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Abstract The power-law exponent (n) in the equa-
tion: D=cL", with D = maximum displacement and
L = faultlength, would be affected by deviations of fault
trace length. (1) Assuming # = 1, numerical simulations on
the effect of sampling and linkage on fault length and
length—displacement relationship are done in this paper.
The results show that: (a) uniform relative deviations,
which means all faults within a dataset have the same
relative deviation, do not affect the value of n; (b) devia-
tions of the fault length due to unresolved fault tip de-
crease the values of n and the deviations of n increase with
the increasing length deviations; (c) fault linkage and
observed dimensions either increase or decrease the value
of n depending on the distribution of deviations within a
dataset; (d) mixed deviations of the fault lengths are either
negative or positive and cause the values of n to either
decrease or increase; (e) a dataset combined from two or
more datasets with different values of ¢ and orders of
magnitude also cause the values of n to deviate. (2) Data
including 19 datasets and spanning more than eight orders
of fault length magnitudes (10 °~10° m) collected from
the published literature indicate that the values of n range
from 0.55 to 1.5, the average value being 1.0813, and the
peak value of ny (double regression) is 1.0-1.1. Based on
above results from the simulations and published data, we
propose that the relationship between the maximum dis-
placement and fault length in a single tectonic environ-
ment with uniform mechanical properties is linear, and
the value of n deviated from 1 is mainly caused by the
sampling and linkage effects.
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Introduction

In previous studies, the relationship between the maxi-
mum displacement (D) and length (L) of faults in the
two-dimensional space has been proposed in the form

D=cL" (1)

where ¢ is a constant related to material properties of
the host rocks. A range of values of n from 0.5 to 2.0
has been reported by previous authors (e.g. Bonnet
et al. 2001). The lack of consensus about the value of
n may derive from large scatter of D—L data (Cowie
and Scholz 1992a; Gillespie et al. 1992; Cartwright
et al. 1995; Acocella et al. 2000). Deviations of fault
length can be attributed to both sampling methods
and the geologic processes during faulting (Cowie
and Scholz 1992a; Bonnet et al. 2001). Walsh and
Watterson (1988) interpreted that n=2, which is con-
sistent with a simple growth model where the slip in
successive events increases by an equal increment.
Marrett and Allmendinger (1991), studying a com-
bined dataset, obtained n=1.5. Gillespie et al. (1992)
made synthetic analysis and also concluded that
n=1.5 is preferred value, which is consistent with each
slip event proportional to L.

Cowie and Scholz (1992a, b) argued that n= 1, which
can be predicted by Dugdale’s fracture model. Dawers
et al. (1993) published a dataset with 15 faults from the
Volcanic Tableland, locating in northern Owens Valley
between the Sierra Nevada and White Mountains, and
obtained a linear relationship between maximum dis-
placement and fault length, with error of measurement
less than a few percent. A value n=0.93 was obtained by
a dataset with 237 faults measured by Mansfield and
Cartwright (2001) using physical modeling. Schlische
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et al. (1996) measured a dataset with 201 faults in the
Mesozoic Dan River rift basin. The best-fit power-law
curve for this dataset has an exponent of 0.91, which is
nearly linear. The data published by Lu et al. (1989),
Wen et al. (1990), and Xu et al. (1998) also indicate that
the value of n is equal to 1. So there is no consensus, but
most authors agree that n=1.

Power-law exponent (1) for D—L is important for
explaining faulting mechanisms. However in many cases,
the value of n is obtained from data only including two
to three orders of magnitude and having measurement
errors, so individual dataset could not represent the real
value of n. In this paper, influences of fault length
deviations on D-L relationship by mathematic models
are simulated by assuming n=1; 19 datasets from pub-
lished literature are collected and a preferred value of n
is determined. The reasons of causing deviation of the
value of n are also discussed.

Terminology used in this paper
Ideal fault length (L)

The slip surface of an unrestricted isolated normal fault
developed in a single regime with uniform mechanical
host-rock properties is taken to be an elliptical plane
with the slip vector parallel to the short axis of the ellipse
and symmetrical slip distribution; the slip maximum is
assumed in the center of the ellipse (e.g. Barnett et al.
1987; Walsh and Watterson 1989). In this case, the fault
length measured in the weathered surface is not the
maximum value. When faults reach or originate in the
surface and are then restricted, the slip surfaces are semi-
ellipses (Dawers et al. 1993). In this case, the fault length
measured in the surface is the maximum value if there is
no erosion. The larger dimension of fault surface is
consistent with the propagation direction of the faults,
and is normal to the ‘“controlling dimension” of
Gudmundsson (2000); then, in the case of normal and
thrust faults, the long axis of the ellipse is parallel to the
strike of the fault. In the case of strike-slip fault, the long
axis of the ellipse is parallel to the dip direction of the
fault (Fig. 1). The ideal fault length (L) in this paper is
defined as the long axis of the ellipse of fault surface
developed in a uniform host rock during a single tectonic
event.

Measured fault length (Lg)

The slip surfaces of geological faults seldom conform to
that of an ideal isolated fault because of different pro-
cesses of fault growth and sampling dimensions. The
measured fault length may be either deviated from or
equal to the long axis (L) of an ideal ellipse (unrestricted
faults) or semi-ellipse (restricted faults) of the fault
surface.

(a) (b)
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Fig. 1 Ideal fault surface of unrestricted isolated fault. In the case
of normal fault (a), the long axis of ellipse of the fault surface is
parallel to the horizontal surface. Trace lengths observed in levels 1,
2, 3 are smaller than the long axis length L. In the case of strike-slip
fault (b), the short axis of ellipse of the fault surface is parallel to
horizontal surface. The fault trace lengths (L1, L2, and L3)
observed in the horizontal surfaces will smaller than the long axis
of ellipse (L)

Absolute deviation (0)

The absolute deviation (9) is defined as Ly—L for this
paper. When the fault length is underestimated, the
value of 0 is less than zero; when the fault length is
overestimated, the value of ¢ is larger than zero. Spe-
cially, when L4 has no deviation, the value of § will be
equal to zero. Evidently, for 6 <0, smaller values of ¢
result from larger deviations of the fault length.

Relative deviation (1)

The parameter A is defined as J/L in this paper. When
the fault length is underestimated the value of 4 is less
than zero; when the fault length is overestimated the
value of 4 is larger than zero, when the fault length has
no deviation, the value of / is equal to zero. Similar to 9,
for 1<0, smaller values of / result from larger devia-
tions of the fault length.

Deviation analysis of fault trace length

Deviation due to limitation of observed dimension
(01, A1)

The fault trace length is generally measured in map view,
which causes values of Ly to be inaccurate. In some
cases, the fault did not nucleate near the surface, and in
the field the observed faults outcrop correspond to the
erosion level. The plane of denudation generally does
not exactly include the long axis of the ellipse of fault
surfaces in the case of a normal fault. This would cause
underestimation of the fault trace length (Fig. 1). In the
case of strike-slip fault, the measured fault length is
always equal or smaller than the short axis of the ellipse
fault surfaces.

On the other hand, the slip directions of oblique-slip
faults are neither in the dip direction nor in the strike



Fig. 2 Diagram showing deviation of slip direction for oblique
fault with mainly normal component (a) and strike-slip component
(b). In the case of (a), the measured maximum length AB in the
horizontal surface is smaller than the long axis of ellipse (L). In the
case of (b), all measured lengths of the fault trace in the horizontal
surfaces are smaller than the long axis of ellipse (L). The arrow on
line CD shows the slip direction on the fault plane

direction; then, the axes of elliptical plane are not par-
allel to the horizontal surface, which would cause more
complicated measured fault length (Fig. 2). In Fig. 2a,
arbitrary trace lengths L1, L2, L3 are smaller than the
long axis L, which causes underestimation of trace
length (6; <0, 1;<0) when the data are measured on
maps that intersect different levels of the fault. In
Fig. 2b, the slip direction is not the strike direction, and
the short axis (CD) is not parallel to the horizontal
surface, so measured fault lengths may be larger than the
short axis, for example the line AB, but are always
smaller than the long axis (6; <0, 4; <0).

Deviation due to unresolved fault tip (d,, 4,)

The tip zones of faults cannot be detected when the fault
displacement is below the resolution of certain obser-
vation techniques (Yielding et al. 1996; Watterson et al.
1996; Pickering et al. 1996). Different methods have
different resolution limits. In the field, the observation
resolution of fault displacements may reach the milli-
meter scale. The resolution in coalfields is in the order of
centimeters (Watterson et al. 1996). Seismic resolution is
typically from 15 to 30 m (Yielding et al. 1996; Pickering
et al. 1996). Obviously the datasets from fieldwork have
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Fig. 3 Diagram showing deviations for different faults of magni-
tude. It is assumed that the observation resolution of displacement
(line AB=0) used a certain technique which is same for all faults.
Therefore, the absolute deviation for faults F1, F2, F3 is equal to
26. The absolute values of relative deviations (1) for small faults
(e.g. F3) are larger than that for large fault (e.g. F1)
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minimum deviations. The absolute value of relative
deviations of trace length for small faults is larger than
that for large faults while using a same observation
technique (Fig. 3).

Deviation due to fault linkage
Deviation due to relay structure (soft linkage, 3 73)

Two types of fault linkage have been proposed: soft
linkage and hard linkage. Walsh and Watterson (1991)
proposed that a soft linkage may exist, when the dis-
tance separating the segments is approximately an order
of magnitude less than the individual segment lengths.
According to Sneddon and Lowengrub (1969), the ““soft
linkage” has no physical justification, but it was verified
by the numerical model (Cride and Pollard 1998).
Whether a fault attracts or repels other faults depend on
the position of the fault in the stress field of other faults
(e.g. Gudmundsson et al. 1993; Gupta and Scholz 2000).

Segmented geometry is a basic property of faults.
There may be developed a relay structure when one fault
approaches or overlaps another fault (Willemse et al.
1996). Overlapping zones commonly have hook shape
(Acocella et al. 2000). A jog zone will form in the case
where linkage occurs between two faults (Peacock and
Sanderson 1994; Willemse et al. 1996). The displacement
distribution on segmented faults may be different from
that of the isolated faults. Firstly, the maximum
displacement deviates to the center of a fault segment
(Willemse et al. 1996). Secondly, the displacement gradi-
ents change near the relay zones. In the case of an un-
derlapping tip zone (Fig. 4a, c), the displacement
gradients becomes steeper (Fig. 4d; also Peacock and
Sanderson 1991). In the case of overlapping (Fig. 4b, e),
segments show steeper displacement gradients and the
maximum displacement point is closer to the overlapping
end, however near the tips of fault, the displacement
gradients decrease (Fig. 4f; also Dawers and Anders
1995).

In the case of underlapping, steeper gradients pro-
duce a shorter trace length than that of an isolated fault
as shown in Fig. 4d. In Fig. 4d, AB is the absolute
deviation when a relay structure exists. In the case of
overlapping, the trace length of the segmented fault also
decreases (Fig. 4f). One can see that both underlapping
and overlapping structures result in segments having a
smaller length than an isolated fault. Therefore some
authors have suggested that segmented fault geometries
would contribute to scatter for displacement-fault trace
data (Peacock and Sanderson 1991; Gillespie et al. 1992;
Cartwright et al. 1995; Acocella et al. 2000).

Deviation due to hard linkage (64 Ay4)

Hard-linked systems are those whose individual seg-
ments are physically joined in the section studied. For
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Fig. 4 Diagram of relay structure and diagram showing change of gradients of displacement near the end of relay structure. Photos (a)
and (b) are from Acocella et al (2000). AB in (d) and (f) is absolute deviation of the fault length due to relay structure

hard linkage, Mansfield and Cartwright (2001) recog-
nized two linkage styles: accidental linkage and inci-
dental linkage (also Childs et al. 1995). The linkage of
faults is proposed to have three stages (Acocella et al.
2000): underlapping stage, overlapping stage (soft link-
age), and linkage stage (hard linkage).

There are two types of model for explaining fault
linkage. One model predicts that a decrease in dis-
placement accumulation near the interacting region is
because of a locking effect prior to hard-linking
(e.g. Peacock and Sanderson 1991). For this model, in
the region of linked segment tips the sum of displace-
ments is generally less than that on the adjacent parts of
the fault surface. Therefore, the displacement profile
may show multipeaks at the beginning of the linking. If
growth follows without further linkage, the displace-
ment profile will be similar to the simple one (Fossen
and Hesthammer 1997). Crider and Pollard (1998)
documented this growth model using a three-dimen-
sional numeral experiment. A physical experiment by
Mansfield and Cartwright (2001) also supported this
model. Many field data (Ferrill et al. 1999; Peacock
1991; Huggins et al. 1995; Fossen and Hesthammer
1997) are also consistent with this model. The model
predicts that the fault length would be overestimated
(Fig. 5a—f), as well as be underestimated. Figure 5g, h
shows the possibility of underestimating of fault length.

The second model has been proposed by Gupta and
Scholz (2000). They argued that as linkage and coa-
lescence occur, displacement accumulation may be

concentrated near the center of the fault plane or in the
overlap zone, so when linkage is completed, the dis-
placement profile is appropriate for a single new fault.
The model predicts neither over- nor underestimating
of fault length.

Numerical simulation
Construction of datasets

The above analysis indicates that the deviations of trace
length are complicated, and strongly influence the rela-
tionship between maximum displacement and maximum
length. The distributions of displacement and length
obey the power-law distribution
N o r b, (2)
where N is the number equal to or greater than the size
(r) of fault length (L) or displacement (D), and f is
power-law exponent. For two-dimensional datasets of
fault length, values of § change from 1 to 2 (Fig. 6). The
largest f could be larger than 2 (e.g. Cladous and
Marrett 1996). Sammis et al. (1987) proposed a simple
model explaining the power-law distribution of fault
segments. The model assumes that two diagonally
opposed blocks are retained after repeated tensile split-
ting of grains and predicts that f=1.58 for a two-
dimensional configuration. This model has been applied



Fig. 5 The deviations of fault
length L due to fault linkage
depending on fault length and
relative location. a Two
underlapped faults with
unequal lengths link each other.
¢ Two faults underlapped with
equal lengths link each other. e
Three underlapped faults with
unequal lengths link each other.
g. Two overlapped faults link
each other. In (b), (d), (f), and
(h), the D—L relationship before
the linkage is assumed to be 1
(pointed line), and the
instantaneous D—L relationship
after the linkage change is
assumed to be non-linear. The
solid circle shows the position of
D/L; for fault 1 before linkage.
Open circle shows the position
of the instantaneous value of D/
Lg at the beginning of linkage
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Fig. 6 Frequency of fault size (fault length and displacement)
exponents (f values) for two-dimensional data. Data are from
Barton and La Pointe (1995), Scholz et al. (1993), Line et al. (1997),
Yielding et al. (1996), Needham et al. (1996), and Cladous and
Marrett (1996)

by some authors (e.g. Turcotte and Anderson 1992;
Yielding et al. 1996). Although different data has been
obtained in other experiments (Suteanu et al. 2000), in
this paper we adopted a value near the Sammis’s model
for fault length L distribution using the following
equation

Noc L710 (3)

For the sake of comparison, the standard datasets are
constructed by two following equations

D =0.01L (4)
D = 0.005L. (5)

In these two equations, that ¢=0.01 and ¢=0.005
selected, respectively, is reasonable, because in most
situations, the value of ¢ in Eq. I is less than 0.1 (e.g.
Dawers et al. 1993; Fossen and Hesthammer 1997).
Note that n=1 is assumed for these two equations. The
constructed standard datasets are shown in Fig. 7.
Dataset E is constructed from Eqgs. 3 and 4. E’ is a
dataset in which the distribution of fault length is the
same as the dataset E but with one difference of order of
magnitude. E” is a dataset in which the distribution of
fault length is the same as the dataset E but with the
value of ¢ conforming to Eq. 5. The datasets with dif-
ferent distribution of deviations based on the fault
length of dataset E are constructed in Fig. 8. In these
datasets, relative deviation less than zero indicates that
the fault length measured is less than the ideal fault
length, and relative deviation larger than zero indicates
that the fault length measured is larger than the ideal
fault length.

Mathematically, if DPL" and LPD"™, equation n=1/m
will be true. In practice, we do not know whether D or L
is the independent variable. However for a dataset, if
n=1/m, we can ignore which of D and L is the inde-
pendent variable. The difference between n and 1/m will
be tested in our simulations.

Simulations

We propose five separate models for simulating the
deviations of fault length on the relationship between the
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Fig. 7 Constructed standard datasets. L is the length of fault trace. D is the fault displacement. See explanation in the text for the

constructed methods

maximum displacement and length and one combined
model for simulating effects of combined datasets.

(1) Model 1 includes datasets E; to E; and it is assumed
that the relative deviations for all faults within a
dataset are the same and less than zero. The relative
deviations of the fault length in these datasets are
constructed based on dataset E. The results of sim-
ulation for this model indicate that a uniform rela-
tive deviation of the fault length does not change the
value of n (datasets E;—E5 in Table 1) and maintains
n=1/m for any of the datasets. The values of ¢ are
larger than the assumed value and increase by
increasing the absolute value of A.

(2) Model 2 includes datasets E,4 to Eg and it is assumed
that absolute deviation of fault length is less than
zero and is the same for each fault within the data-
set. The absolute length deviations in these datasets
are based on the dataset E. This uniform absolute
deviation model is consistent with the situation of
unresolved tip regions (J,, A,). Three results
(Table 1) are obtained: (a) the deviations of trace
length due to unresolved tip regions cause the values
of n less than assumed value 1; (b) the values of ¢
increase with increasing absolute deviation. The
values of n and correlation coefficient decrease with
increasing of absolute value of deviation of fault
length; (c) n~1/m. These indicate that the deviations
of trace length due to unresolved tip regions may
cause the value of n to change considerably. The
smaller the faults are for a dataset, the larger will be
the change in the value of n.

(3) Model 3 includes datasets Eg to E;3 and it is
assumed that the relative deviations are less than
zero and have an arbitrary distribution within the

(4)

)

dataset (Eo—E 3 in Fig. 8). The relay structure may
conform to the model. The characteristic of the data
for the relay structure is underestimating of trace
length (43). The relative deviations are irregular for
different faults because the degree of overlapping for
each fault is different. The parameter /; in Fig. 2
and /4 in Fig. 5g are also consistent with this model.
The results of simulation indicate that datasets for
model 3 make values of n either larger than or less
than the assumed value 1 and »n # 1/m (Table 1),
which depend on the distribution of relative devia-
tions (Fig. 8). The difference between n and 1/m is
considerably large when R” is less than 0.6 as in
datasets Eg and E;3. The deviations of ¢ value for
datasets Eg and E;3 are also large.

Model 4 includes datasets Ei4 to E;g and it is as-
sumed that the relative deviations of fault length are
larger than zero and have arbitrary distribution
within a dataset (E{4—E;g in Fig. 8). The hard-linked
faults in Fig. 5a, ¢, and e conform to the model,
because the characteristic of the data for the hard-
linked faults is overestimating of trace length. The
relative deviations (44) are not uniform within a
dataset since the degree of displacement accumula-
tion after linking is different for each fault. There-
fore, the distribution of the deviations is arbitrary.
The results of simulation indicate that the datasets
for model 4 would make values of n either larger
than or less than the assumed value 1 and n # 1/m
(E14—E;g in Table 1), which depends on the distri-
bution of relative deviations (Fig. 8).

Model 5 includes datasets E9+14, E10+15, E11+16,
Ei2+17, Eiz+15. The model simulates the mixed
effects from model 3 and model 4 combined. For
example, if the first number of the dataset Eo has
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Fig. 8 Constructed relative deviations of fault length based on E¢—E;; have relative deviations of fault length L less than zero.
dataset E. The ordinate indicates the relative deviation. Datasets E;4—E;g have relative errors larger than zero comparing
The abscissa indicates the number within the datasets. Datasets fault length L of dataset E
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Table 1 Parameters showing datasets constructed according to different deviation types

Dataset R? n m 1/n 1/n—m C
Model 1: datasets with uniform negative relative errors of fault length

E; (-0.2) 1 1 1 1 0 0.0125
E (—0.15) 1 1 1 1 0 0.0118
E;5 (0.3) 1 1 1 1 0 0.0107
Model 2: datasets with uniform negative absolute errors of fault length

E, (—50) 0.9941 0.7046 1.4109 1.4192 0.0088 0.061
Es (—40) 0.9969 0.7677 1.2986 1.3026 0.004 0.0419
E¢ (—30) 0.9986 0.8282 1.2056 1.2074 0.0018 0.029
E; (—20) 0.9995 0.8869 1.127 1.1275 0.0005 0.0203
Eg (—10) 0.9999 0.9944 1.0592 1.0593 0.0001 0.0142
Model 3: datasets having relative error of fault length less than zero

Eo 0.9271 0.5423 1.7097 1.8439 0.1342 0.1398
Ejo 0.5432 0.5548 0.9791 1.8025 0.8274 0.1354
E| 0.9197 1.6715 0.609 0.5983 —0.0107 0.0005
Ep» 0.8664 1.4226 0.609 0.7029 0.0939 0.0016
E;3 0.5803 0.5069 1.1447 1.9728 0.8281 0.1659
Model 4: datasets having relative error of fault length larger than zero

Euy 0.9955 0.7711 1.2911 1.2968 0.0057 0.0271
E;s 0.9818 0.1367 0.7182 0.7315 0.0133 0.0011
Eis 0.9287 0.9499 0.9776 1.0527 0.0751 0.0104
Ey; 0.9168 0.9461 0.9691 1.0569 0.0878 0.0105
Eg 0.9891 1.2751 0.7757 0.7842 0.0085 0.0018
Model 5: datasets having mixed relative errors of model 4 and model 5

Eos 14 0.9163 0.4658 1.967 2.1468 0.1798 0.1714
Eig+15 0.4369 0.7062 0.6186 1.4160 0.7974 0.0504
Ei1+16 0.7194 1.1666 0.6167 0.8572 0.2405 0.0043
Ein417 0.7961 1.1011 0.7205 0.9083 0.1878 0.0054
Eizrs 0.5408 0.7424 0.7285 1.3469 0.6184 0.0425
Model 6: combined datasets

E+E 1 1 1 1 0 0.01
E+E” 0.6629 1.006 0.6589 0.994 0.3351 0.007
E'+E” 0.9932 0.7977 1.245 1.2536 0.0086 0.0148

R?, correlation coefficient for log D on log L; n, exponent for log D on log L; m, exponent for log L on log D; E,~E5 are datasets with
uniform relative deviations of L based on dataset E in Fig. 7. The values in brackets of E|—E; are relative deviations for each fault
compared to L for dataset E in Fig. 7; values in brackets from E4 to Eg are absolute deviations compared to L of dataset E in Fig. 7.
Datasets Eo—E ;g have relative deviations shown in Fig. 8. Eg, 4 is a dataset with synthetic relative deviation of Eg and E4 (see
explanation in the text). Other datasets for model 5 are constructed like in Eqg. 4

(6)

relative deviation —0.1 and the first number of the
dataset Eq4 has relative deviation —0.6, then the first
number of the dataset Eo. 14 has relative deviation
of —0.1+(—0.6)=—0.7. The relative deviations (1)
in this model would be either negative or positive for
different faults within a dataset, therefore the model
can be considered as a general model of fault length
deviations and represents the data undertaking
mixed deviations derived from A; to J4. The results
of the simulation indicate that synthetic deviations
of fault length would cause the values of n either
larger than or less than the assumed value 1
(Table 1) depending on the deviation distribution of
a dataset and n # 1/m in all cases. The difference
between n and 1/m is quite large when R? is less than
0.6 in some datasets such as datasets E;c.-; and
Eizo1s.

Model 6 is a combined model. The results are shown
in Table 1. Three combined methods are used for
this model. First, the dataset E+ E’ is a combination
of datasets with different order of magnitude but the
same value of ¢. This combined dataset does not
cause the value of n to change. Secondly, the dataset

E+E” is a combination of datasets with different
value of ¢ but the same order of magnitude. This
combined dataset causes the value of n to be larger
than 1. Thirdly, the dataset E’+ E” is a combination
of datasets both with different order of magnitude
and different value of c¢. This combined dataset
causes the value of n to be less than 1. These results
indicate that the combined datasets only from those
datasets having the same distribution of fault length
and value of ¢ does not cause deviations of the val-
ues of n.

Value of n estimated from previous datasets in literature
Collected datasets

Nineteen previous datasets are collected for calculating
the value of n. Some datasets are directly obtained from
numerical values published in the literature. Other
datasets are obtained from the published numerical
plots. The faults used from the literature may be strike-



2
* Daltaset 1 *59
H = Dataset 2 (a) L Dot
* Dataset 3 ghe mm ®
a0 wu
2 A ’
= -H A L,
A AA A
-2 A A
A A
3 .
-1 0 1 2 3
LogL
25 (c)
| Dataset 8 -
@] 2 i
215 “‘#“
= A
1 alh A
A ; ap &
0.5 - “
0 T T T T T
0 1 2 3 4 5
Log L
e o+ Dataset 11 (e)
2 = Dataset 12 & ”.
A 1.5 2%
ke VHhY
s . -
0.5
0 T T T T
0 1 2 3 4 5
Log L
-1
Dataset 16 (2
-1.2 1 i
+*
A 4 * se s
2014 1
— :’ R
16 - * o
1.6 s b 4
g ¢
-1.8 ’ .
-3 25 2 -1.5
LogL

Fig. 9 Logarithmic plots of displacement versus trace length for
individual datasets derived from published literature. L and D are
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(1991); dataset 4 from Peacock (1991); dataset 5 from Muraoka
and Kamata (1983); dataset 6 from Villemin et al. (1995); dataset 7

slip, thrust or normal with the fault magnitudes from
10~2 to 10° m, spanning eight orders of magnitude. The
smallest fault lengths come from the physical experi-
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from Dawers et al. (1993); dataset 8 from Cartwright et al. (1995);
dataset 9 from Gudmundsson (2000); dataset 10 from Poulimenos
(2000); dataset 11 from Nicol et al. (1996); dataset 12 from
Watterson (1986); dataset 13 from Elliot (1976); dataset 14 from
Wilkins et al. (2001); dataset 15 from Barnett et al. (1987); dataset
16, from Lu et al. (1989)

mental data (Lu et al. 1989). The largest fault magni-
tudes are cited from Elliot (1976). Some literature
published both numerical values and numerical plots, on
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the behalf of this advantage we tested that the absolute
errors of value of n from individual datasets of the
published numerical plots are less than 0.06. Most
datasets except datasets 17, 18, 19 are shown in the log—
log plots in Fig. 9. The datasets were selected on the
following principles. Each dataset comes from an indi-
vidual tectonic setting or the same tectonic domain.
Those mixed datasets are not included. The correlation
coefficient (R?) for each dataset is larger than 0.6. Most
points can be distinguished on the plots if the datasets
are from numerical plots published.

Analysis of the results

For a dataset, if n=1/m, we can ignore whether D or L is
the independent variable. Either n=1/m or n # 1/m will
be tested in the analysis. For a dataset, if n # 1/m, the
method of double regression is used to estimate values of
n, which may minimize the product of deviations in L
and D (Davis 1986; Gillespie et al. 1992). The results are
shown in Table 2. The main characteristics of these
datasets are:

(1) All individual datasets show n # 1/m, which indi-
cates the individual datasets always contain devia-
tions and the distribution of the relative deviations
are not uniform.

results indicate that the datasets formed in a single
tectonic environment with uniform mechanical
properties by isolated faults have minimum devia-
tion of fault length.

The values of n for different datasets are either larger
or less than 1, the maximum value of #n is not larger
than 1.5.

The average ny for double regression is 1.0813 for all
collected datasets. This value is very close to 1.
Histogram of values of ng (Fig. 10) shows that the
peak of ng4 is in the range 1.0-1.1. This value is also
close to 1.The above results imply the real value of n
is close to 1 and the relationship of length—dis-
placement in a single tectonic environment with
uniform mechanical properties should be linear.
These results are consistent with the conclusions of
Clark and Cox (1996) who analyzed 11 previous
datasets and found a linear relationship between
fault displacement and length.

(€)

(4)
)

Value of n estimated from size distributions of faults

Power-law distribution of fault size (displacement and
length) has been proposed by many authors (e.g.
Marrett and Allmendinger 1991; Watterson et al.
1996). For maximum displacement, an equation can be

(2) Dataset 7 (Dawers et al. 1993) and dataset 14 expressed as

(Wilkins et al. 2001) have minimum differences a1

between 7 and 1/m and have high correlation coef- N o< D" (6)

ficients. Dataset 7 is from relatilvely homogeneous For fault length,

rocks and better outcrop in studied area and dataset

14 is formed completely by isolated faults. These N o 752, (7)
Table 2 Parameters showing individual datasets
Dataset Number a-log L a-log D R’ n m l/n ng
1 16 3.0896 0.755 0.7443 1.4441 0.5154 0.6925 1.6051
2 7 2.9857 1.13 0.9653 0.6434 1.5001 1.5542 0.6547
3 20 0.6354 ~1.4078 0.8045 0.8087 0.5831 1.2366 1.2415
4 20 0.3795 ~1.2325 0.4448 0.3801 1.1703 2.6308 0.6614
5 15 0.0246 —1.9359 0.6261 0.9214 0.6795 1.0853 1.1645
6 26 0.3195 —1.0022 0.8863 0.9023 0.9822 1.1083 0.9186
7 15 2.5844 0.7445 0.9757 0.8871 1.0997 1.1273 0.8981
8 92 3.1822 1.4811 0.9591 0.9237 0.814 1.085 1.0933
8-1 23 3.1761 1.4654 0.668 0.888 0.7523 1.1261 1.3815
8-2 69 3.1842 1.4864 0.7883 0.9379 0.8405 1.0662 1.0563
9 24 3.3333 0.7583 0.68 0.8588 0.7919 1.1644 1.0042
10 22 3.528 2.2785 0.816 0.8788 0.9254 1.1379 0.9021
11 68 0.404 —2.6439 0.7456 0.5102 1.5277 1.96 0.5651
12 18 3.1139 1.1742 0.6137 0.8063 0.7133 1.2402 1.0646
13 19 4.7301 3.5752 0.8466 1.2387 0.6824 0.8073 1.3468
14 11 —0.2688 —2.1957 0.9661 1.2105 0.7981 0.8261 1.23157
15 7 3.9831 1.8856 0.9256 1.1246 0.8234 0.8892 1.1684
16 26 —1.4907 —2.4990 0.6 0.8872 0.6466 1.1271 1.02
17 552 2.65 0.01 0.62 0.9 2.37 1.1111 1.46
18 13 3.81 2.31 0.95 1.19 1.32 0.8403 1.25
19 62 1.26 —0.15 0.99 1.0 1.03 1 1.02
Average 1.0813

R, regression correlation coefficient for log D on log L; a-log L, average value of log L, a-log D, average value of log D; n, value of n for
log D on log L; m, value of n for log L on log D; nq4, value of n for double regression. Datasets 1-16 are the same as on Fig. 9. Datasets 17—
19 are relevantly cited from data 1, data 7 and data 10 of Gillespie et al. (1992). The unit of L and D is in meters
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Here, the significance of N, L, D, 1, 2 can be referred
to in Eq. 2. From Egs. 6 and 7, we can obtain

L7 oD (8)
Combining Egs. 1 and 8, we get

_h2
=g )

Equation 9 shows that the value of n can be calculated if
the maximum displacement and trace length populations
are given. But the equation is valid only for faults that
show no fault displacement or length deviations (Mar-
rett and Allmendinger 1991). Not much literature con-
cerns all the values of n, f2 and 1 available to test
Eq. 9. The data from Pickering et al. (1996) show values
of n may be larger than 2/f1 (number 1 in Table 3) or
less than 2/f1 (number 2 in Table 3) due to different
deviations. We also can see that the values of n» may be
larger than 1 (number 1 in Table 3) or less than 1
(numbers 1 and 4 in Table 3) due to different deviations.
The power-law exponent (n) changes largely due to the
deviations of fault length or displacement for the ob-
served level in map view, unresolved fault tip, fault
linkage, etc.

Discussion

When the distribution of relative deviations of a fault
population is irregular, the decrease or increase in values
of n will depend on the distribution of relative devia-

Table 3 Comparison between value of n and f2/f1 from size
population of faults from the southern North Sea (Pickering et al.
1996, numbers 1, 2, and 3) and southern Utah (Fossen and Hest-
hammer 1997, number 4)

Number p1 value p2 value n p2/p1

1 2.7 2.01 0.8 0.7444
2 2.7 2.77 1.0 1.0259
3 2.7 4.11 1.5 1.5222
4 0.9 0.6 0.54 0.6667
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tions. Figure 11 shows the diagram of this effect. The
relationship between the maximum displacement and
fault for a dataset with no deviations is assumed to be
linear. Figure 11a and b indicates different distribution
of deviated fault length. In the case of Fig. 11a, the
power-law exponent is larger than 1 and in the case of
Fig. 11b, the power-law exponent is less than 1.

The collected datasets in this paper do not include
those datasets with a large amount of faults that may be
as good as or better than the datasets selected for ana-
lyzing the value of n. Three of these are shown in the
Fig. 1 in Marrett and Allmendinger (1991), which in-
cludes the dataset of Gulf of Mexico containing 242
faults, the dataset with 136 faults cited from MacMillan
(see reference of Marrett and Allmendinger 1991) and
the dataset with 130 faults cited from MFRG (see the
reference of Marrett and Allmendinger 1991). Two other
datasets are measured by Mansfield and Cartwright
(2001) using physical modeling and that measured by
Schlische et al. (1996) in the Mesozoic Dan River rift
basin. The former contains 237 faults. A value n=0.93 is
obtained for this data, which is also close to 1. The latter
contains 201 faults. The best-fit power-law curve has an
exponent of 0.914, which is nearly linear. The data
published by Lu et al. (1989) and Wen et al. (1990) also
indicate that value of n is equal to 1. So we think that
excluded datasets would not influence our basic results.

Many previous experiment and fieldwork data have
shown that n should be equal to 1 (e.g. Gudmundsson
1987; Gillespie et al. 1992; Lu et al. 1989; Wen et al.
1990; Dawers et al. 1993), which can be predicted by
Dugdale’s model of fracture (Cowie and Scholz 1992a,
b). Dugdale’s fault growth model indicated that the
deformation at the tip of a tensile crack in an elastic-
plastic material is inelastic deformation. This model
predicts linear relationship between displacement and
length of fault:

C(ag — o¢)L
U

where o is the shear strength of the surrounding rock, u
the shear modulus, o7 the frictional shear stress on the
fault, C a constant (Cowie and Scholz 1992a). Therefore,
there is a theoretical base for assuming n=1. It is rea-
sonable to consider that the relationship between max-
imum displacement and fault length is linear (Sneddon
and Lowengrub 1969).

For this paper, only deviations of fault length are
considered for the simulations. In practice, there would
exist deviations of displacement due to sampling and
physical process of faulting. Therefore, real deviation
distribution within a dataset is more complicated than
that considered in this paper.

Besides the fault linkage, the mechanical properties of
host rocks also influence the development of faults.
Anisotropy and heterogeneity such as mechanical lay-
ering have very large effects on the stress fields and these
stress fields control fault formation (e.g. Gross et al.

D= (10)
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Fig. 11 Diagram showing the D
influence of distribution of
deviations of fault trace length
within a dataset. The pointed
line indicates the D-L
relationship with no deviations
of fault length. The solid line
indicates the D—L relationship
with deviations of fault length.
See explanation in the text

D (b)

1997; Bai et al. 2000). Gudmundsson (2004) proposed
that Young’s modulus affects fault formation both
spatially and temporally. The deviations of fault length
caused by the mechanical properties can be simulated by
model 5.

Conclusions

The value of n is related to the faulting mechanism,
therefore it is important to determine the value of n.
However in many cases, the value of n is obtained from
individual data which could not represent the real value
of n. In this paper, the effects of the errors and uncer-
tainties related to deviation of the displacement-length
relationship for faults are quantitatively simulated. We
examined 19 datasets as earlier studies, which have been
the bases of a dispute about the values of n, in particular
whether the value of n is close to 1 or deviates much
from 1.

Based on n=1, the numerical simulations were done
and the following conclusions are drawn.

(a) Uniform relative deviations of fault length would
not change the value of n.

(b) Uniform absolute deviations of fault length due to

unresolved fault tips may decrease the value of #,

and the deviation of values of n increase by the
length absolute deviations.

(c) The relative deviations of fault length due to fault

linkage and observed dimension of faults may be

larger than or less than zero, which either increases
or decreases the values of n depending on the dis-
tribution of relative deviations of fault length within

a dataset.

The mixed deviations of fault length may be either

less than or larger than zero, and either increases or

decreases values of n depending on the distribution
of deviations of a dataset.

(e) A combined dataset from the datasets with different
value of ¢ and orders of magnitude also cause the
values of n to deviate. Therefore combined data is
not appropriate to obtain the power-law exponent
for D—L relationship.Data spanning eight orders of
magnitude are collected from the published litera-
ture. The values of nyq for double regression range
from 0.55 to 1.65 and the average value of ny is
1.0813 and the peak 7 is in the range 1.0-1.1. These

(d)

results imply that the real value of the power-law
exponent (n) of the relationship between maximum
displacement and fault trace length should be equal
to 1. The relationship can be explained by Dugdale’s
model. A non-linear relationship for D-L implies
that the shear strength of the surrounding rock (o)
varies with fault size. However there is no physical
basis supporting it. The large scatter of D—L plots
may result from deviations of trace length due to the
observed level in map view, unresolved fault tip,
fault linkage etc.
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