluded in this continuum description. Our research, using Our intent in this paper is to demonstrate the following 
the kinematics of a so-called micropolar continuum, pro- points: (1) The adequate continuum description of dis- 
vides a theoretical link between block rotation models on tributed brittle deformation involving rigid block rotation 
the one hand and seismic focal mechanism solutions and requires a generalization of the classical continuum ap- 
slickenline data on the other. 

Despite the discontinuous nature of faulting, distributed 
brittle deformation can be described by a continuum model 
provided that the dimensions of deforming material are large 
relative to the characteristic spacing of the discontinuities. 
We assume that the tectonically imposed large-scale defor- 
mation in a region must be accommodated by brittle fault- 
ing on shear planes of widely distributed orientations. The 
deformation need not be homogeneous within that region. 
Such inhomogeneity is illustrated by modeling experiments 
[e.g., Hoeppener et al., 1969] during which the deformation 
tends to be partitioned into subdomains of different deforma- 
tional geometry that combine to satisfy the larger-scale 

proach (section 2). (2) The continuum micropolar theory 
[Eringen, 1964, 1966a, b; Eringen and Suhubi, 1964; 
Twiss et al., 1991] allows us to describe a relative rota- 
tional component of the distributed brittle deformation, the 
net vorticity, which cannot be accounted for with classical 
continuum theory. The net vorticity is an objective vari- 
able, which means that it is an intrinsic characteristic of the 
deformation and not simply the effect of rigid rotations of 
the coordinate frame (section 3). (3) It is possible to define 
an asymmetric micropolar seismic moment tensor that is a 
nontrivial generalization of the classical symmetric seismic 
moment tensor. The antisymmetric part of that tensor is 
associated with the net vorticity (section 4). (4) A kine- 

boundary conditions. Whatever the amount and direction of matic analysis of several models of deformation illustrates 
shear on an individual plane, or whatever the geometry of the facts that the net vorticity is an intrinsic and nontrivial 
deformation partitioned into a local region, the regional characteristic of distributed brittle deformation with block 
sum of the deformations must equal the imposed tectonic rotations, that it is not included in classical continuum the- 
deformation. We furthermore assume that the portion of ory, and that therefore it has been ignored in past analyses 
the deformation recorded by seismic activity in a given vol- (section 5). (5) Micropolar theory shows that all seismic 
ume of crust is representative of the entire deformation P (maximum shortening) and T (maximum lengthening) 
within that volume. Thus our analysis is applicable to any axis patterns need not have the orthorhombic symmetry that 
region for which a particular set of velocity boundary condi- heretofore has been assumed. The patterns that have lower 
tions apply. than orthorhombic symmetry are associated with a nonzero 

Our interest is to determine the characteristics of the re- antisymmetric part of the global micropolar seismic mo- 
gional deformation from an analysis of local discontinuous ment tensor and with a nonzero value of the net vorticity 
deformations characterized by faulting and by seismic activ- (section 6). We suggest that interpreting the seismic P and 
ity. In particular, we aim to construct a link between block T axis data with this new theory will give us additional 
rotations on the one hand and seismic focal mechanism so- nontrivial information about the kinematics of brittle de- 
lutions and fault slickenline data on the other. To accom- formation in the crest. For example, it could provide a 
plish this, we require an appropriate continuum model and a means of testing the relevance of various rigid block rota- 
means of integrating the local brittle deformation over large tion models that have been proposed for regions of dis- 
volumes for significant lengths of time. tributed brittle deformation. 

In general, there have been two types of approach to the 
problem of inferring regional deformation from local brittle 2. STATUS OF CURRENT THEORY 

deformation, both employing classical continuum theory. In this section we review three main arguments that in- 
Seismologists have assumed that seismicity reflects the dicate the classical continuum theory is incapable of provid- 
process of distributed brittle deformation, and that the con- ing a complete continuum description of a distributed brittle 
tribution of each earthquake to the regional deformation rate deformation. We show in subsequent sections that microp- 
is embodied in the local seismic moment tensor. This ten- olar theory resolves the difficulties with classical theory 
sor is a symmetric second rank tensor that can be deter- pointed out here. 
mined from seismic magnitude data and seismic first mo- 
tion data, which define the focal mechanism solution and 2.1 Kinematic Models 
constrain the slip direction (see equations (1), (2)). The 
sum of the local seismic moment tensors over a large vol- Distributed brittle deformation in the Earth's crust is 
ume for a given period of time determines the regional characterized by a granular substructure for which the grains 
seismic strain rate. Structural geologists, on the other are the effectively rigid blocks, and the fault planes are the 
hand, often measure slickenline orientations on shear sur- boundaries of the blocks [e.g., Kissel and Laj 1989]. This 
faces, but the magnitudes of slip events or the total dis- substructure has been documented at the outcrop scale in 
placement on each fault are more difficult to obtain. They structural studies [e.g., Marshak et al., 1982, and references 
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therein; Wojtal and Pershing, 1991] and at the regional 
scale by paleomagnetic determinations of fault block rota- 
tions [e.g., Luyendyk et al., 1980; Hornafius et al., 1986; 
Wells and Heller, 1988; Kissel and Laj, 1989; Luyendyk, 
1991]. 

Classical continuum mechanics has provided the basis 
for interpretation of both seismic fault plane solutions and 
slickenline data from structural field studies of distributed 
brittle deformation. Classical continuum mechanics de- 

scribes the deformation of a material body as if it were a 
homogeneous continuum for which mass points exist ev- 
erywhere in space, and for which physical characteristics, 
including velocity, are smoothly varying functions through 
space. It is obvious that such a description is only an ap- 
proximation because at some scale, all materials are discon- 
tinuous, and all motions are irregular. Thus in a contin- 
uum description, the physical characteristics at a point may 
be understood as an average over a volume centered on that 
point that is large compared to the spacing of the inherent 
discontinuities in the material. By using overlapping vol- 
umes for averaging, we can define the continuum proper- 
ties of a discontinuous material at any point in space. 

We wish to emphasize that a continuum description of a 
deformation necessarily implies some scale over which the 
material properties and motions are averaged. That scale 
depends on the phenomenon being described. The contin- 
uum description of distributed brittle deformation in the 
Earth's crust implies a scale of averaging that is of the order 
of kilometers to tens of kilometers. 

A problem arises, however, when the averaging process 
destroys information about the substructure of the material 
that is important for explaining observed phenomena. This 
is the case, we submit, for distributed brittle deformation in 
the Earth's crust. Because the scale at which fracturing oc- 
curs is small compared to the regional scale of tectonic de- 
formations, a continuum model provides a good average 
representation of that deformation. Our observations, how- 
ever, are often made at a scale that is smaller than, or com- 
parable to, the scale of the discontinuities inherent in dis- 
tributed brittle deformation. To understand those observa- 
tions and be able to integrate them into a large-scale tec- 
tonic picture of the deformation, we must take account of 
the effect of the substructure of the deforming material. We 
propose to do that by using a generalized continuum theory 
called micropolar theory which includes additional degrees 
of kinematic freedom to account for the effects of the sub- 
structure. 

A distributed brittle deformation may be described with 
classical continuum theory if the discontinuous slip on 
fault planes is assumed to be averaged over a local volume 
of the material that is large relative to the distance between 
discontinuities. The fault planes are taken to behave like 
material planes in the deforming continuum. Their mo- 
tions are therefore defined by the geometry of the large-scale 
deformation, and by the orientation of each plane relative to 
the principal axes of the deformation rate tensor [e.g., 
McKenzie and Jackson, 1983; Jackson and McKenzie, 
1988; Holt et al., 1991]. Such fault planes, however, can- 
not be the surfaces of rigid blocks. If any volume is 
bounded by a set of material planes in a classical contin- 
uum, that volume must be deformed as the continuum de- 
forms (Figures la, lb) and therefore it cannot be rigid. If, 

Material lines normal 

/,to material planes 
/1 

-%%-.'/--4,,,1• Block bounded by planes 

a. Undeformed b. Simple shear 
of a continuum 

Microspin = macrospin • 0 Microspin = 0 

c. Simple shear of a continuum with a rigid block 
Fig. 1. The distinction between shear of a continuum and 
shear of a rigid block in a continuum. (a) An octagonal block 
outlined in a continuum. The dashed lines are material lines in 
the continuum that are normal to the surfaces of the block. (b) 
If the block is defined by material planes in the continuum, it 
deforms as the continuum deforms. The changes in angle 
between the planes and their normals define the shear that 
accumulates on each plane during the deformation. (c) If the 
block is rigid, the shear between the planes and the normals is 
unpredictable from classical continuum theory. Left: micro- 
spin equal to macrospin (W = 0, D = 0.5). Right: microspin 
equal to zero (W =-1, D = 0.5). 

however, we assume the material to be composed of an ag- 
gregate of rigid blocks, the classical continuum variables 
that describe the average deformation do not account for the 
motion of the shear planes that form the surfaces of the 
blocks, because those planes must rotate with the blocks 
rather than with the large-scale continuum motion (Figures 
l a, l c). Thus the effects of a granular substructure defined 
by rigid fault-bounded blocks in a brittlely deforming body 
cannot be adequately described by classical continuum the- 
ory. 

We use the kinematic theory for micropolar materials 
[Eringen, 1964, 1966a, b; Eringen and Suhubi, 1964] to 
obtain a continuum theory that accounts for the effects of a 
granular substructure in a deforming material. This theory 
predicts circumstances in which the patterns both of slick- 
enline orientations on faults [Twiss et al., 1991] and of the 
seismic focal mechanism solutions (section 6) differ from 
the patterns predicted by classical continuum theory. 

We assume that seismic focal mechanism data and fault 

slickenlines record the direction of slip on a shear surface, 
which is necessarily the direction of the maximum rate of 
shear across that surface. Because shear strain is always de- 
fined in terms of the change in angle between two initially 
perpendicular material lines, the rate of shear is simply de- 
fined in terms of the rate of change of this angle. The 
method we use to calculate this rate of shear with the mi- 

cropolar theory, however, is different from that used in clas- 
sical continuum theory. 
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a, 

b, 

uum description of the deformation, and the solution is well 
def'medo 

A problem arises, however, if the shear planes rotate as 
part of a rigid block (Figure 2b). The orientation •, of the 
maximum rate of shear on a given plane is again defined by 
the maximum rate of change of angle 0 between two instan- 
taneously perpendicular material lines. In this case, how- 
ever, the motion of one line (n) is determined by the defor- 
mation of the continuum, and the motion of the other ({,) is 
determined by the spin of the rigid block, which is not 
uniquely defined by the classical continuum description of 
the deformation (Figure l c). This problem cannot be 
solved with the standard continuum theory because there are 
insufficient kinematic degrees of freedom to account for the 
relative motions of n and v. 

Micropolar theory includes the extra degrees of kine- 
matic freedom required within the formalism of a general- 
ized continuum theory. The description of the deformation 
involves two scales of motion' the macrodeformation de- 

scribes the behavior of the large-scale continuum defined by 
the motions of the centroids of the blocks, and the mi- 
crospin describes the rotation rate of the rigid blocks about 
their centroids [Twiss et al., 1991 ]. 

2.2 The Seismic Moment Tensor 

Fig. 2. The rate of shear on a plane in the direction v is de- 

fined by the rate of change of the angle 0 between the material 
line parallel to v and the instantaneously perpendicular mate- 
rial line parallel to n. (a) In a classical continuum, the lines 
parallel to v and n are macromaterial lines. (b) In a micropolar 
continuum, the line parallel to v is a micromaterial line and the 
line parallel to n is a macromaterial line. 

Suppose that for a particular plane we use classical con- 
tinuum theory to calculate the rate of shear in a direction 
given by the unit vector v (Figure 2a). We assume that the 
plane is a material plane in the continuum and that v lies in 
the plane and is parallel to a material line. The rate of shear 
in that direction is defined by the rate of change of angle 0 
between v and n, where n is a unit vector parallel to an- 

A vast amount of seismic first motion data from natural 

earthquakes is now accumulated by various seismic net- 
works, and these data are often used to determine the focal 
mechanisms. In order to interpret these data in terms of re- 
gional deformation and rates of deformation, we need a theo- 
retical model that specifies how the data can be integrated to 
obtain information about brittle deformation of the Earth's 

crust. Using classical continuum theory, Kostrov [1974] 
established principles on which such an integration could be 
attempted. Data analyzed by Molnar and Deng [1984], 
however, support the inference that this theory is incom- 
plete. 

We define M(0 •) to be the scalar seismic moment. It is 
related to the shear modulus !.t of the faulted rock, the area 
of the fault A that has undergone slip, and the slip vector 
magnitude u (a) averaged over the slipped area, by the equa- 
tion [Aki, 1966; Brune, 1968, and references cited therein] 

M(0 a) = !.t A (o•) u(O0 (1) 
The scalar seismic moment thus has units of energy, and it 
is a measure of the energy released during the seismic event. 
Kostrov defined the local seismic moment tensor for the 

(a) 
ath earthqu•e M ij by 

ij -- M 0.5 ß . + nj u i ] (2) 

(a) 
where n i is the unit normal to the ath fault plane and 

other material line that is instantaneously perpendicular to u3a) v and thus perpendicular to the plane. The direction of ' is a unit vector parallel to the direction of slip. The 
maximum rate of shear can then be determined by finding seismic moment tensor is symmetric, reflecting the or- 
that orientation of material line ({,) within the shear plane thorhombic symmetry of the far field energy propagation 
for which the rate of change of angle 0 is a maximum. pattern from a double-couple seismic source. That same 
Because both {, and n rotate as material lines in the contin- symmetry implies that of the two perpendicular nodal 
uum, their motions are determined by the classical contin- planes identified by seismic first motion data, the actual 
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fault plane cannot be distinguished from the auxiliary plane. 
Thus the symmetric seismic moment tensor cannot carry 
any information about any antisymmetric component of the 
deformation field that might exist. 

Kostrov derived the relationship between the incremental 

ment tensor is defined in a coordinate system fixed to the 
faults. For the domino model, Jackson and McKenzie 
showed that the antisymmetric part of Molnar's velocity 
gradient tensor actually defines the spin of the coordinate 
frame, which cannot be recorded in seismic data. The seis- 

seismogenic strain tensor Aeij and the global seismic mo- mic data therefore cannot be used to determine the anti- 
ment tensor/•//j, which is defined as the sum of local mo- symmetric part of Molnar's generalized seismic moment tensor. Classical continuum theory indicates therefore that 
ment tensors for a large number N of seismic events within the antisymmetric part of a generalized seismic moment 
a volume AV of rock. tensor should not be observable from seismic data and thus 

• that the global seismic moment tensor should be intrinsi- 
Aeii ij (3) cally symmetric. = • Using seismic data and geologic constraints, Molnar and 

2B A V Deng [1984] have calculated components of global asym- 
metric seismic moment tensors for sets of earthquakes in 

N different tectonic provinces in central and eastern Asia. In 
-- Z '•lij -.-ij (4) contrast to the expectation from classical continuum analy- 

(x=l sis, their results suggest in many instances that the general- 
ized global seismic moment tensor is not intrinsically 

Because the local seismic moment tensor is symmetric, symmetric and that an antisymmetric part can in fact be de- 
the global moment tensor must also be symmetric. Thus it termined. These results suggest that there may be observ- 
can be related only to the symmetric seismogenic incremen- able characteristics of the deformation that cannot be ac- 
tal strain tensor Aeij or, if determined for a particular inter- counted for with classical continuum theory and that the 
val of time, to the seismogenic deformation rate tensor dij, classical seismic moment tensor is only the symmetric part 
defined as the symmetric part of the seismogenic velocity of a more general asymmetric tensor that includes these 
gradient tensor (see equation (6)). No information about the characteristics. We conclude that a more general theory is 
antisymmetric part of the velocity gradient tensor is avail- required. Micropolar theory provides a physical explanation 
able. Assuming that the seismogenic deformation is indica- for the component of the deformation that should be 
tive of the total regional deformation, a number of authors recorded by the antisymmetric part of a generalized asym- 
have inferred the geometry of regional continental deforma- metric global seismic moment tensor. 
tion by summing local seismic moment tensors to obtain a 
global moment tensor [e.g., Eddington et al., 1987; 2.3 The Symmetry of Brittle Deformation Patterns 
Ekstr6rn and England, 1989]. 

Because the velocity gradient field associated with major Neumann's symmetry principle embodies a fundamental 
shear zones in the Earth's crust is represented by an asym- law of symmetry governing physical phenomena. It states 
metric tensor, Molnar [1983] suggested that the seismic that the symmetry of the combined causes of a phenomenon 
moment tensor should also be an asymmetric tensor, and he must be present in the effects [Paterson and Weiss, 1961]. 
proposed the definition for the local asymmetric seismic Application of this principle to the problem of interpreting 

seismogenic deformation demonstrates that the theory from •(•) moment tensor for the o•th earthquake ... ij to be 

ij n i uj (5) 
His idea was that such a tensor should contain more infor- 

mation about the deformation than the symmetric seismic 

which the global seismic moment tensor is developed is in- 
trinsically incapable of accounting for any aspect of the de- 
formation that has a symmetry lower than orthorhombic. 

The causes of a mechanical phenomenon are the condi- 
tions imposed on a body, which in a theoretical model are 
simply the boundary conditions, the distributed sources 

moment tensor because it would include information about such as body forces, and the mechanical properties of the 
the antisymmetric part of the velocity gradient tensor. material (cf. discussion of Twiss et al. [ 1991]). We ignore 

In 1988, however, Jackson and McKenzie pointed out distributed sources in this discussion leaving the causes of a 
that the antisymmetric part of Molnar's moment tensor de- mechanical process to be the combination of the boundary 
scribes a rigid body rotation, which is independent of the conditions and the material properties. If either stress or 
seismogenic strain and therefore cannot be recorded in the strain boundary conditions are imposed on a mechanically 
coseismic slip. To illustrate the problem, they used two isotropic material, the symmetry of the combined causes 
different models by which a pure shear deformation could must be at least orthorhombic, because that is the symme- 
accumulate, one involving a symmetric arrangement of con- try of the stress or strain tensor, and because isotropic me- 
jugate faults, and one involving a single set of faults that chanical properties contribute no restriction to the symme- 
rotate with the deformation, essentially the domino block try. The three mirror planes characteristic of orthorhombic 
model (these models are illustrated in Figures 8b and 8c symmetry would then be perpendicular to the principal axes 
which we discuss in detail in section 5). They argued that of stress or strain. Neumann's principle states that the ef- 
because the overall deformation was an irrotational pure fects, such as the seismic moment tensor, must have a 
shear for both geometries, the symmetric global seismic symmetry no lower than the combined causes. Thus in this 
moment tensor describes the velocity gradient tensor in case the seismic moment tensor must have at least or- 
both cases and the two geometries of deformation are not thorhombic symmetry. 
distinguishable seismically. Molnar's global seismic mo- In Kostrov's [1974] analysis of the process of distributed 



650 TwIss ET AL .: BLOCK ROTATIONS, SEISMIC MOMENT TENSOR, AND P AND T AXES 

brittle deformation, he assumed strain boundary conditions 
on an isotropic material, giving the combined causes the 
symmetry of the strain tensor, which is at least orthorhom- 
bic. The effect of the process is the global seismic moment 
tensor, which reflects the distribution of orientations of the 
seismic nodal planes. These planes are determined from 
seismic first motion data and thus depend on the orienta- 
tions of the fault planes and the directions of coseismic slip 
(equations (1) - (4)). The global seismic moment tensor is 
a symmetric tensor and has the same orthorhombic or 
higher symmetry as the combined causes (equation (3)), 
consistent with Neumann's principle. 

Referring again to Neumann's symmetry principle, the 
stress is implicitly assumed to be one of the causes, as in- 
dicated by the assumption that the slickenlines must paral- 
lel the directions of maximum resolved shear stress. The 

mechanical properties of the material are another cause, but 
they are assumed to be isotropic on a large scale, leaving 
the symmetry of the combined causes to be the symmetry 
of the stress tensor. The slickenlines are the effect of inter- 

est. Thus the pattern which the observed slickenlines are 
assumed to fit can have a symmetry no lower than that of 
the stress tensor, which is at least orthorhombic (see 
Appendix A). 

It is not necessary, however, for the boundary conditions The velocity field of shearing in a fault zone, however, 
that are applied to such a system to have orthorhombic has monoclinic symmetry. For example, geodetic mea- 
symmetry. Velocity boundary conditions, such as those surements of the velocity gradients across the plate bound- 
that result in a simple shearing for example, have mono- ary between the Pacific and North American plates indicate 
clinic symmetry. The single mirror plane characteristic of that the deformation is predominantly a distributed simple 
monoclinic symmetry for this deformation is parallel to the shear [Lisowski et al., 1991], possibly with a small corn- 
shear direction and perpendicular to the shear plane. For an ponent of shortening normal to the boundary. The mirror 
isotropic material, Neumann's principle permits, but does plane of monoclinic symmetry in this case is the horizontal 
not require, the effects in this case to have a symmetry as plane. Neumann's symmetry principle again permits, but 
low as monoclinic. If such effects existed, their lower does not require, this monoclinic symmetry to be reflected 
symmetry could be reflected in the seismic focal mechanism in the slickenline patterns. 
data. Those effects cannot be recorded in the standard seis- The existence of slickenline patterns having a symmetry 
mic moment tensor, however, because that tensor is derived lower than orthorhombic has been reported by Schrader 
using stress or strain boundary conditions, and thus it must [1988] in his study of slickenlines on cobbles in deformed 
have orthorhombic symmetry. An inherent limitation conglomerates. Both orthorhombic and monoclinic slicken- 
therefore exists on the information that can be extracted line patterns occur. It is impossible to explain the mono- 
from seismic focal mechanism data using the standard the- clinic patterns in terms of the directions of maximum re- 
ory. solved shear stress on the pebbles, because the distribution 

A similar restriction occurs in the interpretation of of maximum shear stress orientations can be no less than 
slickenlines on fault surfaces. In this case, each shear plane orthorhombic in symmetry. Schrader relates the mono- 
and slip direction is uniquely defined, but information about clinic patterns to particle path fields that have been calcu- 
the magnitude of the displacement is usually difficult to ob- lated by Hoepppener [1964], Ramberg [1975], and Ramsay 
min. Thus the local moment tensors for individual faults and Huber [1983]. Slickenline patterns calculated from 
generally cannot be defined, although Marrett and the micropolar theory [Twiss et al., 1991] are equivalent to 
Allmendinger [1990] used the geometric moment tensor de- those observed by Schrader. The micropolar theory pro- 
fined by a relation similar to equation (2) except without vides a simple physical model that accounts for such pat- 
the scalar seismic moment. In general, structural geolo- terns. 
gists have used the pattern of slickenline and fault orienta- Thus the symmetric seismic moment tensor used to in- 
tions to extract information relating to the mechanics of the terpret seismic focal mechanism solutions and the shear 
large-scale deformation. stress hypothesis used to interpret slickenline patterns both 

A number of authors have proposed methods for using 
slickenline patterns in shear zones to infer the orientations 
and relative magnitudes of the principal axes of stress asso- 
ciated with the deformation [e.g., Wallace, 1951; Bott, 
1959; Angelier and Mechler, 1977; Angelier, 1979, 1984, 
1989; Etchecopar et al., 1981; Lisle, 1987; Reches, 1987; 
Gephart, 1990a, b]. These authors all make the fundamen- 
tal assumption that the slickenlines on a shear surface form 

permit the inference of only orthorhombic or higher sym- 
metries for large-scale deformation. We suggest that this 
restriction is an unwarranted limitation on the interpretation 
and in effect is imposed by boundary conditions defined by 
symmetric tensors (stress or strain) and by the inadequate 
number of kinematic degrees of freedom used in current the- 
ories. Micropolar theory does not impose such restrictions 
on the interpretation, and it leads to more general kinematic 
models that provide an explanation for observed slickenline parallel to the direction of maximum resolved shear stress 

on the surface. We therefore refer to this approach as the patterns. 
shear stress hypothesis. The inverse problem then consists 2.4 Summary of inferring the orientation and relative magnitudes of the 
principal stresses that provide the best fit to measurements Several lines of inquiry thus point to the conclusion that 
of slickenlines on a large set of differently oriented shear a new theory is required to interpret seismic focal mecha- 
surfaces in a fault zone. An exception to this general prac- nism data and fault slickenline data. Distributed brittle de- 
rice is the work of Marrett and Allmendinger [1990] who, formation in crustal rocks is generally modeled using clas- 
like us, use a kinematic approach rather than the shear sical continuum theory. The material, however, is proba- 
stress hypothesis to interpret fault slip data. They do not bly akin to a granular material in which the shear planes are 
recognize, however, the significance of the antisymmetric the boundaries of effectively rigid crustal blocks within a 
part of the generalized seismic moment tensor. shear zone. The motion of such shear planes must differ 
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from that of material planes in the classical continuum and 
can be accounted for only by including additional kinematic 
degrees of freedom in the continuum description. 

Classical continuum theory can only account for the 
symmetric global seismic moment tensor, and interpreta- 
tion of seismic focal mechanism data is generally based on 
that theory. Molnar and Deng [1984], however, assumed a 
generalized definition of an asymmetric seismic moment 
tensor, and they used seismic data to calculate the compo- 
nents of this generalized tensor. Their results suggest that 
an antisymmetric component to the generalized seismic 
moment tensor is recorded by the deformation, but the 
physical significance of this component is unexplained be- 
cause the antisymmetric part of their tensor cannot be 
recorded in seismic data. 

And finally, seismic focal mechanism studies and most 
slickenline analyses are based on theories that limit possi- 
ble patterns to a symmetry no lower than orthorhombic. 

X1 

lar nature of material undergoing distributed brittle deforma- 
tion, it provides an interpretation of the antisymmetric part 
of an asymmetric global seismic moment tensor, and it in- 
dicates the possibility that patterns of slickenlines and of 
seismic focal mechanism solutions can have a symmetry 
lower than orthorhombic. In the remainder of the paper we 
outline the theory, show how it resolves each of the prob- 
lems, and derive from it a potentially useful method for in- 
terpreting seismic focal mechanism data. 

3. MICROPOLAR KINEMATIC THEORY 

In this section we present a brief review of the micropo- 
lar theory. We describe the physical model that underlies 
the calculation of the slip direction on a given shear plane, 
we summarize the equations for the slip direction, we pre- 
sent examples of the slip line patterns that result for differ- 
ent geometries of deformation, and we describe the physical 
significance of the variables that appear. Our analysis is 
based on the application of micropolar kinematics to defor- 
mation in fault zones as proposed by Twiss et al. [ 1991 ]. 
For details of the derivations we refer the reader to this pa- 
per. 

3.1 Description of the Physical Model 

We assume that distributed brittle deformation is ac- 

commodated by shearing on a large set of variously oriented 
shear planes, which define the boundaries of effectively rigid 
fault blocks. The material in the shear zone is therefore 

akin to a granular material, although in the case of interest 
to seismic focal mechanism studies the grains may be 
blocks of rock having a characteristic dimension of hundreds 
or thousands of meters. The only constraint on block size 
is that the dimension of the volume being deformed must in 
effect be large relative to the dimension of the blocks so 
that the large-scale brittle deformation can be modeled as a 
continuum deformation. This assumption is also implicit 
in other studies of distributed brittle deformation [e.g., 
Molnar, 1983; Eddington et al., 1987; Jackson and 

McKenzie, 1988; Ekstr6m and England, 1989; Jackson and 
Molnar, 1990]. 

We define two scales of motion associated with the dis- 
tributed brittle deformation: the macromotion and the mi- 
cromotion. The macromotion is a large-scale average of the 
motions of the mass centroids of the rigid blocks (Figure 
3). The micromotion is a description of the average motion 
of each block relative to its mass centroid. Because the 
blocks are assumed to be rigid, the micromotion is a mi- 
crospin that describes the average rotation rate of each block 
about its mass centroid. 

If we consider the deformation in a fault zone to be a 

simple shear, we can imagine that the rigid blocks making 
up the material in the fault zone might or might not rotate 
relative to the shear zone boundaries. Thus the relationship 
between the macrodeformation and the microspin is neither 
a necessary consequence of the macrodeformation geometry 
nor a result of the fundamental balance laws of continuum 
mechanics; rather it is a kinematic characteristic of the par- 
ticular deformation that must be specified by an independent 
equation. The two scales of motion are independent to the 
extent that the macrodeformation does not uniquely define 
the microspin. In effect, the continuum description of the 
macrodeformation results from a process of averaging that 
destroys the details of the local motions. Thus information 
about the microspin is lost from the description of the 
macrodeformation and it must be specified by additional in- 
dependent equations. 

Once we have done the analysis using the independent 
macrodeformation and microspin, we are free to adopt any 
relationship between the two scales of deformation that is 
appropriate for a particular kinematic model. We analyze 
several such examples in section 5. 

The shear planes in the deforming body are the surfaces 
of the rigid blocks of rock, and the rotation of the shear 
planes is therefore defined by the rotation of these blocks. 
In section 2.1 we described how this assumption differs 
from that of classical continuum theory. The macrodefor- 

The kinematics of fault zones and Neumann's symmetry 
principle, however, together suggest that lower symmetry Macro-Velocity Macromotion Micromotion 
patterns are possible, and such patterns in fact have been Gradient 
observed[Schrader, 1988]. Fig. 3. The geometric characteristics of the micropolar 

The micropolar kinematic theory accounts for the granu- kinematic model. 
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mation is accommodated by slip on these shear planes and 
by rotation of the blocks. In detail, the motions must be 
affected by geometrical constraints that prevent the forma- 
tion of voids or overlaps. We ignore these second-order ef- 
fects. 

We use a continuum model called micropolar theory 
[Eringen, 1964, 1966a, b] to describe the behavior of the 
granular or blocky material [Twiss et al., 1991]. The mi- 
cropolar continuum model may be understood by comparing 
its characteristics with those of the classical continuum 

model. The classical model represents a material as a set of 
idealized material points which occupies every spatial point 
in the deforming body. The deformation is then described 
by a velocity field that varies smoothly in space. The real 
material, however, is highly discontinuous at least on the 
molecular level. From the point of view of statistical me- 
chanics, however, the value of the continuum velocity field 
at any point is an average of the velocities of individual 
molecules in the material taken over a volume surrounding 
that point that is large compared with the scale of the dis- 
continuities. The deformation is then defined by gradients 
in this average velocity field which describe the relative mo- 
tions of the material points in the idealized continuum. 

Using Eringen's [1964, 1966a, b] model, we describe a 
distributed brittle deformation in a granular or blocky mate- 
rial in much the same way. In our case, the blocks are the 
basic unit making up the material rather than the 
molecules. Moreover, we are interested not only in the av- 
erage relative motion of the blocks, but also in the rotation 
of the blocks themselves about their own centroids. Thus 

tive centroids is defined by the microspin C0kan. It is essen- 
tial to realize that this theory involves two distinct spins, 
the macrospin W km and the microspin CO km. The mi- 
crospin is specifically not a part of the macrovelocity gradi- 
ent tensor and inherently is not derivable from it. 

We assume that the seismic signals that we record, and 
the fault slickenline data that we observe, originate from 
slip events along the surfaces of the rigid blocks. The in- 
teraction of the macromotion and the microspin defines the 
direction of slip on any given shear plane. From micropo- 
lar theory we can calculate the pattern of slip line orienta- 
tions, as outlined below. The symmetry of the pattern of 
slip lines reflects the symmetry of the micropolar seismic 
moment tensor (see section 4). From the slip lines we de- 
rive the pattern of seismic P and T axes, which also reflects 
the symmetry of the micropolar seismic moment tensor 
(see section 5). 

We focus first on a single shear plane that is a surface of 
a rigid block in a deforming continuum. We refer to it as a 
micromaterial shear plane. It has an arbitrary orientation 
defined by the outward unit normal x I. The direction of slip 
on this plane is necessarily the direction of the maximum 
rate of shear on the plane. We assume that the rate of 
macroshear in a direction v on a micromaterial shear plane 
is defined by the rate of change of angle between the mi- 
cromaterial line v and a macromaterial line n that is instan- 

taneously normal to the shear plane and therefore parallel to 
ri (see discussion in section 2.1). The rate at which n 
changes orientation is determined by the macrovelocity gra- 
dient tensor Vk, m, and the rate at which v changes orienta- the macromotion is described by a smooth continuous ve- 

locity field, and at any given point, the value of the veloc- tion is determined by the microspin tensor O)km. The slip 
ity is the average of the velocities of the block centroids in direction is the orientation of micromaterial line •, for 
a finite volume about that point. Because the macromotion which that rate of angle change between n and v is a max- 
describes only the average motion, it does not contain in- imum. Thus both scales of motion affect the orientation of 
formation about the derailed local motions by which that the slip vector. The expression of this model in mathemat- 
average deformation is accommodated. The spin of the ical terms leads to an equation that defines the orientation ¾ 
blocks about their respective centroids, called the mi- of the maximum shear rate vector in terms of the deforma- 
crospin, is also described as a continuous field of microspin tion rate tensor dkm, the macrospin tensor Wkm, the mi- 
over the space occupied by the body. Its value at any given crospin tensor t0km, and the shear plane orientation given 
point is the average microspin of the blocks occupying a 
volume around that point. The microspin describes the 
significant characteristic of the local motions that are not 
contained in the macromotion but that we need in order to 

describe observed phenomena. 
In effect, then, we represent a discontinuous blocky ma- 

terial by a continuum of material points each of which has 
an orthogonal triad of axes attached to it. The macrodefor- 
mation defines the motion of those points relative to one 
another, and the microspin defines the rotation rate of the 
orthogonal axes attached to each point relative to the refer- 
ence coordinate frame. 

The average motion of the block centroids is defined by 
the macrovelocity gradient tensor Vk,m, whose symmetric 
part dkm is the macrodeformation rate, or macrostrain rate, 
and whose antisymmetric part Wkm is the macrospin. 

dkm = 0.5(Vk,m + Vm,k) Wkm = 0.5(Vk,m - Vm,k) 

(6) 

by its normal •k [Twiss et al., 1991]. We summarize and 
describe these equations in section 3.2. 

In terms of Neumann's symmetry principle, which we 
discussed at the beginning of section 2.3, the effects of 
interest to us in this analysis are the pattern of slip line 
orientations and the global micropolar seismic moment 
tensor. Because we take a kinematic approach to the 
problem and relate the slip direction to the direction of 
maximum rate of shear, we are in effect assuming that both 
the velocity boundary conditions and the microspin 
boundary conditions are causes of the deformation. The 
velocity field by itself can have monoclinic symmetry, as 
for example in simple shear. A uniform and constant 
microspin also has monoclinic symmetry. Thus even if we 
assume the material is mechanically isotropic, and we adopt 
a restricted kinematic model for which the symmetry axes 
of the macroscopic velocity gradient and those of the 
microspin are parallel, the effects could have a symmetry as 
low as monoclinic. On the basis of symmetry arguments 
therefore it is possible, although not necessary, for the slip vl½,m -- a v•JaXm 
line pattem and the global micropolar seismic moment 

The average rotation rate of the blocks about their respec- tensor to have monoclinic symmetry. 
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3.2 Summary of Equations 

The equation defining the orientation of • is derived in 
Twiss et al. [1991]. We give two equivalent forms of the 
equation, the first (equation (7)) for a general coordinate sys- 
tem, the second (equation (8)) for the principal coordinate 
system of the deformation rate tensor dkm (denoted by the 
circumflexes on the symbols). 

, 1 { (•Sjrn •lj •lm )+ 0.5 •rnkj •j •llc} (7) V m = L dkj •lk 

(dkmnk•lj)nm 

ß ,{ } 0 m = -• [•Dm_ - - ql 2 - D q•] qm__ + 0.5 œmkj Wj qk (8) /lti= œikj(C0jk-Wjk) 
where •jm is the kronecker delta and emlcj is the alternating 
tensor. We assume the standard summation convention for 

repeated subscripts unless the subscript is underlined, and 
we use the definitions .... . ')rim krl• 

Uff kr n = (COkm- Wkm) •j-- ejm k (COkm- Wkm) 
(9) 

(COkm- Wkm)- 0.5 •;jmk •j 

q)m = {1, D, 0} 

(lO) 

Fig. 4. The components affecting the orientation of the 
maximum rate of shear on a shear plane. [after Twiss et al., 
1991]. 

•2 - &3 œjsr (•rs - •;rs) 
0 -- al -a3 % --- h - a3 
L and •, are the lengths of the expressions in braces {... } in 
equations (7) and (8) respectively. L is the magnitude of 
the shear rate vector, and •, is the same magnitude normal- 
ized by the maximum possible rate of change of the shear 
angle in the macrocontinuum (•/1 - •). •P/cm is the net 
spin tensor, which is the difference between the microspin 
and the macrospin, and •tj is the net vorticity vector which 
is the axial vector defined from the net spin tensor. D is 
the deformation rate parameter, and Wj is the net vorticity 
parameter, which in general is a vector. The circumflexes 
over some of the symbols indicate the components in the 
principal coordinates of the macrodeformation rate tensor. 
For convenience, we drop hereafter the superposed asterisk 
on the slip direction vector v where it is obvious we are re- 

tion (7) except that it has been transformed into the princi- 
pal coordinates of the deformation rate tensor. In obtaining 
this form of the equation, we have explicitly incorporated 
the requirement that the normal to the micromaterial shear 
plane •l/c be a unit vector (•l/c •l/c = 1). 

3.3 Predicted Results 

For simplicity, we restrict consideration to those kine- 
matic models for which the net vorticity vector Wj is paral- 
lel to the intermediate principal axis of the deformation rate 

tensor •. In this case 

•j = [0, •, 01 

(a 1 - a3) 

wj = [0, w, 0] 

(o13-013 

(•/1 - •3 )/2 

(11) 

ferring to the direction of maximum rate of shear. 
The right side of equation (7) is easily interpreted as the and the orientation of the shear rate vector is determined by 

only two scalar parameters, the deformation rate parameter sum of two vectors (Figure 4). The first [fro -= dkj 
(Sjm- TIj Tim)] is the rate of shear due to the macrodeforma- 
tion. It is given by the difference between the deformation 
rate vector acting on the shear plane (d/on Vl/c) and the com- 
ponent of that vector normal to the shear plane (d U Vltc Vlj) 
Vim (Figure 4a). Thus it is the component of the deforma- 
tion rate tensor lying tangent to the shear plane. The sec- 
ond term [gm = 0.5 emlq W Vl/c] is the cross product of 
the net vorticity Xlt with the normal to the shear plane 

D and the net vorticity parameter W. D is defined by the 
principal values of the symmetric deformation rate tensor, 
and W by the difference between the antisymmetric mi- 
crospin and macrospin tensors. Because both parameters are 
independent of any volumetric deformation, only the devia- 
toric part of the deformation rate tensor is actually involved 
in the definitions. Any given kinematic model can be char- 
acterized by values of D and W, but those values are not 
unique to a particular geometry of deformation. For exam- 

(Figure 4b). Thus in essence it is the rate of shear on the ple, D = 0.5 corresponds to a deviatoric plane strain such as 
shear plane due to the difference between the microspin and pure shearing or simple shearing. Smaller values indicate a 
the macrospin. Equation (8) is the same relation as equa- deviatoric constrictional type of deformation (a transtension 
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N 

.. 

(b) 

Fig. 5. Significance of the tangent lineation diagram. [From 
Twiss and Gefell, 1990]. (a) On the stereogram, the lineation 
is constructed through the pole to the shear plane tangent to 
the great circle connecting that pole to the slickenline orienta- 
tion. The arrow points in the direction of movement of the 
footwall block of the shear plane. (b) Three-dimensional in- 
terpretation of the construction in Figure 5a. The shear plane 
is tangent to the outside of the plotting hemisphere; the arrow 
is parallel to the slickenline in the shear plane. 

during shearing), and larger values indicate a deviatoric flat- 
tening type of deformation (a transpression during shear- 
ing), but the magnitudes of the individual principal defor- 
mation rates are not specified. W = 0 characterizes a range 
of kinematic models for which the microspin equals the 
macrospin. W = -1 characterizes a range of models for 
which the microspin differs from the macrospin. For both 
cases, deformational geometries exist for which the mi- 
crospin can be zero or nonzero. We analyze several of these 
models in section 5. 

The patterns of shear rate vector orientations defined by 
equation (8) are most clearly presented on tangent lineation 
diagrams (Figure 5). Each shear plane may be considered 
tangent to the plotting hemisphere at the shear plane pole. 
The arrow is then plotted parallel to the shear rate vector in 
the shear plane. It is tangent to the plotting hemisphere 

and points in the direction in which the footwall block 
moves on the shear plane. 

Figures 6a-6c and 7a-7c show tangent lineation diagrams 
for W = 0 and -1, respectively, and for D = 0.2, 0.5, and 
0.8. In each case the •3 principal axis of the deformation 
rate tensor is vertical, and the •/1 and • axes are horizontal. 
Each diagram shows the solutions for 60 shear planes hav- 
ing a roughly uniform distribution over the plotting hemi- 
sphere. It is evident from these diagrams, and is proved for 
the general case in Appendix B, that the shear rate vector 
orientations on a uniform distribution of shear planes define 
orthorhombic patterns for W = 0, and monoclinic patterns 
for W • 0. For W = 0 (Figure 6), the three mirror planes of 
orthorhombic symmetry are represented by the primitive 
circle of the net and by two great circles through the center 
of the net oriented top to bottom and left to right, respec- 
tively. For W = -1 (Figure 7), the single mirror plane of 
monoclinic symmetry is represented by a great circle from 
left to right through the center of the net. 

The normalized length )• of the shear rate vector mea- 
sures the rate of change of angle between the micromaterial 
line parallel to v and the initially perpendicular macromate- 
rial line parallel to n; it is normalized by the maximum 
possible rate of change of angle between two macromaterial 
lines (second equation of (10)). The distribution of lengths 
)• shows a similar symmetry relative to the principal axes 
of the deformation rate tensor as the slip directions. 
Figures 6d-6f and 7d-7f show the poles to 600 planes hav- 
ing a nominally uniform distribution of orientations for the 
same values of W and D plotted in Figures 6a-6c and 7a-7c. 
The different symbols distinguish five different intervals for 
the normalized length )• of the shear rate vector. These dia- 
grams show that the poles to the planes on which the shear 
rate is the largest define two maxima distributed symmetri- 
cally about the principal deformation rate axes for W = 0, 
but they define a single preferred orientation which is sub- 
parallel to the pole to the macroscopic plane of shear for W 

Our model determines the slip directions and shear rate 
magnitudes for the shear of the macrocontinuum on the sur- 
face of a rigid block. If the material is composed of a set of 
interlocked blocks, then the rate and orientation of shear on 
a shear plane would reflect the relative motions of adjacent 
blocks rather than just the relative motion between the 
macrocontinuum and a block. In this case, assuming ho- 
mogeneous macrodeformation and microspin, the slip direc- 
tions will not be different, but their magnitudes will be 
double what we have calculated. If we consider the surface 
of contact between two neighboring blocks, the unit normal 
•l to one surface is exactly the opposite of the unit normal 
to the adjacent surface. If we calculate the relative slip be- 
tween each surface and the macrocontinuum from equation 
(7), the difference between these two quantities is just the 
relative slip between the faces of the neighboring blocks. 
Changing the sign of the components of •l in equation (7) 
simply changes the sign of the result •. Thus the differ- 
ence between the slip vectors for each plane is just twice 
the slip vector for one of the planes. Because the magni- 
tude of the vector is not of critical importance to the results 
of our model, this consideration does not affect the present 
analysis. 

We postulate that the direction of the maximum shear 
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Fig. 6. Geometric characteristics of the shear rate vector for W = 0 and for three different values of D. (a)-(c) 
Tangent lineation diagrams. Lower hemisphere equal angle nets. [from Twiss et al., 1991]. (d)-(f) Poles to 
600 shear planes having a nominally uniform distribution of orientations. The symbol plotted indicates the 
relative normalized length )• of the shear rate vector. The maximum value of )• is 0.5. Lower hemisphere equal- 
area plots. 
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Fig. 7. Geometric characteristics of the shear rate vector for W = -1 and for three different values of D. (a)-(c) 
Tangent lineation diagrams. Lower hemisphere equal-angle plots. [from Twiss et al., 1991]. (d)-(f) Poles to 
600 shear planes having a nominally uniform distribution of orientations. The symbol plotted indicates the 
relative normalized length )• of the shear rate vector. The maximum value of )• is 1.0. Lower hemisphere equal- 
area plots. 
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rate as given by equations (7) and (8) define both the orien- 3.3. The possibility that those patterns can have 
tations of the coseismic slip-lines and the orientations of monoclinic symmetry then suggests that the global 
slickenlines on shear surfaces resulting from distributed micropolar seismic moment tensor associated with a 
brittle deformation. monoclinic pattern of slip lines should reflect that 

symmetry and thus should be asymmetric (see Appendix 
3.4 The Net Vorticity' An Objective Characteristic of the A). We develop this idea and its consequences in this 
Deformation section. 

We define a local micropolar seismic moment tensor for 

In section 2.2 we discussed the result of Jackson and •i?) McKenzie [1988] that the antisymmetric part of the general- the otth earthquake and a global micropolar seismic 
ized seismic moment tensor defined by Molnar measured moment tensor •ij, respectively, by 
only the spin of the coordinate system, and therefore it 
could not be recorded in the seismic data. In contrast, the 
antisymmetric part of the micropolar seismic moment ten- 
sor measures the net vorticity, which is an aspect of the de- 
formation that can be recorded by seismic data. 

The difference between the two tensors can be understood 

N 

where M(0 c•) is the scalar seismic moment for the ctth earth- 
from the viewpoint of continuum constitutive theory. quake, and the summation is over all N earthquakes occur- 

Constitutive equations for mechanics relate the stress to the •/?) deformation. According to the axiom of objectivity, ring in a given volume. is similar to Molnar's 
"...constitutive equations must be form-invariant with re- asymmetric seismic moment tensor (equation (5)) except 
spect to rigid motions of the spatial frame of reference" that it is defined specifically in terms of the slip direction 
[Eringert, 1967, p. 149]. This axiom requires that only ob- v(Ct) given by micropolar theory rather than the slip direc- 
jective variables are admissible in constitutive equations. tion given by classical continuum theory. The physical 
Objective variables are variables that must obey the appro- significance, as we show below, is very different. 
priate tensor transformation laws for all time between any The local micropolar moment tensor is an asymmetric 
two coordinate systems that are related to each other by a tensor, and therefore the global micropolar moment tensor 
rigid motion [Eringen, 1967, p. 88]. In other words, the may also be asymmetric. Symmetry arguments require that 
magnitudes or scalar invariants of an objective variable are the pattern of slip directions must reflect the symmetry of 
independent of the rigid motions of the coordinate system in the global micropolar moment tensor. Whenever the net 
which it is measured. 

The objective variables that appear in constitutive equa- 
tions implicitly define the intrinsic characteristics of the de- 
formation, whereas nonobjective variables do not. The spin 
tensor, for example, is a nonobjective variable because its 
magnitude depends on the spin of the coordinate system in 
which it is determined [Eringen, 1967, p. 88]. Such a 

vorticity parameter W = 0, the pattern of slip lines v is or- 
thorhombic (Figures 6a-6c; Appendix B). Because of equa- 
tions (12), an orthorhombic pattern of v requires that 9k[ij 
also have orthorhombic symmetry, and hence it must be a 
symmetric tensor (Appendix A). On the other hand, when- 
ever W ,• 0, the pattern of v is monoclinic (Figures 7a-7c; 

quantity is therefore not an intrinsic characteristic of the de- Appendix B). Equations (12) then imply that .5/[ij also 
formation and cannot be uniquely determined by observa- must have monoclinic symmetry, and therefore that it must 
tions of the deformation. The antisymmetric part of be an asymmetric tensor (Appendix A). The antisymmetric 
Molnar's seismic moment tensor is related to the antisym- part of the global micropolar seismic moment tensor is the 
metric part of the velocity gradient tensor, i.e. the spin, or effect of the objective net vorticity on the seismic focal 
in our terms, the macrospin. It is a nonobjective quantity mechanism dam. 
and thus cannot be recorded by seismic data. Jackson and 
McKenzie [1988, end of section 3.2], in fact, use this prin- 
ciple in their paper to support essentially the same conclu- 
sion. 

The net spin of micropolar theory, or equivalently the 
net vorticity, is an objective variable because it is the dif- 
ference between two spins, the microspin and the 
macrospin. The macrospin and the microspin by them- 

We emphasize that the antisymmetric part of the global 
micropolar seismic moment tensor contains information 
only about the net spin, or the net vorticity, which is repre- 
sented by the net vorticity parameter W and is defined by 
the difference between the microspin and the macrospin 
(equation (11)). Any observed asymmetry in the global mi- 
cropolar seismic moment tensor reflects a value of W ,• 0 
and therefore indicates a nonzero difference between the mi- 

selves are both nonobjective quantities, but their difference crospin and the macrospin. 
is objective. The net vorticity is a measure of the difference This fundamental result of micropolar theory means that 
between the angular velocity of the rigid blocks and the av- 
erage angular velocity of macromaterial lines due to the 
macroscopic deformation. As an objective variable, it re- 
flects an intrinsic characteristic of the deformation that 
could be recorded by seismic dam. 

4. THE ASYMMETRIC MICROPoLAR SEISMIC MOMENT 
TENSOR 

the antisymmetric part of the generalized global seismic 
moment tensor records an objective characteristic of the de- 
formation, the net spin, which should be recorded in the 
seismic data, but which classical theory does not account 
for. Classical continuum theory [Molnar, 1983] requires 
that any antisymmetric part of such a tensor merely describe 
a rigid body rotation which cannot be recorded in seismic 
data [Jackson and McKenzie, 1988]. The micropolar theory 

We assume that the slip directions of earthquakes are therefore resolves the discrepancy between classical theory 
predicted by the patterns of slip lines described in section and the observation of an antisymmetric part of a general- 
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ized global seismic moment tensor [Molnar and Deng, among the independent diagonal components of the defor- 
1984]. mation rate tensor dl 1 = - (d22 + d33) if we wish to spec- 

In classical continuum mechanics, the balance of mo- ify a constant volume deformation. By contrast, an intrin- 
ment of momentum reduces to the requirement that the an- sic dependence between two kinematic variables is illus- 
tisymmetric part of the stress tensor must vanish. As noted trated by the relationship between the macrospin and the 
by Jackson and McKenzie [1988], the symmetry of the macrovelocity gradient tensor (the second equation (6)). 
stress tensor ultimately leads to the symmetry of the global 
seismic moment tensor. In micropolar theory, the added 5.1 Kinematic Model of a Deformation Zone 
degrees of kinematic freedom require additional continuum 
balance equations, which have been developed by Eringen Consider a zone of deformation that is parallel to the Xl- 
[1966a, b]. In particular, the classical balance of moment x2 plane, that has a width Ax3, and that is bounded on op- 
of momentum is replaced by a more general balance of first posite sides by rigid plates A and B, respectively (Figure 
stress moments. This equation requires that the antisym- 8a). The boundaries of the deformation zone remain parallel 
metric part of the stress tensor be balanced by the diver- 
gence of a couple stress tensor and by body couple and mi- 
croangular acceleration terms. If the body couple is zero 
and the microangular acceleration is negligible, the anti- 
symmetric part of the stress tensor is balanced simply by 
the divergence of the couple stress tensor. Thus the anti- 
symmetric part of the stress is not required to be zero, and 
the stress in general is an asymmetric tensor. 

The physical justification for the existence of a couple 
stress tensor is that we are describing in a continuum model 
the behavior of a material with nonnegligible substructure. 
The granular nature of the real material means that the mo- 
ments of surface tractions on the blocks taken about the 

block centroids need not vanish, and when we do the averag- 
ing over finite volumes in the real body to obtain a contin- 
uum description (see the discussion in section 3.1), these 

to the x l-X2 plane throughout the deformation. The veloc- 
ity of plate A relative to plate B determines the geometry of 
the macroscopic deformation in the deformation zone, and 
we assume that this velocity has no component parallel to 
x2. For two points on opposite sides of the deformation 
zone, for example, at X l = 0, the relative velocity vector V 
makes an angle 13 with the x! axis. The value of 13 deter- 
mines whether the component of the velocity normal to the 
deformation zone boundary is a shortening or lengthening, 
and whether the component parallel to the boundary is a 
dextral or sinistral shear. Within the deformation zone, the 
gradient of the relative-velocity magnitude in the x3 direc- 
tion is given by 

IVl 
R = (13) 

Ax 3 
moments become the couple stress tensor at each point in 
the continuum. Thus if the stress does not have to be Considering the material in the deformation zone to be a 
symmetric, an antisymmetric part of the micropolar seismic continuum, we can determine the velocity gradient tensor 
moment tensor would appear reasonable. for the deformation zone. We use a full three-dimensional 

We do not explore further the consequences of the full analysis and assume a constant volume deformation. With 
continuum mechanical theory in this paper. It is worth these assumptions, the velocity gradient tensor and the con- 
noting, however, that the shear stress hypothesis applied by dition for constant volume deformation are (the notation is 
most workers to the interpretation of slickenline data would defined in the third equation (6)) 
provide equivalent results to our analysis if the stress analy- 
sis included the effects of an antisymmetric part to the 
stress tensor as well as a couple stress. 

5. ANALYSIS OF KINEMATIC MODELS 

As examples of the relationship between the kinematics 
of deformation and the predicted symmetry or asymmetry of 
the global micropolar seismic moment tensor, we develop a 
model for the kinematics of a deformation zone similar to, 

•ksm • 

Vl, 1 0 R cos 13 

0 •2,2 0 
0 0 R sin 13 

Vk, k = Vl,1 + v2,2 + R sin 13 = 0 
(14) 

marion, five of which are derived from the general model 
(Figure 8), we illustrate how micropolar theory adds an es- 
sential component to the kinematic description of brittle de- 
formation that is missing from classical continuum descrip- 
tions. 

For each model, we choose a geometry for the macrode- 
formation and assume a different specific relationship be- 
tween the independent microspin and the macrodeformation. 
Each of these relationships simply defines the kinematic 
geometry that we wish to consider and is therefore an as- 
sumed kinematic constitutive equation for the microspin. 
Such relationships, however, do not imply that the two 
scales of deformation are intrinsically dependent. To that 
extent, they are the same type of relationship that we write 

the macrospin tensor, respectively. 

dkm = 
Vl,1 0 0.5Rcosl3 

0 v2, 2 0 
0.5Rcosl3 0 Rsin13 

0 0 0.5Rcos[3 
Wkm = 0 0 0 

-0.5R cosl 3 0 0 

(15) 

If the deformation in the zone is a distributed brittle de- 

In micropolar kinematics, this tensor is the macrovelocity but more general than, the model considered by Jackson and 
McKenzie [1988]. Using six different geometries of defor- gradient tensor. Its symmetric and antisymmetric parts de- 

fine the macrodeformation rate (macrostrain rate) tensor and 
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X3 

x1 

x3 

x3 x3 

Fig. 8. Kinematic models for a deformation zone. (a) General model defining the variables that are adjusted 
to produce specific models. (b) Shearing on two sets of shear planes symmetrically arrayed about the principal 
axes of the deformation rate tensor. (c) Shearing on a single set of shear planes that rotate progressively with 
the deformation. (d) Simple shear with microspin equal to the macrospin. (e) Simple shear with zero mi- 
crospin. (f) The pinned block model. 
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formation that is accommodated on shear planes bounding 
effectively rigid blocks, then the angular velocity of those 
blocks, which is defined by the microspin, is part of the 
kinematics of the deformation. In principle, the blocks can 
have any angular velocity we choose, because the microspin 
is an independent quantity, so each model of deformation 
must include a specification of the microspin. 

The angular velocity of a macromaterial line in the x l- 
x3 plane of the deformation zone is determined by the ve- 
locity gradient tensor and depends on the angle • between 
the line and the Xl axis. For a simple shearing of the de- 
formation zone, for example, a macromaterial line parallel 
to the zone boundaries (• = 0) has a zero angular velocity, 
whereas one perpendicular to the zone boundaries (• = n/2) 
has an angular velocity that is twice the macrospin compo- 
nent w13. We can use this characteristic to define a wide 
range of kinematic constitutive relations that specify how 
the microspin is related to the macrodeformation for a par- 
ticular kinematic model. We require the angular velocity of 
the rigid blocks to be equal to that of a macromaterial line 
dx in the deformation zone having some specified instanta- 
neous orientation. This constraint is arbitrary, and the ori- 
entation • of dx can be chosen to provide the different mi- 
crospins that characterize many of the different geometries 
of deformation we want to consider. 

We calculate the angular velocity of the macromaterial 
line dx as follows [cf. Eringen, 1967, p. 79]: Define a unit 
vector p parallel to the macromaterial line 

dx 1/2 
p -- • ds -- [dx. dx] (16) 

and define another unit vector m that is fixed parallel to the 
X l axis. The angle between p and m is tx (Figure 8a). 
Thus 

Pk = [cos ix, 0, sin tx] mk= [1, 0, 0] (17) 

cos a = m• p• (18) 

To find the angular velocity of p relative to m, take the 
material time derivative of equation (18) 

D D 

• cos c• = • (m/• p/•) 
Dt Dt 

sin a sin(•3 - a) - 0.5 Vl, 1 sin 2a (21) 
The magnitudes of the spin tensor components for a 

rigid block rotating about the x2 axis are given simply by 
the angular velocity of any material line in the block that is 
normal to the axis of rotation [cf. Eringen, 1967, p. 80]. 
Thus the angular velocity of p relative to m defines the 
components of the microspin to, and from that result and 
the second equation (15) we determine the associated net 
spin tensor W: 

00-& 

C0/•rn = 00 00 &o 

(22) 

• km -= O} km - W km 

0 0 -(it + 0.5 R cos •3) 
0 0 0 (23) 

0.5R cosl3) 0 0 

The models we analyze in the following subsections are 
based on two different geometries derived from these equa- 
tions. The first case is a plane strain for which v2,2 = 0. 
This assumption is appropriate for modeling deformation in 
a vertical cross section through the Earth's crust (x3 verti- 
cal) in which brittle deformation in a zone accommodates 
crustal lengthening or shortening. The second case, for 
which Vl,1 = 0, is appropriate for modeling deformation in 
a horizontal plane (x2 vertical) and applies to shear zones in 
the crust that are predominantly strike-slip, with shortening 
or lengthening normal to the shear zone and compensating 
vertical deformation permitted. For these two cases, the re- 
sults are different for the angular velocity of the rigid blocks 
&, for the principal values of the deformation rate tensor, 
and thus for the deformation rate parameter D and the net 
spin parameter W. For future reference, we summarize 
these results below. 

Consider first the case for which v2,2 = 0. Using 
equations (14), (15), and (21) we get 

-sins&- mkD t • 
- sin a & - m k [ 72k, m Pm - dij Pi Pj Pk ] (19) 

where the dot above the a indicates the material time 

derivative. To get the last equation we used the results for 
the material time derivative of dxk and of ds from Eringen 
[1967, equations 2.4.2 and 2.6.6] as well as the first equa- 
tion (16). Expanding the equation (19) and using equation 
(18) gives 

Vl, 1 = - R sin [• v2, 2 = 0 

-R sin [I 0 R cos [• 
Vk,m= 0 0 0 

0 0 R sin 13 

-R sin•3 0 0.5R cosi3 
dkm = 0 0 0 

0.5R cosi3 0 Rsini3 

(24) 

(25) 

- sin a & = Vk, mmk Pm- dij Pi Pj cos a (20) 
We now expand the indicated summations using equa- 

tions (14), (15) and (17) to find, after some manipulation, 

Wkm 

0 0 0.5R cosi3 
0 0 0 

0.5 R cos • 0 0 

(26) 
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TABLE 1. Expressions for the Principal Values of the Deformation Rate Tensor 
and the Scalar Deformation Parameters for Deformations With Vl,1 = 0 

1 > sin • > 1/3 1/3 >_ sin [• >-1/3 -1/3 > sin • >-1 
•/1 0.5 R (sin [3 + 1) 0.5 R (sin [3 + l) -R sin [3 
•2 0.5 R (sin [3 -1) - R sin [3 0.5 R (sin [3 +1) 
• -R sin [3 0.5 R (sin [3-1) 0.5 R (sin [3 -1) 
w - 2 ½0$ (2a- .8) - cos (2or - {3) - 2 cos (2•z- .8) 

1 + 3 sin [3 1 -3sin {• 
D 3 sin 13- 1 0.5 (1 - 3 sin 13) 2 

3 sin • + 1 1 -3 sin [• 

d = R sin ct [sin ([3-00 + cos ct sin 13] (27) 
Equations (22) and (23) remain unchanged but the compo- 
nents are determined by equation (27). We solve for the 
principal values of the deformation rate tensor from equa- 
tion (25) to find 

•/1 = 0.5 R d 3 sin 2 • + 1 •2 = 0 

•3 = -0'5R d 3sin 213+1 
(28) 

whereby from the third equation (10) and the third equation 
(11) we find 

- [sin 2or sin 13 + cos (2or- {3)] 
D = 0.5 W = (29) 

d 3 sin2l 3 + 1 
Consider now the case for which Vl,1 = 0. Using again 

equations (14), (15), and (21), we get 

Vl, 1 = 0 v2, 2 = -R sin [3 

o o 

Vk,rn = 0 - R sinl3 
0 0 

R cos [3 
0 

R sin 13 

(30) 

I 0 0 0.5 R cos 131 dkm = 0 - R sin [• 0 
0.5 R cos 13 0 R sin [3 

(31) 

0 0 0.5Rcos[• 
Wkm = 0 0 0 

-0.5R cos[• 0 0 

(32) 

sin ct sin(13-ot) (33) 

The components of equations (22) and (23) in this case are 
determined by equation (33). The principal values of the 
deformation rate tensor in equation (31) are 

(sin [3 + 1), -- (sin [3 - 1),-R sin [3 2 
(34) 

These principal values cannot be ordered uniquely into 
maximum, intermediate, and minimum for all values of 13. 
Thus the values of D and W determined from the third equa- 
tion (10) and and the third equation (11) with the second 
equation (15), and equations (22), (23), (33), and (34) give 
different results for different ranges of values of sin 13, as 
shown in Table 1. 

We see that the microspin depends on or (equations (21) 
and (22)), but that the macrodeformation rate dkm and the 
macrospin Wkm are independent of or (equations (23) (31) 
and (32)). Thus the microspin is not intrinsically deter- 
mined by the values of the macrodeformation rate or 
macrospin. 

In the following six subsections we discuss the kinemat- 
ics of six special geometries of deformation, five of which 
derive directly from the general model analyzed above by 
defining the microspin in terms of the angular velocity of 
some macromaterial line dx. This definition and the choice 

of the macromaterial line, however, is essentially arbitrary 
and serves merely to define the kinematic characteristics of a 
particular geometry of deformation. The fifth model 
(section 5.6) illustrates a kinematic model for which the 
microspin is not defined by the angular velocity of some 
specified orientation of macromaterial line. 

In sections 5.2 and 5.3 we consider macroscopic pure 
shearing respectively without and with microspin; in sec- 
tions 5.4 and 5.5 we consider macroscopic simple shearing 
respectively with and without microspin; in section 5.6 we 
consider simple shearing with the microspin defined by the 
kinematics of a rigid block in a viscous matrix; and in sec- 
tion 5.7 we consider the pinned block model. Four of the 
models (sections 5.2, 5.3, 5.6, and 5.7) are similar to mod- 
els considered by Jackson and McKenzie [1983, 1988], and 
we compare their conclusions with those of the micropolar 
analysis. 

5.2 Macroscopic Pure Shear With no Microspin 

We first derive the kinematic description for a macro- 
scopic pure shear with shortening parallel to x3 and length- 
ening parallel to X l and with nonrotating rigid fault blocks 
(Figure 8b). The deformation is accommodated on two sets 
of faults symmetrically arrayed with respect to the shorten- 
ing direction. For a coaxial deformation such as this, 
macromaterial lines parallel to the principal axes of the 
macrodeformation rate tensor do not rotate, and these axes 
are parallel to X l and x3. Thus to ensure zero microspin 
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and the desired geometry of the macrodeformation, we take R 0 0 

at = 0 13 = -•/2 (35) dkm = 0 0 0 

The first equation requires the microspin to be equal to the 0 0 - R 
angular velocity of a macromaterial line parallel to Xl, 
which is zero because it is parallel to a principal axis of the 
macrodeformation rate tensor. The second equation requires 
that the boundary of plate B progressively approach the Cøkm = 
boundary of plate A. We assume that v2,2 = 0. Using - 
equation (35) with equations (27), the third equation (24), 
(25), (26), (22), (23), and (29), we obtain, 

R 0 0 

& = 0 Vk, m = 0 0 0 (36) • km = 
O0-R 

Wkr n = 

ooo 

oøo ø oo 

(42) 

0 0 2 R sin at cos at 

0 0 0 

2R sin at cos at 0 0 

(43) 

0 0 

0 0 

2 R sin at cos at 0 

2 R sin at cos at 

0 (44) 
0 

RO 0 000 

d km = 0 0 0 W km = 0 0 • O0-R O0 

(37) 

000 000 

O)km = 0000 •? km = 0000 (38) 00 00 

W = 0 D = 0.5 (39) 

Because W = 0, the pattern of slip directions v on a uni- 
formly distributed set of shear planes has orthorhombic 
symmetry (Figure 6b), and therefore the global micropolar 

W = sin2at D = 0.5 (45) 

If at = 3;r/4, as shown in Figure 8c, then W =- 1. Thus 
the pattern of slip directions would have monoclinic sym- 
metry bemause W ;e 0, and therefore the global micropolar 
seismic moment tensor 5,fij is asymmetric. Note, however, 
that for this model, the orientation at of the shear planes 
changes progressively with time, so there is no unique 
value of W that characterizes the deformation through time. 
W can be zero only if the blocks are parallel to the shear 
zone (at = 0) or if they are perpendicular to the shear zone 
(a = + •/2). 

In this example, the components of the microspin O)km 
and the net spin •/krn have the same values because the 

moment tensor ffVl'ij is symmetric. Jackson and McKenzie macrospin Wkm is zero. Nevertheless, the net spin is an 
[1988] reach the same conclusion. objective tensor, and the microspin is not. This becomes 

5.3 Macroscopic Pure Shear With Microspin: 
The Domino Block Model 

For the domino block model (Figure 8c), the macrode- 
formation in the deformation zone is again a pure shear 
with shortening parallel to x3 and lengthening parallel to 
Xl. We again assume v2,2 = 0. In this case, however, the 
deformation is accommodated on a single set of fault planes 

clear if we describe the kinematics in a coordinate system 
rotating relative to the present coordinates but instanta- 
neously parallel to them. The values of both the macrospin 
and the microspin change by an amount equal to the com- 
ponents of the relative spin of the two coordinate frames, 
showing that they are nonobjective tensors. The compo- 
nents of the net spin, however, remain unchanged, showing 
that it is an objective tensor. 

If we compare this micropolar description of the defor- 
mation in Figure 8c with that for the deformation in Figure 

that define the long sides of domino blocks, and the blocks 8b, we see that even though in both cases the rnacrodefor- 
must rotate during the deformation. The angular velocity of mation is a pure shear having a zero macrospin Wkm, the the fault blocks is then equal to the angular velocity of a 
macromaterial line in the deformation zone that is parallel 
to the long dimension of the blocks. This model has been 
invoked to account for the normal faulting accompanying 
brittle crustal extension. In this case, the boundary at plate 
B represents the detachment fault, and plate A is an imagi- 
nary block that simply defines a boundary condition. Thus 

angular velocity of the blocks relative to the macrospin is 
distinguished by the different values of the net vorticity pa- 
rameter W. In the first case, W = 0 and the global micropo- 
lar seismic moment tensor is symmetric. In the second 
case, however, W ;e 0, and the global micropolar seismic 
moment tensor is asymmetric. 

Jackson and McKenzie [1988] maintained that these two we choose 

[3 = - •r / 2 (40) deformational geometries are not seismically distinguish- 
able and that both are characterized by the same global 

and at is some nonzero angle that we leave unspecified for seismic moment tensor for which the only nontrivial part is 
now. Introducing equation (40) into equations (27), the the symmetric part. Micropolar continuum theory shows, 
third equation (24), (25), (26), (22), (23), and (29), we however, that these two deformational geometries are seis- 
obtain mically distinguishable, and that the distinction lies in the 

R 0 0 antisymmetric part of the global micropolar seismic mo- 
ment tensor. This part of the tensor measures the net vor- 

t• = - 2 R sin at cos at Vk, m = 0 0 _O R (41) ticity which is an objective variable, characterized by the 0 0 parameter W, and is therefore seismically observable. 
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5.4 Simple Shear With Equal Microspin and Macrospin 
In this section and the next, we consider two models of 

macroscopic simple sheafing. In this case, the velocity 
vector V is parallel to the boundaries of the deformation 
zone, and we assume that Vl, 1 = 0. We consider first that 
the microspin is the same as the macrospin (Figure 8d). 
The macromaterial lines that are parallel to the principal 
axes of the deformation rate tensor have the same angular 
velocity as that defined by the macrospin [Eringen, 1967, p. 
81]. These axes are at +45 ø to the shear zone boundary. 
Thus to set the microspin equal to the macrospin and to 
specify a macroscopic simple shearing, we choose 

o: = 3•;/4 13 = 0 (46) 

Using equation (46) with equations (33), the third equation 
(30), (31), (32), (22), (23) and the results tabulated in Table 
1 for 1/3 > sin {3 > -1/3, we obtain, 

00R 

•t = -0.5R Vk, m = 00 0 00 (47) 0 

0 0 0.5R 

dkm = 0 0 0 
0.5R 0 0 

(48) 

Wkm = 

0 0 0.5R 

0 0 0 

0.5R 0 0 

(49) 

0 00.5R 000 

O)km = 0 0 0 tI•km = • 0 00 -0.5R 0 0 0 

(5O) 

W = 0 D = 0.5 (51) 

In this case the macrodeformation is a monoclinic sim- 

blocks to be the same as that of the macromaterial line par- 
allel to the deformation zone boundaries, because in simple 
shearing this macromaterial line does not rotate. Thus 

a = o = o (52) 

Using equation (52) with equations (33), the third of (30), 
(31), (32), (22), (23) and the results tabulated in Table 1 for 
1/3 > sin 13 > - 1/3, we obtain 

00R 

& = o Vk, m = 0 0 • (53) 00 

0 0 0.5R 

dkm = 0 0 0 
0.5R 0 0 

(54) 

Wkm = 

0 0 0.5R 

0 0 0 

-0.5R 0 0 

(55) 

000 

0 

tI•km = 

0 0 -0.5R 

0 0 0 

0.5R 0 0 

(56) 

W = -I D = 0.5 (57) 

In this case the microspin is zero, implying the blocks 
are not rotating in the deformation zone, but the net spin is 
nonzero because the macrospin is nonzero. Thus in this 
case the global micropolar seismic moment tensor is 
asymmetric. Again, we see that the symmetry or asymme- 
try of the global micropolar seismic moment tensor is de- 
pendent on the objective net spin and not on the nonobjec- 
tive microspin alone. 

ple shear, but because the microspin is equal to the 5.6 Simple Shear With Microspin Determined by the 
macrospin, the net vorticity parameter W is zero, and there- Kinematics of a Rigid Block in a Viscous Matrix 
fore the global micropolar seismic moment tensor is sym- 
metric. This illustrates again the fact that the net vorticity The model of rotating rigid blocks in a viscous matrix 
parameter does not represent the rigid rotation rate of the cannot be derived from the basic model analyzed in section 
blocks, but rather the difference between the rotation rate of 5.1, but it is included here because we wish to illustrate the 
the blocks and the average rotation rate of the macromaterial possibility for other definitions of the microspin and be- 
lines. Even though the blocks are rotating, the global mi- cause the model is frequently referred to in the literature on 
cropolaf seismic moment tensor is symmetric because the block rotations [e.g., MeKenzie and Jackson 1983, 1989; 
net vorticity is zero. This example also illustrates the pos- Jackson and Molnar 1990]. Willis [1977] developed a 
sibility, allowed by Neumann's symmetry principle (section model to account for the rate of rotation of rigid blocks of 
2.3), that the symmetry of the effect (orthorhombic) can be arbitrary shape in a viscous matrix, and he shows the model 
higher than that of the combined causes (monoclinic). to be in excellent agreement with experiments. His model 

• basically assumes that the kinematic angular momentum of 
5.5 Simple Shear With Zero Microspin a block is the same as the kinematic angular momentum 

that the displaced fluid would have in the absence of the 
We obtain different results for a model of macroscopic block. For special cases, Willis's results reduce to those of 

simple shearing in the deformation zone if the blocks do Jeffrey [1923] and of March [1932]. 
not rotate with respect to the shear zone boundaries (Figure For a simple shearing of the macrocontinuum and a sit- 
8e). The velocity vector V is again parallel to the bound- uation corresponding to our restricted kinematic model 
aries of the zone, and again we assume el, 1 = 0. In this (equation (11)), we transform Willis's results into our nota- 
case, however, we require the angular velocity of the rigid tion and coordinate frame to give 
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0.5 R (K2 cos 2ct - 1) 
00R 

Vk, m = 0 0 • (58) 00 

symmetric, and the block rotations provide no seismic sig- 
nal. The result obtained by McKenzie and Jackson [1983] 
is equivalent to our result for W = 0, which occurs only in 
the special circumstances specified above. 

dkm • 

0 0 0.5R 

0 0 0 

0.5R 0 0 

Wkm = 

0 0 0.5R 

0 0 0 

0.5R 0 0 

O0-& 

tOkm = 0 0 0 0 &o 

(59) 

(60) 

(61) 

•t•km = 

where 

0 0 -0.5RK 2cos2c• 
0 0 0 

0.5RK 2cos2a 0 0 

(62) 

K 2 -- 
I 1 -I 3 

12 
(63) 

p is the position vector for material points in the block, Is 
are the principal kinematic moments for the rigid block, and 
we assume 12 is parallel to •. R has the same significance 
as in equation (13) (Figure 8d). The angle ot is the angle 
between the 13 axis of the block (chosen so that 13 < I1) 
and the Xl coordinate direction as shown in Figure 8d. It is 
easy to show that the principal values of the deformation 
rate tensor in this case are 

•/1 = 0.5 R •2 = 0 )3 = - 0.5 R (64) 
Using the third equation (10), the third of (11), (62) and 

(64), we find for the characteristic scalar parameters of the 
deformation 

W = -K 2cos2ct D = 0.5 (65) 

These results show that in general this model of rigid 
block rotation is characterized by a nonzero net spin that 
varies with the orientation c• of the axis of minimum 

kinematic moment. For elongate rectangular blocks, I1 • 
13, so W • 0 and this type of deformation should lead to a 
seismically observable antisymmetric part to the global mi- 
cropolar seismic moment tensor, as long as c• • + n/4 or 
+ 3n/4. For these particular values of c•, or for I1 = 13, 
which characterizes blocks that have an equant shape, the 
microspin becomes equal to the macrospin, and W = 0. In 
these cases, the global micropolar seismic moment is 

5.7 The Pinned Block Model 

Finally we consider the pinned block model (Figure 80, 
for which the velocity V is oriented such that the relative 
velocity of the plates has components both normal and par- 
allel to the deformation zone boundaries. The arrangement 
in Figure 8f shows these components to be a lengthening 
normal to the boundary and a dextral shear. The rigid elon- 
gate blocks in the deformation zone are pinned at opposite 
ends to plates A and B. Thus they shear relative to one an- 
other on surfaces parallel to their long dimension, but they 
do not shear with respect to the boundaries of plates A or B. 
The angular velocity of the blocks in the deformation zone 
is therefore defined by the angular velocity of a macromate- 
rial line parallel to the long dimension of the blocks. For 
this model, we require that there be no extrusion of material 
from the deformation zone parallel to x l, which implies 
that •1,1 = 0. This model may be appropriate for some 
strike-slip fault zones. 

Jackson and McKenzie [1988] considered the special case 
for which 

a = + n/2 (66) 

whereby 

cos ot = - sin 13 sin ct = cos 13 (67) 

With this choice the long dimension of the blocks does not 
change during the deformation, and that dimension is nor- 
real to the velocity V. For any other relationship between 
ct and I 3, the blocks must either lengthen or shorten. 
Substituting these relations into (33), the third of (30), 
(31), (32), (22), (23), and (34), and expressing the equations 
in terms of ot gives 

t• = - R sin ot •tk, m = • R cos Ct (68) 0 - R cos 

0 0 0.5 • sin a 1 dkm = 0 R cos c• (69) 

0.5 R sin ot 0 -R cos c• I 

0 0 

Wkm = 0 0 

- 0.5 R sin c• 0 

0.5 R sin c• 

0 

0 

(70) 

6)km = 

0 0 R sin c• 

0 0 0 

- R sin ot 0 0 

(71) 

tI•km = 
0 0 0.5Rsinc• 

0 0 0 

0.5R sinc• 0 0 

(72) 
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• = {0.5R(1-cosct), 
-0.5R(l+cosct), R cosct) (73) 

Substituting equation (66) into the relations in Table 1 
gives the results shown in Table 2 for the principal values 
of the deformation rate tensor and for W and D. 

For this model, Jackson and McKenzie [ 1988] concluded 
that the antisymmetric part of a generalized asymmetric 
global seismic moment tensor would not be seismically 
observable because it only represents a relative spin of the 
coordinate axes. Our analysis shows that this is not true. 
The net vorticity parameter W is zero only if ct = 0 or •r 
(Table 2), which implies 13 = + n/2 (equation (66)). Thus 
as long as there is any component of shear parallel to the 
boundaries of the deformation zone, W is nonzero, the 
global micropolar seismic moment tensor is asymmetric, 
and that asymmetry is seismically observable. Because ct 
changes progressively during the deformation, the condition 
given in equation (66) can hold only instantaneously unless 
the velocity V also changes progressively throughout the 
deformation to remain perpendicular to the blocks. 

5.8 Discussion 

In the foregoing examples, we have given illustrations 
of deformations having a zero microspin in which the net 
vorticity parameter W can be zero (section 5.2; Figure 8b; 
the first equation (39)) and nonzero (section 5.5; Figure 8e; 
the first equation (57)). We have also given examples of 
deformations having a nonzero microspin in which the net 
vorticity parameter W also can be zero (section 5.4; Figure 
8d; the first equation (51)) and nonzero (section 5.3; Figure 

In the analysis of the models involving spinning fault 
blocks that Jackson and McKenzie [1988] considered (see 
sections 5.3, 5.7), the faults are between the blocks and 
parallel to the long dimension of the blocks. The angular 
velocity of rigid fault blocks is implicitly defined to be 
equal to that of the macromaterial planes that are parallel to 
these faults. As long as we want to determine the shear di- 
rection only on faults of that orientation, the classical con- 
tinuum theory suffices for this model, because the motions 
of those faults are the same as the motions of the parallel 
macromaterial planes and are therefore well defined by the 
macrodeformation. If, however, we wish to determine the 
shear direction on planes of any other orientation in the 
rigid blocks, classical theory fails because these planes ro- 
tate differently from macromaterial planes, and classical 
theory provides no way to account for the motions of 
planes that are not macromaterial planes (see Figure 1 and 
the discussion in section 2.1). 

Holt et al. [1991] used classical continuum theory to de- 
termine rotation rates in the region of the eastern 
Himalayan syntaxis. Their main concern is the determina- 
tion of the macrospin (their geodetic rotation) from a 
knowledge of gradients in the macrodeformation rate (theft 
strain rate). They explicitly assume that faults are macro- 
material lines which form the boundaries of elongate fault 
blocks. Thus the microspin (their block rotation) is deter- 
mined by the angular velocity of the macromaterial lines 
parallel to the faults, which is an additional but, as we 
demonstrate above, a nonunique kinematic constraint on the 
system. Thus they recognize that the microspin can be dif- 
ferent from the macrospin, although they do not recognize 
the net vorticity as an important kinematic variable nor de- 

8c; the first equation (45); section 5.6; Figure 8d; the first rive its significance for the seismic moment tensor. If their 
equation (65)). W = 0 implies an orthorhombic slip line models are correct, then the differences they determine be- 
pattern and thus a symmetric global micropolar seismic tween the macrospin and the microspin [Holt et al., 1991, 
moment tensor. W •: 0 implies a monoclinic slip line pat- Table 4] define the net spin, which should be recognizable 
tern and thus an asymmetric global micropolar seismic as an antisymmetric part to the global micropolar seismic 
moment tensor. These results indicate clearly that the net moment tensor. 
vorticity parameter is not a measure simply of the rotation Classical continuum theory does not include the extra 
rate of the blocks as given by the microspin, or of the rota- degrees of freedom required to formulate a continuum de- 
tion rate of the coordinate frame in which the deformation is scription of the deformation of a granular type of material. 
described, as given by the macrospin (which is the spin in For this reason the continuum variables do not distinguish, 
Molnar's formulation). The net vorticity identifies an in- for example, between the very different deformational ge- 
trinsic objective characteristic of the deformation which in ometries shown in Figures 8b and 8c, and the theory pre- 
principle can be observed in seismic as well as slickenline dicts a global seismic moment tensor that also does not dis- 
data. tinguish between such models. The analysis of Jackson and 

TABLE 2. Expressions for the Principal Values of the Deformation Rate Tensor 
and the Scalar Deformation Parameters for the Pinned Block Model 

With a = [• + n/2 

1 > sin 13 > 1/3 1/3 > sin • >-1/3 -1/3 > sin 13 >-1 
-1 < cos or < -1/3 -1/3 < cos ct < 1/3 1/3 < cos ½x < 1 

•/1 0.5 R (1 -cos ½x) 0.5 R (1 -cos ½x) R cos ½x 
• -0.5 R (cos ct + 1) R cos ct 0.5 R (1 -cos or) 
• R cos ct -0.5 R (cos o[ + 1) -0.5 R (cos ct + 1) 
W 2 sin •x sin or 2 sin •x 

1 - 3 cos or 1 + 3 cos or 

D 3 cos ct + 1 0.5 (1 + 3 cos or) 2 
3cos or- 1 1 + 3 cos or 
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McKenzie [1988], which implies that the seismic moment 
tensor must be a symmetric tensor, actually holds only for 
the cases in which W = 0. These are the situations for 

which the microspin equals the macrospin. 
Our model provides a continuum description by which 

we can account for any spin that a fault of any orientation 
could have, and it provides the means of calculating the slip 
direction on such a fault. It therefore resolves the problem 
that the classical continuum variables do not describe the ef- 

fects of rigid block rotation (section 2.1). We conclude that 
micropolar theory is a more general continuum theory that 
provides a more complete continuum description of the 
kinematics of distributed brittle deformation of the Earth's 
crust. 

The equations for W in equation (29) and in Table 1 all 
lead to the same result that W is nonzero as long as 
- tan 2or ;• cot {3. Thus in general this type of kinematic 
model leads to an antisymmetric part of the global micropo- 
lar seismic moment tensor which should be seismically ob- 
servable. If the crust behaves according to any of these 
models, the value of the net spin parameter W in principle 
could serve to distinguish them. 

6. PATFERNS OF SEISMIC P (MAXIMUM SHORTENING) 
AND T (MAXIMUM LENGTHENING) AXES 

The seismic P and T axes from a given region provide a 
set of readily available data that constrains the geometry of 
the geologically instantaneous deformation within the re- 

data or from the location of aftershocks. Thus the data 

available separate into two categories, one in which the 
identity of the true fault plane has been independently estab- 
lished, and the other in which it has not. We can test the 
micropolar hypothesis directly with the first data set by de- 
termining the local asymmetric micropolar moment tensors 
using the first equation (12), and then summing them to 
obtain the global tensor (second equation (12)). We can 
then interpret the characteristics of the global seismogenic 
deformation field from a knowledge of the global micropo- 
lar moment tensor. 

Most of the seismic nodal plane solutions available do 
not provide a means of distinguishing which of the two 
nodal planes is the true fault plane. Thus only the symmet- 
ric part of the local micropolar seismic moment tensor can 
be determined, and the antisymmetric part is undefined. 
Because only the symmetric part of the individual local ten- 
sors is available, summation of the tensors can only pro- 
duce a symmetric global tensor whose symmetry can be no 
less than orthorhombic (see Appendix A). Thus informa- 
tion about the antisymmetric part of the global tensor is 
also not available from this analysis. 

The seismic P and T axes correspond to the minimum 
and maximum principal axes, respectively, of the symmet- 
ric part of the local micropolar seismic moment tensor, and 
they include the same ambiguity about the identity of the 
fault plane and the same orthorhombic symmetry as the 
seismic focal mechanism data [e.g., Marrett and 

gion. We argue in this section that by looking at the pat- Allmendinger, 1990]. Our analysis assumes that the P and 
tern of orientations formed by these axes for a large set of T axes are most consistently interpreted as being parallel 
earthquakes, we can constrain not only the orientations of respectively to the axes of minimum and maximum incre- 
the principal axes of the deformation rate tensor, but also mental strain or deformation rate. For shear on a fault 
constrain the values of the deformation rate parameter D and 
the net vorticity parameter W. These quantities provide in- 
formation about the symmetric and antisymmetric parts, re- 
spectively of the global micropolar seismic moment tensor. 
The significant point is that determination of the antisym- 
metric part of the local seismic moment tensors is not nec- 
essary in order to constrain the antisymmetric part of the 
global micropolar seismic moment tensor. 

Slickenlines on fault planes are an important source of 
information about the local geometry of deformation, and 
that local geometry can provide constraints on the geometry 
of the regional deformation. Fault planes, however, may 
preserve a long history of motion, and such a data set there- 
fore may include the complicating effects of finite rotations 
that are not accounted for in the predicted instantaneous slip 
directions shown in Figures 6a-6c and 7a-7c [see Twiss et 
al., 1991; Twiss and Gefell, 1990]. 

Seismic focal mechanism data have been collected in 

significant quantity and reliability for less than a century. 
In geological terms, this time period is instantaneous. The 
vast amounts of data available thus provide a valuable 
source of information about geologically instantaneous dis- 
tributed brittle continental deformation, and the data there- 
fore should be interpretable with a theory of instantaneous 
deformation. 

The deformation is inferred from seismic first motion 

data, which ideally define two nodal planes associated with 

plane, the slip direction is necessarily the direction of max- 
imum rate of shear. The axes oriented at + 45 ø to both the 

shear plane and the slip direction therefore must be the prin- 
cipal axes of the incremental strain tensor or the deforma- 
tion rate tensor. Thus the interpretation of P and T axes as 
the principal deformation rate axes is direct and unambigu- 
ous. 

The seismic P and T axes are often interpreted, however, 
to be the orientations of the maximum and minimum com- 

pressive stresses, and the nodal planes are then the planes of 
maximum shear stress, which are oriented at +45 ø to the 
maximum and minimum principal stresses and parallel to 
the intermediate principal stress. This interpretation is ap- 
propriate only if the constitutive relation for the deforming 
material requires the planes of maximum shear stress also 
to be the planes of maximum rate of shear. In the case of 
the Mohr-Coulomb brittle failure criterion, however, this 
requirement is not satisfied because the principal stresses are 
not at 45 ø to the planes of maximum rate of shear. 
Moreover, for anisotropic materials, such as those with a 
preferred orientation of preexisting fractures, the planes of 
maximum rate of shear need not be 45 ø from the maximum 

and minimum principal stresses. In these cases the stress 
interpretation of the P and T axes is clearly wrong. 

We assume that the slip directions calculated from the 
micropolar theory (equations (7) or (8); Figures 6a-6c, 7a- 
7c) are the directions of coseismic slip. We then calculate 

an earthquake, but which do not distinguish the real fault the orientations of seismic P and T axes from the micropo- 
plane from the auxiliary nodal plane. In some cases, the lar slip directions equation (8), using the geometry shown 
true fault plane can be identified from independent geologic in Figure 9. 
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cal relationship between the area of the fault (in m 2) and the 
earthquake magnitude 

logA = 1.02 M s+ 1.99 (76) 

Taking the log of equation (1), from which we drop the 
superscript (or) for convenience, substituting for log A from 
equation (76), and then substituting the result for log MO in 
equation (75) we find 

M s = (2.09 log I.t- 51.82)+ 2.09 log u (77) 

Thus the earthquake magnitude is proportional to roughly 
twice the log of the mean slip vector magnitude. 

The magnitude of the slip on a particular plane is not di- 
Fig. 9. Geometry of inferring seismic P and T axes from the rectly available from the equations we have derived because 
calculated micropolar slip directions. our derivations are not concerned with the orientation distri- 

bution of actual shear planes, their density in the deforming 

v - q v + q volume, or the recurrence interval for slip events on a given 
P -- T -- (74) shear plane, all of which influence the actual magnitude of 

Iv- q l Iv + q l slip that occurs on a fault. Nevertheless, it seems reason- 
able to assume that the planes on which the normalized mi- 

On an equal-area projection of a lower hemisphere we cropolar shear rate 00 is a maximum (Figures 6d-f, 7d-f) are 
plot the principal axes of these local tensors (P and T) for a likely to be the planes on which the largest amount of ac- 
large set of seismic events in a given volume. We refer to tual slip occurs during a distributed brittle deformation. 
such a plot as a superposition of the principal axes of the Given this assumption, the largest earthquakes then can be 
local symmetric seismic moment tensors. The superposi- expected to occur on planes having the largest normalized 
tion of the axes differs from the summation of the tensors, micropolar shear rate. 
which defines the global seismic moment tensor quantita- Figures 10 and 11 show contoured lower hemisphere 
tively. The sum of a set of symmetric tensors is necessar- equal-area projections of the predicted P and T axes for the 
ily a symmetric tensor, which has at least orthorhombic largest 60% of the normalized shear rate vectors in a nomi- 
symmetry (Appendix A). The symmetry of the pattern of nally uniform distribution of 600 shear plane orientations 
superposed P and T axes, however, need not have or- (cf. Figures 6d-6f and 7d-7f). We assume that these are 
thorhombic symmetry, and it can provide some additional likely to be seismically the most active shear plane orienta- 
information not available from the summation of the ten- tions, as discussed above. The corresponding diagrams in 
sors. 

The principal axes of a set of symmetric tensors can be Figures 10 and 11 are related by a 90 ø rotation about the •/1 
arranged, or superposed, in a pattern whose symmetry is axis in each diagram. In Figure 10, the • axis is vertical, 
lower than that of the individual tensors. The fabric of which we would expect to be characteristic of a region of 
deformed quartzites provides an example of this principle. the crust undergoing horizontal extension. In Figure 11 the 
The c axes of quartz grains become arranged in • axis is vertical which we would expect to be characteris- 
orthorhombic patterns as a result of coaxial deformation tic of a region of the crust undergoing strike-slip deforma- 
such as pure shearing, and in monoclinic patterns as a result tion. 
of noncoaxial deformation such as simple shearing [e.g., It is clear from these figures that if the slip line pattern 
$chmid and Casey, 1986]. These symmetries are lower and has orthorhombic symmetry (W = 0, Figures 6a-6c), the 
distinctly different from the symmetry of the individual pattern of P and T axes must have orthorhombic symmetry 
mineral grains themselves, which is trigonal. In the (Figures 10a-10c and 11a-11c), and the associated global 
following discussion, we show that the symmetry of the micropolar seismic moment tensor must be a symmetric 
pattern of superposed P and T axes reflects the symmetry of tensor, as we argued in section 4. If the slip line pattern 
the global micropolar seismic moment tensor. has monoclinic symmetry (W = -1, Figures 7a-7c), the pat- 

We assume that the planes on which the normalized tern of P and T axes must have monoclinic symmetry 
magnitude 00 of the micropolar slip rates is the largest are (Figures 10d-10f and 1 ld-1 If), and the associated global mi- 
likely to be the planes on which the largest magnitude cropolar seismic moment tensor must be an asymmetric 
earthquakes occur. This assumption is consistent with the tensor. Thus the lower symmetry of a monoclinic deforma- 
observation that the magnitude of an earthquake is correlated tion field having W ;• 0 is revealed by superposing the solu- 
with the magnitude of the slip that occurs on the fault tions for multiple local P and T axes. 
plane. Dziewonski and Woodhouse [1983] give an empiri- It is also evident, especially from Figure 10, that the 
cal relationship between the earthquake magnitude measured theory predicts different patterns for transtensional 
from shear waves Ms and the scalar seismic moment MO (constrictional), plane strain, and transpressional (flattening) 
[N-m] as deformations. For the first (D < 0.5; Figures 10a, 10d), T 

M s = 0.668 log M 0 - 17.86 (75) axes are concentrated in a tight maximum about •/1 whereas 
P axes spread into a great circle girdle. For the second (D = 

Kanamori and Anderson [1975, Fig. 5] give another empiri- 0.5; Figures 10b, 10e), both axes show a similar pattern of 
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Fig. 10. Kamb contours for P and T axes calculated for the largest 60% of the normalized slip rate vectors. 
The minimum principal deformation rate axis • is vertical. The plotted great circle indicates the orientation of 
the shear plane if the geometry of the deformation involves a component of simple shear. A 3f5 Kamb contour 
interval; lower hemisphere, equal-area projections. 
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Fig. 11. Kamb contours for P and T axes calculated for the largest 60% of the normalized slip rate vectors. 
The intermediate principal deformation rate axis • is vertical. The plotted great circle indicates the 
orientation of the shear plane if the geometry of the deformation involves a component of simple shear. A 30 
Kamb contour interval; lower hemisphere, equal-area projections. 
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a maximum somewhat elongate towards the • axis. For 
the third (D > 0.5; Figures 10c, 10f), T axes spread into a 
girdle and P axes are concentrated into a tight maximum 
about •. For W = 0, at least, the surfaces that separate the 
P axes from the T axes, which in general are neither planes 
nor cones, are the nodal surfaces of the symmetric global 
seismic moment tensor [Ekstr6m and England, 1989]. 
They are the surfaces of zero rate of stretch, which are com- 

the global micropolar seismic moment tensor, using in- 
verse theory on a set of observed P and T axis data. 

Fourth, observed patterns of P and T axes are not ex- 
pected to look exactly like the theoretical models, because 
the models assume a uniform distribution of shear plane 
orientations, and such a distribution is unlikely in nature. 

The actual P and T axes that define the contours in 

Figure 10e are plotted in Figure 12, with the different sym- 
parable to the surfaces of no finite longitudinal strain illus- bols indicating different intervals for the normalized magni- 
trated by Ramsay and Huber [1983, Figures 11.17 and tude of the slip rate associated with the particular solution. 
!1.18; see Ramsay, 1967, Figures 4-21 and 4-22]. Although the pattern is related to a velocity field that has 

We emphasize four major points: First, for W = 0 and monoclinic symmetry, the solutions for planes having the 
for deformations varying from D < 0.5 (transtensional or largest normalized slip rate (1 > )• > 0.8) define an almost 
constrictional) to D > 0.5 (transpressional or flattening), orthorhombic pattern that does not clearly identify the shear 
the predicted P and T axis patterns correctly reflect the or- plane (Figure 12). The monoclinic symmetry of the P and 
thorhombic symmetry and the variations in geometry ex- T axis pattern is best defined by those P and T solutions 
pected for the nodal surfaces (surfaces of no rate of stretch) for planes on which the normalized slip rate )• is between 
of the symmetric global seismic moment tensor. 0.4 and 0.8 (compare Figures 10e and 12). If the largest 

Second, if we superpose the principal axes (P and T) for magnitude earthquakes are most likely to occur on planes 
many local symmetric seismic moment tensors, the result- for which we calculate the largest normalized slip rates, this 
ing pattern provides information about the antisymmetric result suggests that excluding all but the largest earthquakes 
part of the global micropolar seismic moment tensor (the from an analysis of regional deformation, as is commonly 
second equation (12)), even though the antisymmetric parts done, may be ignoring important information about the 
of the local micropolar seismic moment tensors (the first monoclinic or lower symmetry of the deformation. 
equation (12)) are indeterminate. If the P and T axis pattern All of the solutions presented here are for the restricted 
is orthorhombic, then the antisymmetric part of the global kinematic model (equation (11)) for which the net vorticity 
micropolar moment tensor is zero, and W = 0. If the pat- vector ¾ is parallel to the intermediate principal axis of the 
tern is monoclinic, then the antisymmetric part of the deformation rate tensor •. For the more general model, the 
global micropolar seismic moment tensor is nonzero, and orientation of the net vorticity vector is not restricted, and if 
W ½ 0. In the latter case, if the deformation is associated it is not parallel to •, then the symmetry of the solution 
with a shear zone, then the symmetry of the P and T axis 
pattern identifies the orientation of the shear zone and the 
sense of shear. 

Third, this information about the antisymmetric part of 
the global micropolar seismic moment tensor is not avail- 

could be triclinic. 

7. CONCLUSIONS 

able from the summation of the local symmetric seismic If distributed brittle deformation of the Earth's crust is 
moment tensors. It should be possible to constrain the ori- accommodated by shearing on the boundaries of effectively 
entations and relative magnitudes of the deformation rate rigid crustal blocks, then such shear planes do not behave as 
tensor and the net vorticity, and hence the components of material planes in a continuum. Micropolar theory intro- duces additional degrees of kinematic freedom over those 

W = -1 P Axes T Axes 

D = 0.5 =o• ß 1.0 > L > 0.8 ß Equal Area .0.8 > L >_ 0.6 [] 

\ 5, o 

• o • o 
o OOo o • 

Fig. 12. P •d T axes for Figure 10e (W =-1, D = 0.5), wi• 
different sym•ls showing •e relative normalized magnitudes 
of the associated slip rate vectors. Note •at •e solutions for 
•e l•gest magnitude slip rate vectors (1 • • > 0.8) essentially 
define symmetric point maxima that do not indicate the 
asymmetry of •e deformation. Lower hemisphere, equal-•ea 
projection. 

available in the classical continuum theory in order to de- 
scribe the effects of a shear plane motion that is different 
from the motion of material planes in a classical contin- 
uum. 

The theory shows that the net vorticity, measured by the 
net vorticity parameter W, is a new variable that is a neces- 
sary part of the continuum description of distributed brittle 
deformation with rigid block rotations. It is the difference 
between the microspin and the macrospin and is therefore an 
objective variable that describes an intrinsic characteristic of 
the deformation. That characteristic can be recorded in fault 
slickenline data and in seismic focal mechanism data. 

The theory shows that if W ;• 0, the instantaneous slip 
vectors on shear planes in a distributed brittle deformation 
fit a monoclinic pattern rather than the orthorhombic pat- 
tern required by classical theory. It also shows that nonzero 
values of W imply a nonzero antisymmetric part of the 
global micropolar seismic moment tensor. This result re- 
solves an earlier contradiction between determinations of an 

antisymmetric part of the global seismic moment tensor 
from seismic data by Molnar and Deng [1984], and the in- 
ference by Jackson and McKenzie [1988] that the antisym- 
metric part of the global seismic moment tensor describes a 
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nonobjective rigid rotation that cannot be recorded in seis- 
mic data. 

If we plot the orientations of the seismic P and T axes 
on an lower hemisphere projection for a large number of 
seismic events on diversely oriented planes, the theory pre- 
dicts that the pattern reflects the differences between trans- 

Jl km -- • ki •mj '7l ij 
(A5) 

• ki -- Tkr Sri 

We now use Greek subscripts to indicate specific values 
tensional (constrictional) and transpressional (flattening) of the subscripts, with the understanding that there is no 
deformations, and that the underlying symmetry of the summation implied over repeated Greek subscripts, and that 
pattern must reflect the symmetry or asymmetry of the different Greek letters imply different values of the sub- 
global micropolar moment tensor. These conclusions are scripts. In principal coordinates, for the off-diagonal com- 
based in part on symmetry arguments that relate the global 
micropolar seismic moment tensor to the calculated pattern ponents •o•l• ' 
of slip directions on multiple shear planes. Such symmetry /Io[l• = 0 (A6) 
arguments do not provide a specific derivation of the micro- 
polar seismic moment tensor from micropolar theory. Any diagonal component is expressed from equation (A5) 
They are more general in nature, but the conclusions are by 
firmly based in our understanding of the deep significance of 

symmetry in the physical world, as reflected in Neumann's /laa = '•aa •aa Jiaa 
symmetry principle. 

Finally, the theory also suggests that ignoring all but + •al• •a[t Jtl•l• + •a? •a? Jt7'/ (A7) the largest magnitude earthquakes in an analysis of dis- 

tributed brittle deformation of the Earth's crust may be ig- The only way this equation can be true is if 
noting the part of the data that would reflect the lower 

symmetry of a monoclinic deformation field. '•aa = +1 '•al• = 0 (A8) 

APPENDIX A. PROOF THAT A NECESSARY AND SUFFICIENT 
CONDITION FOR A SECOND RANK TENSOR QUANTITY TO HAVE 

ORTHORHOMBIC SYMMETRY IS THAT IT BE A SYMMETRIC 
TENSOR 

Assume a second rank tensor A• is symmetric 

Akm = Amk (A1) 

We assume the components are invariant under a set of 
orthogonal transformations Sij and proceed to demonstrate 
that this set is the set of orthorhombic symmetry 
operations whose axes of symmetry are the principal axes 
of Akm. With respect to the principal symmetry axes, the 

set of orthorhombic symmetry transformations • k m are 

1 O0 -1 O0 
•(0) •(•) 
økrn = 0 1 01 krn = 0 1 01 00 0 0 

(A2) 

1 0 0 10 0 

•(2) •(3) ?• km= 0-1 km= 01 
O0 O0 

or products of these transformations, where the first is the 
identity transformation. 

Assume 

Akm = Ski Srnj Aij (A3) 
Let Tkm be the orthogonal transformation that transforms 
Akin into its principal coordinates (which we designate with 
a breve accent). Thus 

'• km -- Tkr Tms Ar s (A4) 

which are exactly the conditions satisfied by the set of or- 
thorhombic symmetry operations defined in (A2). 

Conversely, if (A3) is true, where the symmetry trans- 
formations are defined by (A2), then 

Aaa = '•ai •aj A/j = '•aa •aa Aaa (A9) 

Aa[I = '•ai •[Ij Aij = •aa •[111Aa[I (A10) 

where these expressions result from the form of •km given 
in (A2). For (A10), however, we can always find some 

form of • krn in equation (A2) that would give 

Aa[I = -Aa[I (All) 
so that we must conclude 

Aal• = 0 (A12) 

Thus Akm must be a diagonal matrix, which means that in 
general the off-diagonal components are symmetric. 

Thus we have proved that a necessary and sufficient 
condition for a second-rank tensor quantity to have 
orthorhombic symmetry is that it be a symmetric tensor. 

APPENDIX B. PROOF THAT MICROPOLAR SHEAR RATE 
VECTOR PATTERNS ARE ORTHORHOMBIC FOR W -- 0 AND 

MONOCLINIC FOR W • 0 

Starting from equation (7), we assume that there exists a 
set of symmetry transformations Skin for which 

'• k = S krn V rn when ilk = S krn TIrn (B 1) 

Using (A4) to express (A3) in principal coordinates, we 
have 

where for convenience we have dropped the diacritical as- 
terix. We demonstrate that the set of permissible transfor- 
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mations is the set of orthorhombic symmetry operations if 
W = 0, and the set of monoclinic symmetry operations if 
W•0. 

First rewriting equation (7) in a different form for con- 
venience, and then assuming (B 1) is true to justify writing 
a similar expression for the primed variables, we have 

V i = ( dkj qk 11p qr œmjr œmip + 0.5 œikj Wj qk) (B2) 

• i = { d kj •i k •i p •i r œ mj r œ m i p + 0.5 œ i kj xl! j •i k } (B3) 

œmjr œmip = (•ji arp - •jp ari) Tip qp = 1 (B4) 
Substituting (B 1) for the primed symbols in (B3) gives 

V i = dkj qq 11u 11v Skq Spu Srv Sxi œmjr œmxp 

+ 0.5 œxkj •j TIq S kq Sxi} (B5) 
where we used the relations for orthogonal transformations 

Sxm Sxi = •mi (B6) 

to put all the orthogonal transformations on the right side 
of the equation, and we relabeled some subscripts to give 
the same free index as in equation (B2). 

There are six free subscripts in this expression: k, j, i, 

u, v, and q. For the nonzero components of dkj in equation 
(B7), we take k = j = •x, where Greek subscripts can take on 
the values 1, 2, or 3, but different Greek subscripts imply 
different specific values and there is no summation over 
repeated Greek subscripts. There are two sets of subscript 
combinations that give specific constraints on •km. The 
first set includes 

(k, j, i, u, v, q) : (or, or, ]3, % [3, y) (B10) 

Each set of values leads to the same equation 

•:{z[l = 0 (Bll) 

Thus all off-diagonal components of •ot[3 must be zero to 
satisfy equation (B 11). 

The second set of subscripts consists of 

(k, j, i, u, v, q) = (B 12) 

Now the shear directions on the left of equations (B2) 
and (B5) must be the same, by equation (B 1). So equating Both lead to the same equation 
the two, rearranging, and expressing the result in the 
principal coordinates of dkm, which we indicate by a 
superposed circumflex, gives 

•tkj •q •)u flv œmjr œmxp (•kq •pu •rv •xi 

- •kq •pu •rv •xi ) + 0.5 œxkj •tj qq (•kq •xi 

- •kq•xi ) = 0 (BY) 
In principal coordinates, the only nonzero components of 

•//cjare for k = j. For the restricted kinematic model 
(equation (11)) the only nonzero component of •j is forj = 
2. This equation cannot be taken as imposing restrictions 
on •//cj or •j because they are independent variables, or on 
q/o which is arbitrary. Thus for the equations to hold the 
coefficients in parentheses for each of these variables must 
be zero. These conditions then define a set of symmetry 
transformations that are always characteristic of the solu- 
tions. 

In the case that W = 0, all components of •tj are zero 
(equation (11)), and equation (B7) is satisfied if 

œmjr œmxp (•Skq •Spu •Srv •Sxi 

- •kq •.u •rv •xi) = 0 (B8) 
Expanding this relation using the first equation (B4) and 
reawanging gives 

•kq (•ju •vi- •ji •vu) - •kq (•ju •vi- •ji •vu) 

which implies •czot - + 1 (B13) 

= $kq œyjv œyui (B9) 

Equations 0311) and the second (B 13) define the characteris- 
tics of orthorhombic symmetry operations, as given in 
equation (A2). Thus we have proved that if W = 0, the so- 
lutions for the micropolar slip directions have orthorhombic 
symmetry. 

If W ;• 0, then those transformations •km that satisfy 
equation (B7) are those that simultaneously satisfy (B8) and 

œjxk ($kq $xi- •kq •xi) = 0 (B14) 
Expanding this expression, setting j = or, and writing out 
the implied summation gives 

œot[Iy •[li •yq + œoty[l •yi •[3q = œotiq (B 15) 
Of the choices for the subscripts (i, q), one set leads simply 
to an identity. A second set 

(i, q) = (B 16) 
(13, a) 

leads to the equation 

which is satisfied by equation (B 11). The third set, for 
which (j, i, q) are all different, must be evaluated for 
specific values of the subscripts. Because the only nonzero 
component of •j for the restricted kinematic model 
(equation (11)) is for j = 2, we take 

(j,i,q) = (2,1,3) or (2, 3,1) (B18) 
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Expanding the summations over k and x in equation (B 14) 
and using equation (B2) then results in the same equation 
for both cases 

'•11 •33 - 1 (B19) 

Equations (B 11), the second (B13), and (B19) define the 

set of orthogonal transformations that includes ø:rn and 
/cm from (A2) as well as 

-1 0 0 -1 0 0 

km 0 1 _01 '•(6) - _01 = km 0 -1 (B20) 
0 0 0 0 

These transformations are related by 

,•(5) _ •,(k•)•!6) (B21) 

Thus the only transformations that satisfy equation (B7) for 
W • 0 are $ (0) km which is the identity transformation, •,(2) , Okm, 

which represents a mirror plane of symmetry normal to the 

¬2 axis, •(6) kin, which represents a center of symmetry, and 
products of these transformations. This set of transforma- 
tions defines monoclinic symmetry. 

Thus the solutions for the micropolar slip vector often- 
tations are orthorhombic if W = 0 and monoclinic if W ,e 0. 
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