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a b s t r a c t

The imaginary fault refers to the counterpart of a certain given fault that has a similar expression about
the WallaceeBott hypothesis. It is included to further reduce the feasible fields for the principal stress
directions using the right dihedra method. The given fault and its imaginary fault have a similar dip-slip
sense under the extensional or compressional regime but, as proved in this paper, a different dip-slip
sense under the strike-slip regime. Their relation in dip-slip sense does no change with the rotation of
the coordinate system, thus making possible the general use in the reduction of the imaginary faults
under any tectonic regime. A procedure for this use is proposed and applied to a real example to
demonstrate the feasibility of this method.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Graphic methods for palaeostress analysis has an advantage of
applicability to any set of single-phase newly-formed or reactivated
faults, regardless of the fault number and the spread in orientation
space of the faults. They include the right dihedra method
(McKenzie, 1969; Pegoraro, 1972; Angelier and Mechler, 1977) and
the right trihedra method (Lisle, 1987; Ramsay and Lisle, 2000). The
former method confines the maximum or minimum principal
stress direction to the overlap of the compression or extension field
in orientation space bounded by the fault plane and an auxiliary
plane perpendicular to the slip line for each individual fault
(Fig. 1a). Besides this constraint, the latter method further confines
the maximum and minimum principal stress directions to the
different dihedra bounded by the auxiliary plane and a second
slipeperpendicular auxiliary plane for each fault (Fig. 1b). This
criterion requires some a priori knowledge about the principal
stress directions, for example, the feasible fields for the principal
stress directions using the former method. It is therefore more
complicated but more efficient in further reducing the fields.

The relationship between the right dihedra method and the
right trihedra method becomes straightforward in the concept of
Shan et al.'s (2009) imaginary fault (Fig. 1c). For a certain given
x: þ86 20 85290130.
fault, the corresponding imaginary fault has a similar slip line and a
normal to the null shear stress on the given fault. Both the given
fault and its imaginary fault have a similar expression of the Wal-
laceeBott hypothesis (Wallace, 1951; Bott, 1959). They have a
similar normal or reverse dip-slip sense under the extensional
(Fig. 2a) or compressional (Fig. 2c) tectonic regime (Shan et al.,
2009). In essence, the right trihedra method is equivalent to the
application of the right dihedra method to the given and imaginary
faults.

However, at present such a use of the imaginary fault requires
the a priori knowledge about stress or strain (Shan et al., 2009). For
example, for a certain fault with a normal dip-slip sense, the
extensional tectonic regime is assumed to determine the dip-slip
sense of its imaginary fault. This assumption disregards the possi-
bility that such a fault have formed under the strike-slip regime
(Fig. 2b), which limits the use of the imaginary fault.

This paper aims to address the dip-slip sense of the imaginary
fault under the strike-slip regime and then to develop a procedure
for the general use of the imaginary fault in graphically deter-
mining stress under any tectonic regime.

2. Imaginary fault under strike-slip regime

For a certain given fault with a normal, n, and a slip line, s, the
imaginary fault is defined as an auxiliary fault that has the same slip
line, and whose plane is perpendicular to the null shear stress di-
rection on the given fault plane, t (Shan et al., 2009). Both faults
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Fig. 1. For a certain given fault with a normal dip-slip sense, the feasible fields of the maximum (grey) and minimum (white) principal stress directions by applying the right dihedra
method to it fault (a) and its imaginary fault under the extensional regime (c), respectively, and the two possible right dihedra (dark grey and light grey) for the maximum and
minimum principal stress directions in the right trihedra method (b). The given fault has a normal, n, a slip line, s, and a null-shear direction, t. Equal-area, lower hemisphere
projection.

Fig. 2. Distribution of the acute angles between the fault slip lines and the fault strike lines under the extensional (a), strike-slip (b) and compressional (c) regimes, respectively. The
angles are displayed at the projection points of the fault dip lines, and have a positive sign for faults with a normal dip-slip sense and a negative sign for faults with a reverse dip-slip
sense. The stress ratio is defined as ðs1 � s2Þ=ðs1 � s3Þ, where s1, s2 and s3 are the maximum, intermediate and minimum principal stress magnitudes, respectively. It is assigned
with a constant value 0.5 for these tectonic regimes. Equal-area, lower hemisphere projection.
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have a strictly similar expression of the WallaceeBott hypothesis
that there is no traction on the fault plane perpendicular to the slip
line, regardless of slip sense:

n$s$t ¼ 0; (1)

where s is the resulting stress. They have a similar normal or
reverse dip-slip component under the extensional (Fig. 2a) or
compressional (Fig. 2c) regime (Shan et al., 2009).

For simplicity, the strike-slip regime is represented by the
following Andersonian stress,

s ¼
2
4
s1 0 0
0 s3 0
0 0 s2

3
5; (2)

where si (i ¼ 1;2;3) is the principal stress magnitude, and
s1 > s2 >s3. In the used Cartesian coordinate system, the first,
second and third coordinate axes are directeds eastward,
northward and upward, respectively. Compressional or tensile
stress is positive or negative in sign throughout this paper.

Let us consider the formation or reactivation of a certain given
fault with a normal dip-slip component under the above stress. The
fault plane has a unit normal, n ¼ ½n1 n2 n3 �, where n3 >0. In
the WallaceeBott hypothesis, the slip line of the fault is parallel to
the shear stress on the fault plane, t, and is calculated as follows:

t ¼ s$n� nðn$s$nÞ ¼

2
6664

n1
�
n2

2U13 þ n3
2U12

�

n2
�
� n1

2U13 � n3
2U23

�

n3
�
� n1

2U12 þ n2
2U23

�

3
7775

T

; (3)

where Uij ¼ si � sj (i; j ¼ 1;2;3; isj), and T is matrix transposition.
Uij � 0 for i< j. For the fault with a normal dip-slip component, the
shear stress has a positive sign for the third element, t3.
Consequently,



Table 1
Possible tectonic regimes for the given and imaginary faults with a normal, a reverse or both dip-slip components.

Dip-slip senses Possible tectonic regimes

Given faults Imaginary faults Extensional Strike-slip Compressional Transitional

normal normal ✓ e e ✓

reverse e ✓ e ✓

reverse normal e ✓ e ✓

reverse e e ✓ ✓

normal and reverse normal and reverse e ✓ e ✓

reverse and normal e ✓ e ✓
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�n1
2U12 þ n2

2U23 >0: (4)

The fault slip line is represented by t
ktk, where kk is the vector

module.
As is previously defined, the imaginary fault passes through the

normal to the considered fault plane and the slip line on it. The
normal to the imaginary fault plane, or the null shear stress di-
rection on the fault plane, t, is calculated in the following
expression:

t ¼ n� t

ktk
¼ ktk�1½n2t3 � n3t2 n3t1 � n1t3 n1t2 � n2t1 �
¼ ktk�1½n2n3U23 n1n3U12 �n1n2U13 �

: (5)

In convention, the normal to the imaginary fault plane lies in the
upper space. For the sake of convenience, we consider only the case
of a positive sign for the third element of t, t3 > 0, and then have the
below inequality,

�n1n2 >0: (6)

Similar to Eq. (3), the shear stress on the imaginary fault plane,
t’, also parallel to the slip line of the fault is calculated in the
following,

t0 ¼ s$t � tðt$s$tÞ

¼ U12U23U13ktk�3
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(7)

It is redundant to know from Eqs. (7) and (3) the parallelism in
shear stress between the given fault and its imaginary fault, t and
t’. According to In Eqs. (4) and (6), the third element of t0, t3’, has a
negative sign. This means that the imaginary fault possesses a
reverse dip-slip component, as is different from the given fault. On
the other hand, for a certain given fault with a reverse dip-slip
component, we know in a similar way that its imaginary fault
owns a normal dip-slip component. Therefore, the given fault and
its imaginary fault have a different dip-slip component under the
strike-slip regime.

Additionally, in the case of t3 < 0 in Eq. (5), the imaginary fault
has a normal of et rather than t. This modification leads to a
different sign for both the left side of In Eq. (6) and the right side of
Eq. (7), from which we reach the same conclusion. This will not be
presented here to save the space of the paper.
3. Imaginary fault under transitional regime

For a certain given fault with a normal or reverse dip-slip sense,
the imaginary fault has a similar dip-slip sense under the exten-
sional or compressional regime (Shan et al., 2009) and, as proved in
the previous section, a different dip-slip sense under the strike-slip
regime. An issue arises about whether such a relation does or does
not hold under the transitional regime. Let us rotate the coordinate
system to have two or three oblique principal stress axes, analogous
to this regime. In the new system, the imaginary fault may have a
similar or different dip-slip sense to the given fault whose dip-slip
sense does or does not change with the rotation. Take a given fault
with a normal dip-slip component for an example. Its imaginary
fault with a reverse dip-slip sense before rotation may have a
normal or reverse dip-slip sense after rotation, depending upon
whether the given fault does or does not change the dip-slip sense.
Anyway, such a rotation does not affect the relation in dip-slip
sense between the given fault and the imaginary fault. It is there-
fore not problematic under the transitional regime to incorporate
the imaginary fault into the right dihedral method.

4. Procedure

As it is, the combination of the given and imaginary faults with a
similar or different dip-slip sense relates to the resulting tectonic
regime. For example, there are three possible tectonic regimes,
extensional, strike-slip and transitional for faults with a normal
dip-slip sense, three possible regimes, compressional, strike-slip
and transitional for faults with a reverse dip-slip sense, and only
two possible regimes, strike-slip and transitional for faults with
normal and reverse dip-slip sense (Table 1). The given faults are
used together with their imaginary faults to constrain the feasible
fields for the maximum and minimum principal stress directions
and then to determine the tectonic regime from them, in the
following procedure.

1) Make two sets of the given and imaginary faults. For each given
fault, the imaginary fault has a similar or different dip-slip sense
in the first or second set (Table 1).

2) Apply the right dihedra method to the sets, respectively, to
define the feasible fields for the maximum and minimum
principal stress directions.

3) Appraise whether for each set the feasible fields are well con-
strained or poorly constrained, depending upon that they do or
do not explain all of the given faults and their imaginary faults.

4) Determine the tectonic regime from the well constrained
feasible field(s) for the maximum or minimum principal stress
direction, if there is or are.
5. Application

In order to demonstrate the feasibility of the procedure pro-
posed in this paper, a set of three measured faults with a normal
dip-slip sense (Fig. 3) is taken as an example. These faults were
chosen from a large number of polyphase faults collected along the



Fig. 3. Graphic determination of the maximum principal stress direction by applying the right dihedra method and the proposed method to a set of one (aec), two (def) and three
(gei) measured faults, respectively. A certain potential field is filled in grey that increases linearly in grey level with the number of faults for the field. In principle, the well-
constrained feasible field for the maximum principal stress direction accounts for either the real fault in (a, d and g) or all of the real and imaginary faults in (b, e and h) and
(c, f and i); otherwise, it is poorly constrained. In the subfigures, the potential field with a null fault number corresponds with the well-constrained feasible field for the minimum
principal stress direction. Equal-area, lower hemisphere projection.
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levels of the Xiangdong Tungsten Deposit, Late Jurassic in age
(Liang et al., 2016), in central South China. This hypothermal de-
posit consists of tungsten-bearing quartz veins, nearly vertical and
striking toward the northeast or east-northeast. Faults of the cho-
sen kind displaced both the veins and the strike-slip faults occur-
ring on the vein contacts, thus representing a younger, post-
mineralization phase of regional extension.
For just one of the faults, the feasible field for the maximum or
minimum principal stress direction by applying the right dihedra
method to it (Fig. 3a) equals the sum of the feasible fields by
applying the right dihedra method to it and its imaginary fault
under the extensional (Fig. 3b) and strike-slip (Fig. 3c) regimes,
respectively. The latter two fields are similar in size and well con-
strained; so, we have to accept both of the possible tectonic
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regimes.
When another chosen fault is included, the feasible fields for the

maximum andminimum principal stress directions by applying the
right dihedra method to the two faults (Fig. 3d) and to the two
faults and their imaginary faults (Fig. 3eed) have a smaller size.
This becomesmore apparent in the latter two cases. In the presence
of the well constrained feasible field in the latter two cases, neither
of the possible tectonic regimes can be disregarded.

In the case of three chosen faults, both of the possible tectonic
regimes are still acceptable, although there is one poorly con-
strained feasible field for the minimum principal stress direction by
applying the right dihedra method to the faults and their imaginary
faults under the strike-slip regime (Fig. 3i). Rejecting either of them
requires one or more additional fault data. However, the fact that
the faults have either a normal dip-slip or a normal oblique-slip
(Fig. 3) strongly suggests the preference of the extensional
regime. In the well-constrained feasible fields for the maximum
and minimum principal stress directions under the extensional
regime, the minimum principal stress plunges toward the north-
west (Fig. 3h). This is diagnostic of NE-SW regional extension, in
relation to the nearly trench-parallel movement of the subducting
Pacific oceanic plate to the east during the Cretaceous (Wan, 2011).

6. Discussion

6.1. Advantages and disadvantages

In practice, the proposed method has a smaller amount of
computation than the right trihedra method. The former method is
a simple application of the right dihedra method to both the faults
and their imaginary faults. The latter method also uses the right
dihedra method to determine the feasible fields for the principal
stress directions for all of the faults, and then reduces these fields
by confining the maximum andminimum principal stress direction
to the right dihedra bounded by two auxiliary planes for each fault
(Lisle, 1987; Ramsay and Lisle, 2000). This reduction is made by
comparing the information on the right dihedra for the faults be-
tween the meshes of the orientation space. It requires a relatively
large memory size and a relatively large calculation time,
depending on the mesh number.

The newmethod is at present inapplicable to two extreme kinds
of faults, vertical and strictly dip-slip. Faults of the latter kind have a
vertical imaginary fault. It is impossible to use either the normal
sense or the reverse sense to describe the dip-slip component of
any given or imaginary vertical fault.

6.2. Extreme stress states

In the previous section no consideration is taken into two
extreme stress states, s1 ¼ s2 >s3 and s1 > s2 ¼ s3, inwhich Eq. (7)
predicts no slip line on any imaginary fault, due to the upward
direction of s2. These states produce a different dip-slip sense for
newly-formed or reactivated faults, normal in the former state and
reverse in the latter state. They mark the boundaries between the
extensional and strike-slip regimes and between the compressional
and strike-slip regimes, in the light of the definition of stress in Eq.
(2). For a certain given fault, the calculated null-shear direction on
the fault plane is n2U23ktk�1½n3 0 �n1 � in the former state and
n1U12ktk�1½0 n3 �n2 � in the latter state, according to Eq. (5).
Consequently, for a population of independent faults, their null
shear stress directions lie in a great circle that is vertical and east-
striking in the former state and vertical and north-striking in the
latter state. This great circle has a parallel normal to the minimum
and maximum principal stresses, respectively. These features may
in turn be used to discriminate the extreme stress states (Ramsay
and Lisle, 2000).
7. Conclusions

For any given fault, there is an imaginary fault, with a similar slip
line and a normal to the null shear stress direction on the fault,
which has a similar expression of the WallaceeBott hypothesis.
Both the given fault and its imaginary fault have a similar dip-slip
sense, normal or reverse under the extensional or compressional
regime (Shan et al., 2009) and, as this research reveals, a different
dip-slip sense under the strike-slip regime. The relation in dip-slip
sense between them is not affected by the rotation of the coordi-
nate system. This makes it possible to apply the right dihedral
method to the given and imaginary faults under any tectonic
regime. A procedure for this general use of the imaginary fault is
proposed and applied to a set of three measured faults. Its advan-
tages and disadvantages are discussed.
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