


















































A.

Figure 15.16 Geometry of finite and incremenzal strainellipses
fora deformation in which the incremental sirain is superposed
on a preexisring homogeneous strain. For generality, we have
chosen an orientarion of rhe finite strain ellipse thar can be
formed only from an unsready deformation, chacacrerized by
an incremental strain ellipse whose principal axes change ori-
entation during rhe deformarion. A. The strain ellipse, showing
lines of no finite exrension thar define sectors in which radial
material lines have been lengthened (L) or shorrened (S} by
the deformarion. The unir circle is shown dashed. B. The
incremental strain ellipse, showing lines of no rate of extension
thar divide rhe ellipse into sectors in which radial material
lines are being lengthened (1) (positive rate of change of
stretch} and sectors in which radial marerial lines are being
shorrened (S) (negacive rate of change of stretch). C. The
combination of the rwo sets of sectors from parts A and B on
the strain ellipse defines sectors in which radial material lines

because material lines in general rotate during a defor-
mation, they ¢an pass [rom ene sector into another.
Thus the finite strain ellipse can be divided into sectors
in each of which the material lines have a different
history of stretching (Figure 15.16C). The different pos-
sible histories are illustrated in Figure 15.17, where
shortening of material lines is represented as folding or
imbrication, and lengthening of material lines is rep-
resented as boudinage. In sectors labeled SS, lines are
shorter than the original length and have a history of
continuous shortening (Figure 15.17A). In sectors la-
beled LS, lines are longer than the original length in-
dicating an initial history of lengthening, but they are
now shortening (Figure 15.17B); with continued defor-
mation they may end up shorter than their initial length
and therefore positioned in the S$ sector (see Figure
15.17E). In sectors LL, lines are longer and have a history
of continuous lengthening (Figure 15.17C); and in sec-
tors SL, lines are shorter, indicating an initial history
of shortening, but they are now lengthening (Figure
15.17D). With continued deformation they may end up
longer than their initial length and therefore in the {LL)
sector. Thus (SS) sectors may be subdivided according
to whether or not the lines had an inicial history of
lengthening (compare Figure 15.17A, B). Similarly, (LL)
sectors may be subdivided according to whether or not

have differenc combinarions of stretch and rare of stretch.
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Figure 15.17 The histories of progressive deformartion for competenr layers
oriented within the different secrors shown in Figure 15.36C. The undeformed,
intermediare, and final states are points along the deformation path. A. Sectors
S$: shorter and being shortened. The layer is coatinuously folded. B. Sectors
LS: longer and being shortened. The layer was initially boudined and sub-
sequently shortened, which caused folding and imbrication of the boudins.
The “final” overall length is greater than the initial length, bur continued
shortening could make ir less, thereby transferring the line into the S sector.
C. Sectors LL: longer and being lengthened. The layer is continuously bou-
dinaged. D. Sectors SL: shorter and being lengthened. The layer is inirially
folded and subsequently boudinaged. The “final”” overall lengch is smaller
than the original length, but continued lengthening could make it longer,
thegeby transferring the line into the LL sector. E. Boudins rhat have been
shortened after formation, illustrating the deformational history in parr B. E.

C. Sector LL
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the lines had an initial history of shortening {compare
Figures 15.17C, D: see lighter grey portions of LL secrors
in Figure 15.18A, B).

Thus, depending on the orientation of the material
line with respect to the strain axes, the same deformation
can produce folds, boudinage, boudinaged falds, or
folded and imbricated boudins. The distribution of such
sectors for progressive pure shear and for progressive
simple shear is shown in Figure 15.184, B, respectively.
The main difference in the distribution of sectors abour
the principal axes of strain is the absence of an (SL)
sector for progressive simple shear subparallel to the
shear plane. Thus the sectors of the strain ellipse for
progressive pure shear have an overall orthorhombic
symmetry, whereas the sectors for progressive simple
shear have an overall monoclinic symmetry. When these
aspects of the deformation are taken into account, an
arbitrary deformation cannot be reproduced by the se-
quence of operations indicated in Figure 15.12 because,
for example, the rotation of the sectors with the strain
ellipse produced by progressive pure shear (Figure
15.18A) does not reproduce the sectors in the strain
ellipse formed by progressive simple shear (Figure
15.18B), even though the strain ellipses themselves are
the same shape.

In principle, then, it should be possible to distin-
guish some features of the scrain hisrory, such as coaxial
and noncoaxial progressive deformations, by examining
the relationship between the deformational structures
in the rock and theit orientations. For example, if veins
are intruded into a rock in a variety of orientations,

subsequent deformation could cause veins to form folds
and/or boudins depending on their orientation relative
to the principal stretches. The observed distribution of
these structures defines the sectors of the finire strain
ellipse (Figure 15.18C). In pracrice, however, the sector
patterns are difficule to establish. The discribution of
orientarions of deformed layers is usually not ideal (Fig-
ure 15.18D), and layers can shorten and thicken without
folding or can lengthen and thin without boudinage.
Despite its limited practical application, this analysis
demonstrates the important fact that no single type of
structure is uniquely indicative of a particular geomertry
of deformation.

The Representation of Strain States
and Strain Histories

It is often useful to compare various states of strain in
order to show, for example, how they are related to
one another in heterogeneously deformed rocks ot to
illustrate the sequence of strain states rhat represents a
particular progressive deformation. Such a comparison
is easily made by plocting the information on a Flinn
diagram, on which the ordinate and abcissa are the
ratios @ and b of the principal stretches, defined by

b= (15.21)
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Figure 15.18 Distribution of sectors of stretch and stretching.
Marerial lines in the lighter grey parts of the LL sectors have
an initial history of shortening followed by lengthening (see
bottom of Figure 15.17D}. A. Progressive pure shear. B. Pro-
gressive simple shear. This case differs from progressive pure
shear mainly in the lack of symmetry of the (S1) secrors about
the principal axes of strain. C. Structures developed in com-
petent layers in an incompetenr matrix consistent with the
sectors for progressive simple shear. D, Folding of a layer (left)
and simultaneous boudinage of a perpendicular layer (hori-
zontal above pencil) during deformarion of a marble.
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The study of geologic strains rarely includes the
volumetric strain, because it is very uncommon to know
the original size of a srrained object such as a fossil,
even though its original shape may be known. Thus we
can frequently determine the relative lengths of the prin-
cipal axes of the strain ellipsoid but not rhe absolute
lengths. Because the Flinn diagram is a plot of the ratios
of the principal stretches, it can be used to show the
shape of a strain ellipsoid, but not the size.

The origin of the coordinate axes for the Flinn
diagram is generally taken to be (1, 1} because 2 and &
cannot be less than 1, as can be scen from the second
Equation {15.14) and Equation (15.21). Any strain el-
lipsoid plots at a parricular point on the Flinn diagram,
and the slope & of the line from the origin (1, 1) to that
poinr is ’

k:a -1 - 3133—3233
b—1" () =55

(15.22)

The value of k provides a useful way of classifying che
types of constant-volume ellipsoids (Figure 15.19).
Three lines, for £ =0, £ =1, and & = co, divide the
graph into two fields, with ellipsoids of different char-
acteristics plotting along each line and within each field.
The field of flattening strain comprises the region for
which 0 < & << 1. The line & = 0 characterizes oblate
uniaxial ellipsoids (pancake-shaped; $; =5, > 1 > §3),
and the range 0 < k < 1 characterizes oblate triaxial
ellipsoids (§1 > §; > &3). Theline & = 1 characterizes all
plane strain ellipsoids (51 > §, = 1 > 53). The field of
constrictional strain includes the values 1 < & < @. The
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Figure 15.19 Flinn diagram showing rthe three lines (k = 0,
k=1, and k=c0) and the two fields {0 <k <1 and
1<k < o} of finite strain ellipsoids for consrant-volume
deformarion.

range 1 < k& < o0 describes prolate ttiaxial ellipsoids
{81 > 1 > 5, > 53), and the line & = oo describes prolate
uniaxial ellipsoids (cigar-shaped,$; > 1 > §; = §3). The
values of the srrerches given here apply only to constant-
volume strains (Equartions 15.18}.

The Flinn diagram lends irself well to the repte-
sentation of strain parhs, which define the sequence of
strain states through which a body passes in a pro-
gressive deformation. Steady motions produce strain
paths that plot as straight lines. In geologic deformation,
however, steady motions over long periods of time are
probably the exception, and curved paths, which may
even cross from the constrictional field into the flartening
field, or vice versa, are probably common. The diagram
makes no distinction, however, between coaxial and
noncoaxial progressive deformations. Progressive pure
shear and progressive simple shear, for example, are
both constant-volume progressive plane deformations
that plor along the line k = 1. This fact shows that the
rotational component of any deformation, which dis-
tinguishes pure shear from simple shear, for example,
is not tepresented on a Flinn diagram.

Volumetric deformation is easy to represent on the
Flinn diagram. Because plane strain geometry (s, = 1}
must always separate the field of constriction (§ < 1)
from the field of flattening (§; > 1), the location of this
boundary separates constrictive from flatrening strains
even when the volume is not constant. In order o de-
termine the equation for the line of plane strain when
the volume is not constant, we take 5; = 1 in Equation
{15.21), which gives

(15.23)

We can then express the equation for velumetric stretch
in plane strain {the first Equation 15.17) in terms of a
and & by using Equation (15.23).

s, =alb ar a=s,b (15.24)

The second Equation {15.24) is the equation for the
plane strain line on the Flinn diagram in terms of the
volumetric stretch. Taking the natural logarithm of both
sides gives an alternative form:

lna=1Ins,+1Inb (15.25)

The base-10 logarithm could also be used. The second
Equation (15.24) shows that the volumetric stretch s,
determines the slope of the line through the point {«,
&) = (0,0) on the Flinn diagram that separates consrric-
tional strain from flattening strain. Note that in general,
these lines do not pass through the origin of the Flinn
diagram (&, &) = (1, 1). Only when the volume is con-
stant (s, = 1) is the slope of the plane strain line equal
to 1, in which case £ =1 also, and the line passes
through the origin of the Flinn diagram (4, ) = {1, 1}.
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Plane strain lines for
indicated voiumetric stretch
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Figure 15.20 Logarithmic Flinn diagram showing rhe plane
strain boundary lines (Equartion 15.25} between the helds of
ﬂatre_zning and constricrional srrain for various amounts of
volumerric strerch s, (Equation 15.16).

The logarithmic Flinn diagram, on which the axes are
In 2 and In b, is more conveuient for showing the effects
of volumetric deformation (Figure 15.20). Equation
(15.25) shows that on this form of the diagram, the
plane strain line maintains a constant slope of 1, and
the volumetric stretch determines the intercept. Each
tine on Figure 15.20 represents the plane strain line for
a different volumetric stretch, as labeled, and each line
therefore separates the ficld of constrictive strain above
from the field of flattening strain below.

The danger of iuterpreting strain measuremeuts
without knowing the volumetric stretch is evident from
Figure 15.20. A strain ellipsoid that plots at point A,
fer example, would be in the flatteniug field for 5, = 1
but in the constrictive field for s, < 0.8. Similarly, a
strain ellipsoid that plots at point B would be in the
flattening field for 1 = 5, = 0.8 but iu the constrictive
field for s, < 0.6. Thus plotting strain ellipses on the
Flinn diagram without knowing the volumetric stretch
can be misleading, and the common assumption of con-
stant-volume deformation for rocks can lead to incorrect
interpretations.

Homogeneous and Inhomogeneous
Deformation

So far in this chapter we have restricted our discussion
to homogeneous strains. As we noted at the beginning
of this chapter, if we are interested in the inhomogeneous
distribution of strain, such as in rhe formation of z fold,
we assume the deformed body can be divided into vol-
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umes that are sufficiently small for the deformation tq
be described as locally homogeneous. The variarion of
these local strains across the body describes rhe inhg.
mogeneous strain distribution. For any real marerig)
we must realize that rhe description of a deformatioﬁ
as homogeneous at any particular scale is rhe resul; of
averaging the deformation over volumes that are large
compared with the scale of inhomogeneities that are of
no immediate interest, but small compared with the
scale ar which the inhomogeneous distribution of seraip
is of interest.

Figure 15.21, for example, shows rhe so-called
deck-of-cards model for forming a passive shear fold
{see also Figure 12.8). As discussed in Section 12.2, rhe
deformation is accomplished by a discontinuity in the
shear displacement at the card surfaces, with no defor-
mation at all of the individual cards. On the scale of 2
fold limb, however, the deformation in this example
can be regarded as homogeneous simple shear, and it
produces the average strain ellipse shown on each fold
limb in che figure. Thus the description of the strain as
homogeneous results from averaging the strain over a
region thar is large compared with the thickness of the
cards, but small compared with the wavelength of the
fold. In other words, the homogeneity depends on scale.

The variety of scales on which we could consider
a deformation to be homogeneous is illustrated in Figure
15.22. In Figure 15.224, the body of folded rock mea-
sures about 1 km in length. The scale of the whole block
is large compared with cthe wavelength of the folds, but
small compared with the dimension of a mountain belt.
At this scale, the average deformation is homogeneous -
and is represented by the strain ellipse showu beside
the block.

When we look at a scale eomparable to the fold
wavelength, however, the strain is no longer homoge-
neous (Figure 15.22B). We then describe the deformation
in terms of the variation in local strain, which is con-
sidered homogeneous on a scale, for example, of about

Figure 15.21 Deck-of-cards model of passive-shear folding.
On each card, rhe arcs of the undeformed circle are displaced
50 as o approximare the shape of the scrain ellipse.



A. Regional scale

B. outcrop scale

D. Microscope scale

10 mm

Figure 15.22 Scales of homogeneous and inhomogeneous
strain. In each diagram, rhe volume over which che sirain is
averaged to form a locally homogeneous strain ellipse can be
viewed at a smaller scale at which the strain distribution is
inhomogeneous.

a meter. That scale is small compared with the wave-
length of the fold, bur large compared with the inhomo-
geneities in strain that might be present, for example,
if the layer were a sandstone containing a spaced fol-
fation.

When we shift scales again, down to the level of
the spaced foliation (Figure 15.22C), we again find an
inhomogeneous distribution of local strain. In this case,
the local strain is averaged over a volume small relative
to the spacing of the foliation domains, but large relative
to the grain size.

Another shift in scale brings us down to the scale
of the grains (Figure 15.22D), where the local strain is
again inhomogeneous and the strain in each grain is
averaged over a volume thar is large compared with the
scale of crystal lattice imperfections.

Thus we can consider the strain to be “homoge-
neous” on a scale that is small compared with the par-
ticular structure within which we want to determine the
strain distribution, but large compared with the scale
of inhomogeneities in which we are not interested and
over which we want to average the deformation.
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