
A fundamental problem with the kinematic interpretation of
geological structures

Dazhi Jiang*, Paul F. Williams

Department of Geology, University of New Brunswick, Fredericton, NB, Canada E3B 5A3

Received 15 January 1998; accepted 12 March 1999

Abstract

Non-steady ¯ows are ubiquitous in nature. Not only do imposed boundary conditions vary with time and rock rheology

change during the course of deformation but also deformation is generally heterogeneous and all of these conditions lead to
non-steady ¯ow histories.
In modern kinematic analysis, ¯ow apophyses, the instantaneous stretching axes and the vorticity vector, collectively referred

to as the `eigen directions' of deformation, are used in place of Bruno Sander's kinematic axes. For deformation with a steady
¯ow history, this practice is well justi®ed and has led to great advances in structural geology. But for non-steady ¯ow histories,
the geometrical relationships among eigen directions (¯ow pattern) vary with time. This makes it inappropriate to correlate an

association of structures and fabrics with certain `time-invariant' ¯ow patterns and hence raises the question: How should we
interpret geological structures and fabrics kinematically, without the assumption of homogeneous and steady deformation? We
suggest that the answer lies primarily in forward-modeling of deformation, based on a knowledge of rock properties. # 1999

Elsevier Science Ltd. All rights reserved.

1. Introduction

The kinematic information about an area is critical
in deciphering large scale tectonic processes and move-
ments. Since the work of Bruno Sander (e.g. Sander,
1930, 1948, 1950) reconstruction of the kinematic his-
tory of structures has usually been based on the geo-
metry and fabric of the structures themselves. The two
most important concepts in Sander's theory and meth-
odology that remain relevant today are the concepts of
the movement picture and the symmetry principle
(Sander, 1930, 1948, 1950; Paterson and Weiss, 1961;
Turner and Weiss, 1963; Lister and Williams, 1979).
The concept of movement picture is now best
described by the geometry of the ¯ow (`¯ow pattern'
of Passchier and Trouw, 1996). In place of Sander's
kinematic axes, structural geologists now use rigor-

ously de®ned terms, such as ¯ow apophyses (Ramberg,
1975), the instantaneous stretching axes (ISA) and the
vorticity vector, collectively referred to as the `¯ow
eigen directions'. The description of a ¯ow is depen-
dent on the reference frame used. Astarita (1979) and
Means et al. (1980) independently show that objective
mathematical description of a homogeneous ¯ow is
possible by using a reference frame that is ®xed with
respect to the ISA.

Flow of rocks leads to strain accumulation. The
strain can be in®nitesimal, but mostly we are con-
cerned with ®nite strain. A strain state is described by
the strain ellipsoid with three principal strain axes. The
geometry of natural structures and fabrics is com-
monly interpreted using the ¯ow eigen directions and
the principal ®nite strain axes (e.g. Ramsay, 1967;
Ramsay and Graham, 1970; Ramberg, 1975;
Bobyarchik, 1986; Passchier, 1990, 1997; Simpson and
De Paor, 1993; Means, 1994; Passchier and Trouw,
1996; Jiang and Williams, 1998, in press; Lin et al.,
1998). For example foliations have been considered to
be coincident with the ®nite strain axes (e.g. Ramsay,
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1967; Ramsay and Huber, 1983; see Hobbs et al.,
1976, 1982; Williams, 1976; Williams et al., 1977;
Lister and Snoke, 1984; for discussion).
Crystallographic fabrics, shear band cleavages and var-
ious kinematic indicators in shear zones have been re-
lated to the ¯ow apophyses, the vorticity vector and
the ISA (e.g. Ghosh and Ramberg, 1976; Lister and
Hobbs, 1980; Bobyarchik, 1986; Passchier and
Simpson, 1986; Passchier, 1987, 1990; Hanmer and
Passchier, 1991; Simpson and De Paor, 1993; Passchier
and Trouw, 1996). As pointed out, for ®nite defor-
mation, by Williams et al. (1977) and Hobbs et al.
(1982), and for instantaneous deformation by Lister
(1982), all the above axes are spatial orientations, not
generally attached to material lines. Once the defor-
mation history is non-steady, the ¯ow pattern (the geo-
metrical relationships among the ¯ow apophyses, the
ISA and the vorticity vector) varies with time.

2. The ubiquity of non-steady deformation

A ¯ow can be described in an external reference
frame by its velocity gradient tensor L, which, follow-
ing Cauchy±Stokes decomposition (Truesdell and
Toupin, 1960, p. 362) and the decomposition of
Astarita (1979) and Means et al. (1980), can be decom-
posed as follows (see Jiang, 1999 for details):

L � D�W� OOO � ÅL � OOO, �1�
where D is the stretching tensor, W is the internal vor-
ticityÐthe vorticity measured with respect to the ISA,
the principal directions of D, OO is the spin tensorÐthe
vorticity appropriate for the spin of the instantaneous
stretching axes in the external reference frame used to
describe the ¯ow (Means et al., 1980), and ÅL
(� D�W) is the velocity gradient tensor of the ¯ow
described in the ISA frame.

In the context of structural geology, when we speak
of steady ¯ow or steady deformation history, what is
meant is that the kinematics of the ¯ow at a given
material particle is not varying with time. This is a
reference-frame-independent quality of the ¯ow. A
de®nition of steady ¯ow can be made mathematically
as follows (Jiang, 1999): a ¯ow is steady in the vicinity
of a material particle if ÅL does not vary with time (t )
in that vicinity:

D ÅL

Dt
� 0: �2�

Most natural deformations are non-steady. There
have been many papers emphasizing the signi®cance of
heterogeneous and non-steady deformation including
Lister and Williams (1983), Twiss et al. (1993), Jiang
(1994a,b) and Jiang and White (1995). The ubiquity of

natural non-steady deformation is widely acknowl-
edged in discussion amongst structural geologists.
However, deformation is generally treated as homo-
geneous and steady because the mathematical descrip-
tion becomes too complex otherwise. The principal
reasons for believing that deformation is generally
non-steady can be summarized as follows:

1. Imposed boundary conditions are generally variable:
Both the rate and direction of plate motion vary
with time and the geometrical con®guration of the
volume of rock that accommodates the motion is
constantly varying. As a result, the immediate
boundary conditions of the deformation that causes
structures to develop, varies with time. Variability
in the imposed boundary condition necessarily
means that the deformation of the volume of rock
bounded by the boundary is non-steady.

2. The rheological properties of rocks generally change
during deformation: During the course of defor-
mation, both physical and chemical changes are
likely to take place. The composition, microstruc-
ture, anisotropy and deformational conditions of
the rock evolve with time. This progressively alters
the rheology and hence the response to tectonic
forces, thus deformation is likely to be non-steady.

3. Heterogeneous deformation is generally non-steady:
If the heterogeneous deformation is divisible into
domains of homogeneous deformation, then this is
similar to situation 1 because the boundary con-
dition of each domain of homogeneous deformation
varies because of heterogeneity. If the heterogeneity
is mathematically more smooth, the deformation is
still generally non-steady (Jiang, 1994a). This point
is clearly demonstrated by the following equation:

D ÅL

Dt
� @ ÅL

@t
� Åv �

�
@ ÅL

@x

�T

, �3�

where Åv is the velocity with the spin-related com-
ponent removed, and x is spatial location.

For a homogeneous ¯ow (@ ÅL=@x � 0), it is steady
(D ÅL=Dt � 0) if the ¯ow ®eld is constant (@ ÅL=@ t � 0).
A general heterogeneous ¯ow (@ ÅL=@x 6� 0) is non-
steady even if @ ÅL=@ t � 0. A Ramsay and Graham
(1970) shear zone is an exception where the ¯ow can
be heterogeneous in the direction perpendicular to the
shear zone boundary but the ¯ow is still steady so
long as @ ÅL=@ t � 0. This is because for the special vel-
ocity ®eld of simple shear, Ånnn � �@ ÅL=@x�T � 0. There are
other exceptions, however, in view of the general appli-
cability of conditions 1±3, listed above, and we believe
that steady deformation must be an exception rather
than the norm (e.g. Lister and Williams, 1983; Jiang,
1994a,b; Jiang and White, 1995).
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3. The consequences of non-steady deformation

Where the deformation is steady, as is often
assumed in the literature, the eigen directions have
®xed orientations with respect to the ISA. It is then
possible to consider the development of structures or
fabrics in terms of the ¯ow eigen directions. For
example, one can say that materially de®ned fabric
elements such as mica ¯akes may rotate during
deformation towards the extensional ¯ow apophysis
and give rise to a schistosity. But what if we consider
more realistic cases in nature where the deformation is
generally non-steady?

Flow apophyses, the instantaneous stretching axes
and the vorticity vector still exist for non-steady ¯ow
histories, but their geometrical relationships (¯ow pat-
tern) vary with time. For layered rocks with compe-
tence contrast undergoing plane-strain deformation,
the spin of the eigen directions is much faster and/or is
opposite in sense to the spin of material lines (®g. 7 of
Jiang, 1994b). The eigen directions therefore coincide
with di�erent material lines as deformation progresses.
Thus one arrives at an erroneous conclusion in
attempting to reconstruct the ¯ow history, if a con-
stant ¯ow pattern is assumed, when it is in fact non-
steady. It follows then that we cannot generally inter-
pret structures in terms of unique ¯ow patterns. This
in turn means that structures cannot be used to
uniquely interpret regional tectonic movements, such
as the emplacement direction of an allochthon.

Taking the example of the allochthon a little further,
assume a ductile thrust in which a horizontal mylonite
zone deforms by simple shear. The shear plane is hori-
zontal and assumed constant in orientation. The ¯ow
in the zone however, is non-steady because during
emplacement of the nappe we assume that the direc-
tion of shear changes progressively from top-to-the-
north to top-to-the-west. A stretching lineation that
tracked the principal ®nite stretch direction would in-
itially trend north and would gradually change direc-
tion towards the west. Depending on details of the
history, it might ®nally trend, say, northwest. If a
steady-¯ow history was assumed, normal analysis
would determine that the thrust was towards the
northwest and would be wrong. If the lineation was a
steady-state shape fabric, the ®nal trend might be west,
which would give an equally wrong interpretation of
the history.

4. The future of kinematic studies

In view of our conclusions we have to ask the ques-
tion: is there any future in studying kinematics? It is of
course an interesting study in itself, but the question
that we wish to address is whether it has any useful

application in geology or not. In a somewhat negative

way we believe that it does! It seems to us that in
interpreting the history of an area it is better to be

cognizant of all the possibilities even if the corollary is
an inability to give a unique answer. In other words it

is better to say we cannot determine the history, but

the following interpretation or interpretations are
reasonable, rather than assert incorrectly that a given

history is the correct one. We can usefully build hy-

potheses on uncertainties but not on incorrect `de®ni-
tive' conclusions. For example, in the interpretation of

an area, it is better to realize that the movement on a

major shear zone cannot be determined from the
observed structure alone, rather than have the regional

interpretation constrained by an incorrect conclusion

concerning the movement on the shear zone.

Better understanding has increased the possibilities

for interpretation. At one time it was generally
believed that stretching lineations in shear zones de®ni-

tively indicated the direction of shear. We now have a

better understanding and believe that the lineation can
lie anywhere between parallel and perpendicular to the

shear direction (Sanderson and Marchini, 1984; Fossen

and Tiko�, 1993; Robin and Cruden, 1994; Jiang and
Williams, 1998; Lin et al., 1998). Thus, for example,

when faced with a situation where there is a major

mismatch in markers (indicating that the displacement
is large) across a shear zone, and a vertical stretching

lineation, but no change in metamorphic grade from

one side to the other, we are able to interpret the shear
zone as transcurrent, despite the vertical lineation.

Similarly when it was realized that axial plane foli-
ations generally developed in non-coaxial ¯ow and

therefore did not generally track a principal plane of

strain, it became possible to explain the observed shear
parallel to the foliation (Williams, 1976). Prior to that,

ad hoc explanations were necessary that enabled in-

terpretation of the shear as only apparent, despite
cogent evidence to the contrary in some examples.

Kinematic indicators are used extensively by non-
specialists without a clear understanding of their limi-

tations. It is critical to realize that sense of shear, sense

of vorticity and sense of non coaxiality are di�erent
concepts of instantaneous ¯ow (Jiang, 1999). In

addition it is also critical to distinguish them from

their ®nite counterparts such as sense of displacement
and sense of rotation (Jiang, 1996). Strictly speaking

snowball garnets and rotated porphyroblasts indicate

sense of vorticity which can be di�erent to the sense of
shear of the shear zone.

The problem is not restricted to shear zones. Any
deformation that can occur in a shear zone can, at

least theoretically, occur outside of a shear zone. This

general situation is even harder to analyze since one
advantage of studying shear zones is that we generally
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have a better idea of boundary conditions than in the
more general situation.

In our opinion the most fruitful approach to study-
ing kinematics is likely to be forward-modeling based
on a sound understanding of the mechanical behavior
of rocks and the theory of ¯ow. Such an approach will
enable us to understand how various structures can
develop. However, because of the complexity of natu-
ral deformation we do not expect to be able to reverse
the process in general to arrive at unique solutions
from observation of natural structures. The best we
can hope for is to place constraints on kinematic
interpretations which can then be weighed in light of
other evidence. Thus the down side is that it becomes
even more di�cult to ®nd unique interpretations for
our observations. However, looking at it more posi-
tively, the recognition of complex kinematics opens up
additional possibilities for interpreting complex geome-
try and increases our chances of arriving at correct,
albeit scant, conclusions.

If we can accurately model the mechanisms available
in a deforming rock in the way, for example, that has
been attempted for deforming quartzite (e.g. Lister
and Hobbs, 1980; Wenk et al., 1989) then for a given
set of conditions we may be able to model the develop-
ment of the resulting structure and fabric. This
approach has been quite successful for quartz fabrics
in monomineralic quartzites so that in ideal cases we
believe that we now have a reasonable basis for inter-
preting natural fabrics (for a cautionary note however,
see Wenk and Christie, 1991). This type of forward-
modeling leads to a whole series of new avenues for us
to explore and would seem to be the most promising
approach to understanding the structures produced by
non-steady ¯ow.

In summary since ¯ow pattern varies for non-steady
histories, we should not assume constant eigen direc-
tions and interpret structures in terms of them. Instead
we should investigate the stretching and rotation his-
tory of di�erent material lines or other fabric elements.
To do so requires knowledge of the deformation
paths, which at this stage cannot be determined retro-
actively but can be explored by forward-modeling of
various geological deformation conditions. For a given
deformation path, the development of structures and
fabrics can then be analyzed in terms of the rotation
and stretching history of material lines in the ¯ow ®eld
(Elliott, 1972; McKenzie, 1979; Jiang and Williams, in
press). Considering the allochthon example, although
we cannot determine the kinematic history from the
observed structures due to non-steadiness (see above),
if we know the history of relevant plate movement we
can forward-model the kinematic history. This can
then be used to model the development of the resultant
fabric and compared with the observed fabric. A good
correlation would suggest that the model represents a

sound interpretation and that the assumed plate move-
ments were correct. However, consistency is still not
proof that the interpretation is correct since there may
be other kinematic histories that could produce the
same end result. Nevertheless we believe the forward-
modeling approach comprises a large and potentially
fruitful area of research and one that needs further
exploration if we are to contribute signi®cantly, as
structural geologists, to the study of tectonics.
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