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Abstract

The role of the mechanical stratigraphy on fault scaling relations and fault displacement distribution along strike is a subject of recent

discussions, poorly documented by field examples. It has, however, a crucial importance in understanding the growth of fault populations

where the lithologic alternation shows strong mechanical contrasts. Here, we analyze a population of exceptionally well-exposed and

preserved minor normal faults, vertically restricted to a brittle carbonate series by overlying and underlying plastic clay layers. Analysis of

fault scarps observed on the same bedding plane reveals that displacement profiles evolve from a linear to a flat-topped distribution once the

faults become vertically restricted at the plastic clay layers. This accounts for a transition from a linear to a power-law relationship between

displacement and along strike trace length, implying that large vertically restricted faults accommodate less relative strain than unrestricted

faults. The analyzed fault population also reveals a nearly regular spacing, with a limiting small distance between large faults, and an

exponential fault size distribution. We argue that these fault statistics may be related to a reduction in the stress shadowing development

related to the specific shape of the restricted faults. As a consequence, for a given strain, vertically restricted normal fault systems require

more large faults than unrestricted systems.

q 2004 Elsevier Ltd. All rights reserved.

Keywords: Normal faults; Vertical restriction; Displacement profile; Scaling relations; Spacing
1. Introduction

In the last decades, fault maximum displacement–length

(Dmax–L) and size distribution relations have been a topic of

much discussion, which has mainly focused on the under-

standing of the factors controlling the scaling laws (e.g.

Walsh and Watterson, 1988; Cowie and Scholz, 1992;

Schultz and Fossen, 2002). These relations are fundamental

because they allow quantitative analysis of the growth of

fault systems (Cowie et al., 1995; Cartwright et al., 1996;

Marret et al., 1999; Ackermann et al., 2001), and constitute

strong constraints on estimating deformation in the upper

crust (e.g. Scholz and Cowie, 1990). These relations also

allow the prediction of fault dimensions and fault continuity

(Pickering et al., 1997; Maerten et al., 2000; Hardacre and

Cowie, 2003) and thus are useful for applications
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concerning seismic hazard assessment, oil and gas explora-

tion, hydrogeology, and waste storage.

Fault displacement distributions are strongly sensitive to

different processes of fault growth such as fault elastic–

static interaction (e.g. Bürgmann et al., 1994; Willemse,

1997) allowing asymmetric displacement distributions and

an increase in the Dmax/L ratio (e.g. Gupta and Scholz,

2000a), which can explain a power-law fault size distri-

bution (Cowie et al., 1995; Marret et al., 1999; Hardacre and

Cowie, 2003). Recent works propose that fault vertical

restriction inherently related to the mechanical stratigraphy

(stratigraphic restriction, see Wilkins and Gross (2002) for

definition), as observed in cross-sections of layered rocks

(e.g. Nicol et al., 1996) or fault systems confined to the

elastic thickness of the crust (Jackson and White, 1989;

Scholz and Contreras, 1998), results in modifications of the

fault scaling relation between Dmax and fault height (H, or

cross-sectional trace length) (Gross et al., 1997; Wilkins and

Gross, 2002). A recent theory based on observations from
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deformation bands (Schultz and Fossen, 2002) proposes a

mechanical solution that explicitly relates fault displace-

ment to fault dimensions, both L and H. This analytical

solution predicts a decrease of the Dmax/L ratio if the faults

grow only by lengthening, i.e. increasing their aspect ratio

(L/H). This Dmax/L ratio reduction is consistent with the

increase of the Dmax/H ratio occurring at the same time on

the vertical dimension, and which can be favored by the

contrasting rheology of the mechanical stratigraphy (Bürg-

mann et al., 1994). Although field observations and

modeling clearly show the influence of the mechanical

stratigraphy on the fault vertical dimension, there still exists

a lack of field data documentation concerning fault

displacement distribution along strike.

In this paper, we present an exceptionally clear field

example of vertically restricted mesoscale normal faults in

marly limestone–silty clays alternation. Measures of fault

displacement along strike reveal the scalar dependence of

displacement distribution and Dmax–L scaling with respect

to the mechanical stratigraphy. We also discuss the

dependence of fault spacing and fault size distribution

statistics on the specific shape and the displacement

distribution of vertically restricted faults.
2. Geological setting and data acquisition

The faults are well-exposed and preserved on several

outcrops in the lignite quarries of the “Collado de Fumanyá”

(Carbones de Berga S. A., Catalonia, Spain, 1847 049 00 of

longitude and 42810 054 00 of latitude), located in the

periclinal closure of the south Pyrenean Serra d’Ensija

anticline of the Pedraforca thrusting unit (Vergés and

Martinez-Rius, 1988) (Fig. 1a). The faults are observed as a

w4.5-m-thick series of early Maestrichtian marly lime-

stones, dipping 30–708 to the east. Back tilting of bedding to

horizontal shows that the studied faults are of normal fault

type with an average angle of 608 between conjugate sets,

which probably formed during the Pedraforca unit emplace-

ment related to the Pyrenean shortening (Coney et al.,

1996).

Bedding planes and cross-section exposures of the marly

limestones series reveal that the studied faults terminate

against the overlying and underlying silty clay layers, i.e.

they are restricted at their top and their base (vertically

restricted or confined in the sense of Schultz and Fossen,

2002) (Fig. 1b and c). Exposures of the fault terminations of

the restricted faults along dip show that the fault displace-

ments are accommodated by plastic deformation of the silty

clay layers, which act as inelastic barriers (or weak barriers

in the sense of Manighetti et al. (2001)) (Fig. 1d). This kind

of barrier strongly differs from the rigid barriers (or strong

barriers) observed by Wilkins and Gross (2002) in layered

rocks. Different exposures on the same bedding plane,

which is located near the top of the marly limestone series,

exhibit a large number of fault scarps indicating normal
offsets. More than 500 fault scarps can be observed on the

largest studied outcrop (Fig. 1e). Analysis of displacements

and distribution of the fault scarps observed on the same

bedding plane is the focus of the present work and is

detailed in Sections 3 and 4.

Displacement (net slip) of the smaller faults (faults for

which the distance comprised betweenDmax and the fault tip

Ld!4 m), assessed by offset bedding plane, was measured

utilizing millimeter- to meter-scale rulers. Displacement

profiles were measured as scarp height versus distance along

the scarps. On these faults, measures of normal offset are

justified because slickenlines rake steeply. On larger faults

(LdO4 m) displacement profiles were established from

photographs of fault scarps revealing clean fresh fault

surfaces (Fig. 1f). Photographs were captured with digital-

video camera with the optic axis oriented normal to the fault

plane. Using laser theodolite and tape measurements, we

calibrated the dimensions of the fault scarps and constructed

displacement profiles. The major source of error is the

amount of fault scarp erosion, estimated at about G1 cm on

average. Fault lengths and spacing of the fault population

observed on the same bedding plane were measured on a

scale-calibrated interpretation of a detailed photo-mosaic of

the outcrop shown in Fig. 1e. Fault spacing was recorded on

the photo-mosaic interpretation along a 165-m-long scan

line oriented perpendicular to the average fault strike.

Some of the large normal faults described in this paper

show overprinted oblique and strike-slip slickenlines

indicating fault reactivation subsequent to normal faulting.

When this occurs, the fault ends can only show oblique

striations that are interpreted as the result of the propagation

of the fault tip during the reactivation stage. The dimension

of these fault ends are relatively small (in the best case

w1.5 m on larger faults having Lw40 m) suggesting that

the amount of normal displacement due to oblique or strike-

slip reactivation, if any, is negligible. Some calcite filled

pull-apart structures associated with oblique slickenlines

indicate a normal component of displacement due to

reactivation lower than 10% of the scarp height. Reactivated

faults will be distinguished by different symbols on graphs.
3. Displacement distribution and Dmax–L relations

Only displacement profiles along the distance comprised

between Dmax and the fault tip (Ld) of simple “isolated half

faults” have been studied. An isolated half fault is defined

as the fault part comprised between Dmax and a fault tip

which is not linked and non-interacting with another

surrounding fault tip (see also Gupta and Scholz,

2000a,b), i.e. with no branching or relay ramping able to

transfer the displacement to another fault (e.g. Peacock and

Sanderson, 1991; Soliva and Benendicto, 2004) (see, for

example, the isolated fault of Fig. 1f). The studied isolated

half faults observed on the largest outcrop are labeled on

Fig. 1e.



Fig. 1. Overview of the Fumanyá fault system. (a) Location of the study area in the South Pyrenees. (b) Bedding planes exposure of the top of the studied marly limestone series showing

that the faults terminate in the overlying silty clay layer. (c) Cross-sectional exposure of the studied faults showing that the faults also terminate in the underlying silty clay layer. (d)

Photograph of a detailed exposure of a fault termination in the underlying silty clays of plastic behavior. (e) Photograph of the largest studied outcrop showing the high dipping bedding

plane of marly limestones displaced by hundreds of faults. The studied conjugate fault scarps are shown as black and white lines, i.e. south and north facing, respectively. Thin broken lines

are strike-slip faults kinematically coherent with the studied tilted normal faults. The thick broken line is the position of the scan line along which fault spacing has been measured on a

better-defined photo-mosaic after scalar calibration. Numbers labeled on the photograph show the studied isolated half faults (see the main text for definition) of Figs. 2 and 3 observed on

this outcrop. (f) Example of a normal fault scarp of an isolated fault.
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Normalized displacement profiles of isolated half faults

(Fig. 2a) exhibit clear differences in profile shape as a

function of fault length. Ten displacement profiles of

different size, selected from Fig. 2a, are shown in Fig. 2b.

Small faults (gray profiles) exhibit a nearly linear displace-

ment decrease from Dmax toward the fault tips (peaked

profile shape), with a mean displacement gradient of 0.073.

The profiles of large faults are generally flat-topped, which

is best expressed by the largest faults. These profiles can be

divided into two near linear parts of different slope

separated by a smooth deflection point. The part comprised

between Dmax and the deflection point (up tow70% of L on

the largest faults) is flat with a very low, nearly constant

displacement gradient ranging between 0.004 and 0.017. In

contrast, the part between the deflection point and the fault

tip shows a higher gradient, ranging between 0.044 and

0.074, comparable with that of the small faults.

Flat-topped fault displacement distribution along strike is

well documented from field data (Dawers et al., 1993;

Fossen and Hesthammer, 1997; Manighetti et al., 2001) and

is consistent with stratigraphic restriction when it appears as

a function of fault length. On the basis that fault dimensions

control the amount of displacement (DmaxZgLn, where n is

the exponent and g is a constant; see Cowie and Scholz,
Fig. 2. (a) Thirty normalized displacement profiles comprised along Ld t

groups, small faults (Ld!4 m) and large faults (LdO4 m). N is the num

sizes (0.4!Ld!25.3 m). Gray and black profiles are small and large fau

displacement profiles, with gradients labeled. Numbers labeled near the

fault plane vertically restricted within a brittle layer having restricted a

profiles in 3-D proportional and non-proportional fault growth within a
1992; Schlische et al., 1996; Schultz and Fossen, 2002), we

infer that zones having low gradients (nearly constant

displacement along strike) reflect the restricted part of large

faults because they must have a nearly constant height along

their central parts (Fig. 2c). A critical height (HcZT/sina),

defined as the height of the vertically restricted faults, given

by the brittle layer thickness (in our study Tw4.5 m) and

fault dip (aw608), likely controls the amount of displace-

ment. In contrast, the steeper displacement gradient

bounding this central section must represent the parts of

the fault that are not vertically restricted. Fault half-length

(Ld) is w4 m when the faults become flat-topped (Fig. 2a

and b), and Hc must be w5 m. Hence, we estimate the fault

aspect ratio (L/Hc) at the initiation of restriction to be w2,

because as we only observe the upper part of the faults, L is

probably underestimated.

Fig. 3a and b shows Dmax–Ld data of the faults presented

in Fig. 2a, with six added small faults (Ld!4 m) for which

the entire profiles were not measured because of the large

amount of erosion or the difficulty in reading the displace-

ment near the fault end. The data show, on both bi-log and

linear axes representations, that two different scaling

relations can be used to describe the fault population

(equations are labeled on the graph). A small fault
he distance between Dmax and fault tip. Profiles are sorted into two

ber of presented profiles. (b) Ten selected half-profiles of different

lts, respectively. Thin broken lines are best linear fits of portions of

profiles of large faults refers to Fig. 1e. (c) Illustration of an entire

nd unrestricted fault parts. (d) Interpretation of fault displacement

brittle layer.



Fig. 3. Representations of the displacement–length data of the studied fault population. (a) and (b) Linear and bi-log plots, respectively, of

Dmax/2 vs. Ld for small (Ld%4 m, gray dots) and large (LdO4 m, black dots) isolated faults (see text for definition). (c) and (d) Linear and bi-

log plots, respectively, of Davg vs. Ld of the same data for which displacement profiles have been established (Fig. 2a) (see text for further

explanation and definition of Davg). Triangular symbols are used for reactivated faults. Gray and black lines are best linear fit for small faults

and power-law fit for large faults, respectively, with equation labeled. Also shown are lines of constant (Dmax/2)/Ld (broken lines) with values

labeled.
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population, non-restricted and characterized by peaked

profile shape, can be explained by a nearly linear relation

betweenDmax and Ld (DmaxZgLnd, with nZ1.085 close to 1,

gZ0.035 and least square coefficient R2Z0.867), which is

consistent with a cohesive end-zone model of faulting in 2-

D (Cowie and Scholz, 1992) or 3-D (Schultz and Fossen,

2002). The data of the large fault population are scattered, a

best linear fit (DmaxZgLnd, with nZ1 and gZ0.035) cannot

be used to explain this population (determination coefficient

R2Z0.219). However, this dataset is better explained by a

power-law fit (DmaxZgLnd, with nZ0.527, gZ0.0497 and

R2Z0.54).

Because Dmax could be an outlier value of displacement

due to the irregular shapes of the profiles, we have estimated

the average displacement (Davg) (see Dawers et al., 1993) on

the faults presented in Fig. 2a, for which the profile has been

measured. To estimate Davg, we have firstly calculated the

surface areas of the scarps using numerical pixel counts of
the areas underneath each displacement profile. Then, we

have divided the surface area of the scarp by Ld to obtain the

estimation of Davg. The graphs of Davg–Ld are presented in

Fig. 3c and d. Although less expressed than on Dmax–Ld
graphs, the deflection of the data is still clearly present on

both linear and bi-log representations. The reason for the

difference between Dmax–Ld and Davg–Ld graphs, which is

discussed in Section 5, is mainly related to the difference in

the characteristic shape between small and large faults

(Fig. 2a). Hence, a simple and reasonable interpretation of

these data is that theDmax–Ld relation changes from linear to

power-law once the faults become vertically restricted. The

observed displacement profiles suggest that in 3-D, the

growth of an ideal isolated fault at Fumanyá was

proportional between height and length (Lw2H) before

vertical restriction and non-proportional (LO2Hc) after the

initiation of the vertical restriction (Fig. 2d). It is also

probable that several of the small faults were half-restricted
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(only restricted at the top of the marly limestone series),

which could explain a component of scatter in this dataset.

However, this cannot be clearly inferred from their

displacement distribution that generally shows peak shaped

profiles.
4. Fault spacing and size distribution

Statistics of fault spacing, measured on the scale

calibrated scan line shown in Fig. 1e, are presented in

Fig. 4a. Fault spacing was therefore measured in graben and

horst fault configurations, and between faults having the
Fig. 4. Fault population statistics. (a) Histogram showing the

spacing distribution along the scan line, 165 m long, crossing 51

faults. Faults having the same sense of dip, horst and graben

configuration are distinguished. (b) Log plot graph of cumulative

fault length frequency. N is defined as the number of faults. Thin

line is best-fit exponential, calculated with only faults of L%30 m

(see the text for explanation), with equation and determination

coefficient (R2) labeled.
same dip direction (see illustration in Fig. 4a). Spacing of

the entire fault population exhibits log-normal distribution

(also observed in joint sets by Narr and Suppe (1991) and

Rives et al. (1992)) with a mode (maximum frequency) for

spacing ranging between 2 and 3 m, revealing a nearly

regular spacing between large faults. Faults having the same

dip direction show a bimodal distribution with the

maximum frequency corresponding to the mode of the

log-normal distribution. Although very small faults under

the photograph resolution or those that are not crosscut by

the scan line are ignored, this graph mainly reveals a

limiting small distance (1 m) within which no large faults

are detected. This smallest spacing between large faults is

also qualitatively visible on the photograph of Fig. 1e), on

which their spacing appears nearly regular and small

compared with their length.

It is important to note that the studied faults did not

originate as joints, which could have explained the nearly

regular spacing observed between faults of the same dip

direction. Fault spacing has been related to the stress drop

distributions (or shadowing) surrounding the fault within

which fault initiation or propagation are impeded (Ack-

ermann and Schlische, 1997; Willemse, 1997; Gupta and

Scholz, 2000a,b; Cowie and Roberts, 2001). Stress shadow

geometry around a fault is in turn closely related to the 3-D

geometry of the faults (aspect ratio) and especially its

displacement distribution (Willemse, 1997; Gupta and

Scholz, 2000a). We propose that both high aspect ratio

and the related flat-topped profiles of the observed large

faults lead to a narrow stress shadow close to the faults, and

can account for the small and nearly regular spacing

between large faults having the same dip direction.

Fig. 4b shows the cumulative fault length frequency

distribution of 567 measured faults, including isolated,

interacting and hard-linked faults detected on the outcrop of

Fig. 1e. The total length of hard-linked faults is considered

as that of one fault. Best-fit functions have been calculated

first with all the presented dataset (1!L!40 m); the

obtained best-fit function is exponential negative (not

presented here). However, because the largest faults are

censored (extending beyond the study area), best-fit

functions have been secondly calculated with only faults

of L!30 m. The exceptionally good exposure of the faults

and high-resolution imaging of the scale calibrated photo-

mosaic suggest a truncation bias due to the photo resolution

only for faults having L!1 m. With faults of 1!L!30 m,

we find that an exponential negative function (equation in

Fig. 4b) better explains the data than a power law fit (linear

on log plot), which is typically obtained from field examples

of non-restricted faults (e.g. Walsh et al., 1991; Marret et al.,

1999).

Gupta and Scholz (2000b) for the Afar depression,

Spyropoulos et al. (1999) and Ackermann et al. (2001) with

monolayer clay models have also observed exponential

distributions, which are interpreted to be consistent with

regular spacing in a restricted fault system. Numerical



Fig. 5. Graph of Dmax vs. Davg of the studied fault population.

Small (peak shaped profiles) and large faults (flat-topped profiles)
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models of a non-restricted fault system (Cowie et al., 1995;

Cladouhos and Marret, 1996; Hardacre and Cowie, 2003)

have shown that fault coalescence and subsequent stress

shadowing dominates over fault nucleation and leads to a

power-law distribution. In our case, stress shadow geometry

has probably grown non-linearly with fault length because

of the fault vertical restriction. As Ackermann et al. (2001)

suggested from their modeling, we suggest that the

decreased displacement gradient associated with fault

restriction results in a relatively reduced stress shadow

and thus allows large faults to grow closer to each other.

This is a possible reason to account for the large proportion

of intermediate and large fault lengths observed in the

exponential distribution. In addition, we have found that

displacement distribution on restricted faults is flat-topped

with a limiting amount of displacement, which implies that

large faults accommodate relatively low strain (poorly

efficient fault) compared with non-restricted faults. This

suggests that for a given strain, restricted fault systems

require more large faults than unrestricted systems.
are distinguished by different symbols. Best fit equations are

labeled with least square coefficients.

Fig. 6. Bi-log representation of Dmax vs. L of vertically restricted

isolated faults from this study and isolated deformation bands from

Schultz and Fossen (2002). For the Fumanyá fault set L

corresponds to 2Ld. Power law fits of each fault population are

shown with equations and least square coefficients labeled.
5. Discussion and conclusion

The present paper documents a field example of faults

vertically restricted into marly limestone series where the

stratigraphic fault restriction occurs due to overlying and

underlying plastic silty clay layers. Measurements of fault

displacement along strike on the same bedding plane reveal

a Dmax–L relation transition from linear to power-law,

inherently related to the evolution of displacement profile

from linear to flat-topped distribution. We interpret this

transition as the expression of the stratigraphic restriction of

the 3-D fault shape.

A break of scaling is also clearly observed with the

average value of displacement (Davg–L graphs of Fig. 3c and

d). However, on Davg–L graphs the data of the large faults

are shifted upward, leading to a smoother deflection of the

entire population (compare Fig. 3b and d). Fig. 5 reveals the

existence of a discrepancy in the Dmax/Davg ratio between

small (peak shaped profiles) and large (flat-topped profiles)

faults. A more scattered Dmax–Davg data (randomly) and

similar Dmax/Davg average ratio should be expected if Dmax

is an outlier parameter related to displacement irregularity.

Indeed, this discrepancy obviously reflects the dependence

of Davg in displacement profile shape (peaked or flat-topped

shapes), and suggests that this parameter should be carefully

used when comparing characteristic fault displacement

distribution. The large scattering of the data, especially for

the large faults, is therefore probably due to a fault

complexity “out of the plane of inspection” as, for example,

the presence of an intra marly limestone mechanical barrier,

vertical fault segmentation, or local rheological

heterogeneity.

Although faulting generally differs from cataclastic

frictional sliding and compactional displacement occurring
in porous sandstones (e.g. Antonellini et al., 1994), similar

power-law scaling was observed on deformation bands

growing confined to a sandstone layer (Schultz and Fossen,

2002). Both the isolated faults presented in this paper and

the isolated deformation bands from Schultz and Fossen

(2002) are reported in Fig. 6. The observed power-law

scaling of the deformation bands has been explicitly related

to fracture development that increases in aspect ratio, i.e.

lengthening deformation bands. Regardless of the transition

of scaling observed in our dataset, all the faults of the
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present study can be explained by a similar power law with

exponent n!0 (see equations in Fig. 6). The similarity of

scaling behavior on these different deformation processes

leads to the thought that stratigraphic restriction should be

efficient in a wide variety of rocks where the lithological

alternation shows strong mechanical contrasts. Together

with observations of fault geometry in stratigraphic

sequences (Nicol et al., 1996; Gross et al., 1997; Schultz

and Fossen, 2002; Wilkins and Gross, 2002) this suggests

that normal fault vertical restriction is an important process

of faulting in the sedimentary cover. For example, it plays

an important role in normal fault vertical segmentation

(Koledoye et al., 2000; Wilkins and Gross, 2002) and

probably also in the 3-D pattern (Benedicto et al., 2003).

Fault vertical restriction is suggested as being a possible

process occurring for faulting at a crustal-scale where the

ductile crust of inelastic behavior can mechanically inhibit

brittle faulting (e.g. Jackson and White, 1989; Scholz and

Contreras, 1998). Therefore, displacement distribution

along strike, fault size distribution and spacing should be

useful for discussing the 3-D fault geometry at a crustal-

scale, and the implication for fluid migrations and

localization of seismicity. Large normal faults (LO30 km)

having flat-topped displacement profiles with smooth

deflection zones could be regarded as faults restricted at

the base of the upper crust. However, on these large faults,

other questions are raised concerning the role of ductile

shearing in the lower crust, sediment loading or mechanisms

like isostatic adjustment that probably affect the displace-

ment distribution.
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