Journal of Structural Geology, Vol. 19, No. 2, pp. 171 to 183, 1997
© 1997 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0191-8141/97 $17.00 + 0.00

Pergamon

PII: S0191-8141(96)00085-5

Influence of mechanical stratigraphy and kinematics on fault scaling relations

MICHAEL R. GROSS*

Department of Geology, Florida International University, Miami, FL 33199, U.S.A.

GABRIEL GUTIERREZ-ALONSO

Departamento de Geologia, Universidad de Salamanca, 37008 Salamanca, Spain

TAIXU BAI, MICHAEL A. WACKER and KEVIN B. COLLINSWORTH

Department of Geology, Florida International University, Miami, FL 33199, U.S.A.

and

RICHARD J. BEHL
Department of Geological Sciences, California State University, Long Beach, CA 90840, U.S.A.
(Received 19 February 1996; accepted in revised form 30 September 1996)

Abstract—In order to document effects of mechanical anisotropy, fault geometry, and structural style on
displacement-length (D-L) scaling relations, we investigated fault dimensions in the lithologically heterogeneous
Monterey Formation exposed along Arroyo Burro Beach, California. The faults, which range in length from
several centimeters to several meters, group into two populations: small faults confined to individual mudstone
beds, and larger faults that displace multiple beds and often merge into bedding plane detachments. Whereas a
linear correlation exists between displacement and length for small faults, displacement across large faults is
independent of length. We attribute this deviation from scale-invariance to a combination of geologic factors that
influence fault growth once faults extend beyond the confines of mudstone beds. Propagation of large faults across
higher moduli opal-CT porcellanite leads to a reduction in D/L, as does the development of drag folds. Further
scatter in D/L occurs when fault tips splay as they approach detachments. Large faults eventually merge into
bedding plane detachments, which originally formed due to flexural slip folding. Extremely high D/L ratios are
recorded for these merged faults as they accommodate block rotation within a simple shear zone. Thus, both
mechanical stratigraphy and the temporal evolution of fault systems can lead to a breakdown in fault scaling
relations thought to characterize isolated fault growth in a homogeneous medium. € 1997 Elsevier Science Ltd. All

rights reserved

INTRODUCTION

Relations among fault parameters such as length, width,
displacement, and gouge thickness have been the focus of
considerable attention over the past 20 years (e.g. Elliott,
1976; Hull, 1988; Clark and Cox, 1996). Knowledge of
fault dimensions, in turn, provides valuable constraints
on a number of geologic applications such as calculating
seismic and geometric moments (Marrett and Allmen-
dinger, 1991), estimating strain in a region (Scholz and
Cowie, 1990; Walsh et al., 1991; Marrett and Allmendin-
ger, 1992) and developing models for fault growth (Walsh
and Watterson, 1988; Cowie and Scholz, 1992a; Cladou-
hos and Marrett, 1996).

One well-established relationship is the correlation
between fault length (and width) and displacement,
which follows the general formula DocL”, where L is
fault length, D is maximum displacement across the fault,
and n is the power law exponent (e.g. Muraoka and
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Kamata, 1983; Cowie and Scholz, 1992b; Gillespie et al.,
1992; Dawers et al., 1993). The global data set, which
includes faults ranging from outcrop (m) to seismic (km)
scale, was recently augmented by displacements mea-
sured across small faults having 1-14cm lengths
(Schlische et al., 1996). Although the precise value of n
remains the subject of debate, combined data sets
spanning more than eight orders of magnitude reveal a
general trend that maximum displacement across a fault
does indeed scale with fault length.

Inspection of global fault data sets, however, reveals a
large degree of scatter partially masked by the nature of
log-log plots (refer to plots in Marrett and Allmendinger,
1991; Gillespie et al., 1992; Schlische et al., 1996). Factors
in addition to measurement errors and outcrop limita-
tions may be responsible for this scatter. Cowie and
Scholz (1992b) question the validity of combining fault
data from different lithologies and tectonic settings on
theoretical grounds because fault growth may depend
upon material properties and loading conditions. Pea-
cock and Sanderson (1991) and Dawers and Anders
(1995) show that D/L ratios may be higher in areas of
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overlapping fault segments and splays, and Cartwright et
al. (1995) suggest that linkage of fault segments is a
primary reason for the observed wide scatter in displace-
ment versus fault length. Numerical models of Biirgmann
et al. (1994) suggest that mechanical anisotropy and
overlapping fault tips can profoundly impact D/L ratios,
while field observations by Wojtal (1994, 1996) reveal
different displacement population coefficients for faults
of different sizes, attributed to changes in structural style
during temporal evolution of fault systems. Thus, a host
of geologic scenarios may lead to deviations from an
idealized universal scaling law for fault dimensions.

The purpose of our field study is to investigate the
effects of mechanical stratigraphy (i.e. variations in
mechanical properties that result from changes in
lithology or the presence of structural discontinuities;
Gross, 1995) and fault kinematics on displacement—
length scaling relations. By selecting an outcrop with
diverse lithology and a deformation history that can be
traced through time, we hope to isolate individual factors
that may impact the magnitude of displacement across
faults. These factors include mechanical properties,
frictional drag, fault termination geometry, and the
merging of faults into bedding plane detachments.

GEOLOGIC SETTING

Geometries and dimensions of normal faults were
investigated in the Miocene Monterey Formation
exposed along Arroyo Burro Beach in Santa Barbara,
California (Fig. 1). The section is located in the southern
flank of the western Transverse Ranges, a crustal block
situated west of the San Andreas fault that has undergone
~90° of clockwise rotation since the middle Miocene
(e.g. Crouch, 1979; Luyendyk et al., 1985; Hornafius,
1985). Presently the western Transverse Ranges are an
actively developing fold and thrust belt, with NNE-SSW
oriented contraction manifested by detachment and
fault-related folding (Yeats, 1983; Namson and Davis,
1988; Shaw and Suppe, 1994). The switch in regional
tectonic regimes during the early Pliocene from block
rotation about a vertical axis accommodated by mainly
strike-slip faulting to contractional folding and thrust
faulting resulted in generally EW-trending, strike-
parallel extension. In mudstone lithologies at Arroyo
Burro, this Pliocene~Holocene along-strike extension is
accommodated by normal faulting (Gross and Engelder,
1995).

The Monterey Formation was deposited in a series of
deep anoxic basins along the California borderland
during the middle to late Miocene (Isaacs, 1980; Pisciotto
and Garrison, 1981). It consists of interbedded lime-
stones, dolostones, mudstones, shales, and silica-rich
horizons. The dominant source of silica in the Monterey
Formation was biogenic. Under increasing burial depths
and temperatures, siliceous beds, originally composed of
diatom frustules in the form of amorphous opal A, are

diagenetically converted to an intermediate though
unstable opal-CT phase. Further increases in tempera-
ture result in transformation from opal-CT to the stable
diagenetic quartz phase (Bramlette, 1946; Murata and
Larson, 1975). Diagenesis is also affected by silica purity,
such that adjacent beds of different compositions may be
at different stages of silica diagenesis (Isaacs, 1982).

The main mechanism accommodating shortening at
Arroyo Burro is multi-layer flexural-slip folding with
shear displacement concentrated along numerous thin
clay horizons (Fig. 1¢). Tangential longitudinal strain
occurs within individual layers. Folds at Arroyo Burro
are cylindrical with NW-SE-trending horizontal to
subhorizontal axes. The study site, referred to as ‘Station
A’,islocated on the NE-dipping limb of a small (~ 200 m
wavelength) anticline within the Carbonaceous Marl
Member of the Monterey Formation. At this locality
the Carbonaceous Marl Member consists of organic and
phosphatic-rich calcareous mudstones interbedded with
clays, dolostones and opal-CT porcellanites (Isaacs,
1983). The wide range in lithologies, and hence mechan-
ical properties, results in fracture partitioning, with
mode-I joints and veins restricted to pure dolostone and
siliceous beds and normal faults generally confined to
mudstone horizons (Gross, 1995). The measured faults
are confined to a composite mechanical unit 3.3 m thick
consisting of alternating organic-rich mudstone, calcar-
eous mudstone, calcareous opal-CT porcellanite, and
pure opal-CT porcellanite. The unit, bounded above and
below by thin clay detachment horizons, is subdivided
into 19 lithologic beds (Fig. 2). A cross-section sketch of
Station A shows the distribution of faults with respect to
mechanical stratigraphy (Fig. 3).

NORMAL FAULTS

Normal faults at Arroyo Burro group into two main
categories based on trace length: small faults less than
70 cm in length restricted to individual beds, and large
faults between 0.9 and 2.6 m that extend across multiple
beds. The large faults cut through numerous opal-CT
beds and may contain gouge and/or deformed wall rock
up to 17cm in thickness. Within large fault zones,
polyhedral pieces of opal-CT are preserved due to their
competent behavior, while mudstone tends to stretch and
flow in a ductile manner. Tips of the large faults often
merge into bedding plane detachments, or break down
into numerous splays as they approach detachments or
other large faults (Fig. 3). In contrast, most of the small
faults are confined to phosphatic mudstone intervals, and
do not extend into neighboring opal-CT beds. Thus,
maximum length of small faults is restricted by the
stratigraphic distance between bounding opal-CT hor-
izons, with small faults found primarily in mudstone beds
#5, #7, #10, #12-14, and #16-18 (Fig. 2).

Orientations of large and small faults cluster into
similar conjugate pairs, with mean orientations of
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Fig. 1. (a) Map of structures along Arroyo Burro Beach, Santa Barbara, California. Note the consistent NW-SE-trending

thrust faults and fold axes. (b) Projected X-X' cross-section for Arroyo Burro Beach, demonstrating NE-SW contraction

characterized by fault-related folding. (c) Schematic representation of structural position of studied normal faults. The faults,
found on opposing flanks of a flexural slip anticline, accommodate extension parallel to the fold hinge.

~244° 67° NW and ~039° 67° SE (Fig. 4). Thus, faults at
different scales most likely formed coevally under the
same tectonic stress regime. Slickensides are not pre-
served on fault surfaces, though fold axes of cylindrically
dragged opal-CT layers adjacent to large faults serve as

excellent kinematic indicators of pure dip-slip motion. In
addition, the fact that the number of faults dip equally in
both directions implies a pure shear origin with max-
imum principal stress as the acute bisector of mean fault
planes. Extensional faults are among the latest structural
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Def'm Style Lithology Layer # Description
—p- #19 (4 cm brown cla
#18 (11 cn)1) calcareou)e{. mudstone/shale
#17 (3 cm) dark brown mudstone
l 3 #16 (40 cm)  mudstone/shale
TTT] ISVNIN | #15 (9 cm) impure opal-CT porcellanite
|t #14 (36 cm)  calcareous siliceous mudstone
#13 (4.5cm)  calcareous opal-CT porcellanite
#12 (8.5cm)  calcareous mudstone
#11 (16 cm)  calcareous opal-CT porcellanite
#10 (41 cm) calcareous phosphatic mudstone
#9 (22 cm) calcareous opal-CT porcellanite
#8 (17 cm) pure opal-CT porcellanite
#7 (19 cm) phosphatic mudstone
#6 (7 cm) impure opal-CT porcelianite
#5 (26 cm) phosphatic mudstone
#4 (37 cm) pure opal-CT porcellanite
#3 (18 cm) interbedded mudstone & calcareous porcellanite
#2 (11 cm) ure opal-CT porcellanite
#1 (4 cm) rown clay
h
small faults [ﬁ—_ﬂ joints =p» detachment
4

Fig. 2. Mechanical stratigraphy for the section of Monterey Formation exposed at Station A. Small normal faults are mostly
confined to mudstone beds, whereas jointing is the dominant style of brittle deformation in opal-CT porcellanite beds.

features to form at Arroyo Burro (Gross, 1995; Gross
and Engelder, 1995), and display no evidence for
subsequent reactivation.

Fault dimensions and geometries such as orientation,
maximum dip separation, trace length, gouge/fill thick-
ness, nature of termination, and cut-off lines were
measured and described for the normal faults exposed
at Arroyo Burro Beach. We define fault length according
to the terminology of Walsh and Watterson (1988), who
refer to fault length (L) as the maximum fault surface
dimension parallel to slip direction, and fault width (W)

as the maximum dimension normal to slip direction. The
outcrop face at Station A, oriented normal to fault strike,
provides a continuous exposure of stratigraphy and fault
traces for more than 50 m. Numerous thin (mm-cm)
laminations in mudstones as well as uniformly thick opal-
CT horizons serve as excellent markers for measuring dip
separation. We measured dimensions of small faults with
a vernier caliper, which provided estimated measurement
errors of +0.2 cm for offsets and +1.0 cm for lengths.
We estimate measurement errors for large faults of
+1.0cm for offsets and +5.0 cm for lengths. Because
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Fig. 3. Cross-section of Section A showing distribution and geometry of normal faults. The measured faults are found
beneath the main detachment (bed #19). Selected marker horizons are numbered according to the stratigraphic section in
Fig. 2. Labeled boxes represent areas of small fault measurements.

motion on normal faults was dip-slip without subsequent
reactivation, and the outcrop is oriented normal to fault
strike, we infer that dip separation is nearly equal to true
displacement across the faults (Wojtal, 1996).

A total of 18 large faults were encountered at Station A
(Fig. 3), although accurate lengths were attainable for
only 15 due to outcrop limitations. Therefore, in order to
augment the data set for large faults, 10 normal faults

LARGE FAULTS

Equal Area

Mean W-Dipping
24571 W

n =17 faults

Equal Area

IMean W-Dipping
243 65W

n = 125 faults @ = mean orientation

Fig. 4. Lower hemisphere stereoplots of poles to fault planes at Station
A. Note that large and small faults group into similar conjugate sets.

belonging to the same population from a similar
mechanical unit on the SW-dipping limb of the anticline
were incorporated into the study (Fig. 1c). Details of this
latter section (Station 7) may be found in Gross and
Engelder (1995). Small faults were measured at six
localities along the section (labeled A, B, C, D, R, and
X in Fig. 3). Examples of small faults, which range in
length from 1.0 to 70 cm, are shown in photographs and
sketches of Sections A and C (Figs 5 & 6). Although the
entire Monterey Formation section at Arroyo Burro is
intensely fractured, small faults are generally restricted to
mudstone lithologies (layers #10, #15, #17 in Figs 5 and
6); prominent closely-spaced fractures in the opal-CT
beds are mostly opening-mode joints and veins. Sub-
stantial offset of opal-CT layers (e.g. #11, #13, #15)
occurs mainly across large faults (Figs 3, 5 & 6).

The development of extensional faults at Arroyo Burro
occurred in conjunction with local folding, both in
response to Pliocene—Holocene tectonic contraction.
Simple shear concentrated along thin clay horizons
during flexural slip folding, while intervening rock units
extended along strike under a pure shear regime. The
latter deformation was accomplished by the propagation
of opening-mode veins in dolostones and porcellanites
while normal faulting predominated in mudstones
(Gross, 1995; Gross and Engelder, 1995). Sibson (1996)
describes the resulting outcrop fracture pattern as
belonging to a ‘Hill-type’ fault-fracture mesh., The
normal faults initiated as conjugate pairs within indivi-
dual mudstone beds. As time progressed and tectonic
contraction intensified, a number of normal faults
extended beyond the confines of individual mudstone
beds, cutting across more competent opal-CT layers.
Some of the faults eventually merged into the bedding
plane detachments, whereas others terminated prior to
reaching these surfaces of flexural slip. Upon merging
into detachments, fault-bounded blocks became free to
rotate as displacements across large faults were trans-
ferred to the bedding plane slip horizons.
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Fig. 5. (a) Photograph of faults at Section A. Note that small conjugate faults are confined to the laminated mudstone in the
central portion of the photograph. Opal-CT beds are dragged and brecciated within the large fault found to the left (arrows).
(b) Photograph of faults at Section C. The arrow marks the main clay detachment at the top of the measured section (bed #19).
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Fig. 6. Sketches of photographs in Fig. 5. Note how the large faults
displace opal-CT horizons, and often merge and splay into bedding-
plane detachments (circled areas).

RESULTS

Plots of maximum dip separation versus fault length
from Arroyo Burro Beach are presented in Fig. 7. Small
faults from Sections A and C are plotted separately as
their quantities are deemed sufficient for correlation (Fig.
7a & b). Data from all small faults are combined together
in Fig. 7(c). A strong linear correlation (r*=0.78) exists
between dip separation and length for small faults, which
in all cases is stronger than the best logarithmic curve fit.
Therefore, n=1 for small faults at Arroyo Burro, similar
to results reported by other workers (Elliott, 1976;
Opheim and Gudmundsson, 1989; Cowie and Scholz,
1992b; Dawers et al., 1993; Clark and Cox, 1996;
Schlische ez al., 1996). As is the case with most other
studies, plots of small faults display considerable scatter
(Walsh and Watterson, 1988; Cowie and Scholz, 1992b;
Gillespie et al., 1992; Cartwright et al., 1995; Schlische et
al., 1996). The best linear fit for small faults shows that
maximum offset across faults confined predominantly to
mudstone intervals in the Monterey Formation is
approximately one-tenth fault length, about three times
greater than the (D/L) ratio reported by Schlische ez al.
(1996) for small faults in massive siltstones. Nonetheless,
faults at Arroyo Burro ranging from 1 to 70 cm in length
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demonstrate a power law scaling relationship with regard
to their dimensions.

In marked contrast to small faults, dip separation
across large faults is independent of fault length as
indicated by extremely low correlation coefficients for
both linear and power law curve fits (Fig. 7d). The
breakdown in D-L scaling relations is best seen in a plot
where all data are combined together (Fig. 8). Note that
small faults follow the best-fit linear trend, yet large faults
deviate markedly when this line is extended into their
range. Not only do many large faults plot far from their
expected values based on a self-similar growth model,
but the deviation is somewhat symmetrical, with large
faults significantly falling both beneath and above the
extrapolated relationship observed for small faults. In
other words, many large faults have unusually small
displacements relative to their lengths, whereas other
large faults have anomalously large displacements.
Large faults are subdivided into categories based on
geometry and structural position, including isolated
faults, faults that terminate in splays at detachments,
faults that merge into detachments, faults resulting in
dragged beds, and various combinations of these features
(Fig. 8). We define isolated faults as those faults that
extend across multiple beds but do not approach
detachments.

DISCUSSION

Displacements across normal faults at Arroyo Burro
do not conform to a universal scaling relationship. Small
faults less than 70 cm in length and confined to mudstone
beds exhibit displacements that indeed correlate linearly
with length. The D/L ratio of 0.11 for these small faults,
though, is high relative to other ratios reported in the
literature (Cowie and Scholz, 1992b; Schlische ez al.,
1996). On the other hand, displacements associated with
large faults cutting through multiple beds are indepen-
dent of length, and their deviation from the expected
scaling relation appears related to specific outcrop
geometries, kinematics, and mechanical properties. In
the following discussion we review proposed explana-
tions for scatter in D-L plots and then present our
theories for the breakdown in fault scaling relations at
Arroyo Burro.

Proposed explanations for inconsistent fault scaling

Numerous factors may contribute to the scatter and
inconsistencies commonly observed in plots of fault
displacement-length data, including errors associated
with sampling effects and measurement biases (Walsh
and Watterson, 1987, 1988; Cowie and Scholz, 1992b;
Gillespie et al., 1992), the influence of mechanical
properties on fault growth (Walsh and Watterson, 1988;
Cowie and Scholz, 1992a; Biirgmann et al., 1994), and
fault segment linkage and the temporal evolution of fault
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Fig. 7. Plots of maximum dip separation versus length for small and large fauits at Arroyo Burro Beach.

systems (Peacock and Sanderson, 1991; Cartwright ez al.,
1995; Willemse et al., 1996; Wojtal, 1996).

Theoretical models for fault growth imply that dis-
placement-length ratios should vary as a function of rock
mechanical properties. For example, Walsh and Watter-
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Fig. 8. Combined maximum dip separation-length plot for all normal

faults at Arroyo Burro. Note that small faults follow a linear trend, but

large faults do not. Large faults are divided into groups based on
geometries and structural position.

son (1988) propose that shear modulus is proportional to
fault width and inversely proportional to the square root
of displacement, whereas the Cowie and Scholz (1992a)
model, based on post-yield fracture mechanics, suggests
that D/L is proportional to the shear strength and
inversely proportional to the shear modulus of the host
rock. Effects of mechanical properties on fault growth are
substantiated by field and seismic data, including the
modification of fault displacement profiles (Muraoka
and Kamata, 1983; Peacock, 1991) and the development
of elliptical fault surfaces (Nicol et al., 1996) due to
mechanical layering.

Walsh and Watterson (1987) suggest that ‘ductile drag’
of incompetent beds can lead to consistently low
displacement values along a fault profile. It is apparent
from their discussion, however, that they are not
referring to effects of frictional drag along the fault
surface, but rather to the displacement of draped
monoclinal flexures that develop in front of a propagat-
ing fault. Consequently, more competent beds that were
not monoclinally flexed reveal true displacement,
whereas low values of displacement derived from
dragged beds represent a source of measurement error.

Both Peacock and Sanderson (1991) and Dawers and
Anders (1995) report that individual fault segments
within a larger fault zone display significantly greater
D/L ratios than the composite linked fault zone and
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adjacent isolated faults. In addition, Cartwright et al.
(1995) hypothesize that scatter in D-L data from
Canyonlands Graben, Utah and other data sets is due
primarily to segment linkage during fault growth. Thus,
the temporal evolution of a segmented fault system may
contribute to changes and/or scatter in D-L plots. In a
related study of fault displacement populations, Wojtal
(1994, 1996) demonstrates that the kinematic evolution
of a fault system through time results in a deviation from
self-similarity; faults of different sizes exhibit different
power law scaling relations. In the case of a contractional
duplex system this change occurs when isolated thrust
faults interact with bounding roof and floor thrusts
(Wojtal, 1994), while for extensional faults this occurs
when larger faults interact with each other or approach
mechanical boundaries (Wojtal, 1996). As is the case with
opening-mode veins (Gross and Engelder, 1995),
mechanical layer thickness plays a critical role in
controlling fracture scaling relations (Wojtal, 1996).

For the purpose of our discussion we distinguish
between two kinds of fault linkage: the linkage of sub-
parallel segments belonging to a composite fault zone,
and the linkage of genetically different faults. In the
former case, fault zones often evolve into a series of
overlapping and interconnecting segments (Peacock,
1991; Peacock and Sanderson, 1991; Anders and
Schlische, 1994; Childs et al., 1995). Most segments of
the fault zone are subparallel to each other, form in
response to the same tectonic forces, and display similar
kinematic development and sense of motion. Thus, fault
segments and accommodating relay ramps combine to
form a composite structure that in an overall sense
reflects relatively uniform geometries and scaling rela-
tions (Dawers and Anders, 1995). In contrast, an example
of the linkage of different faults would be the merging of a
Mesozoic normal fault into a Paleozoic thrust detach-
ment. A second example would be the linkage of an
isolated, horse-confined thrust fault into a roof thrust, as
outlined by Wojtal (1994). Even though these latter faults
evolved together as part of the same system, their
kinematics, geometries, and mechanics of formation are
sufficiently different from each other to distinguish them
from linked segments.

Explanation for high D/L ratios for small faults at
Arroyo Burro

A combination of geologic factors may have led to the
D-L pattern observed at Arroyo Burro. In terms of
lithology, field observations indicate that mechanical
contrasts between mudstones and opal-CT porcellanites
are quite large (Gross and Engelder, 1995). Our measure-
ments of elastic properties for opal-CT beds from
adjacent outcrops yield shear moduli of ~8 GPa. We
were unable to measure properties of the mudstone due
to its friable nature, however a qualitative mechanical
analysis implies it is an extremely weak lithology (Gross,
1995), and we suspect its shear modulus is less than
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1 GPa. In the fault growth model of Walsh and
Watterson (1988), a low shear modulus would lead to a
high D/L ratio. For the model proposed by Cowie and
Scholz (1992a), the predicted relationship is less clear
because D/L depends on two material properties, namely
the shear strength and shear modulus of the rock.
Because the grade of silica diagenesis implies a maximum
burial depth of 3 km for the Monterey Formation at
Arroyo Burro (Isaacs, 1982; Gross, 1995), confining
stress (< 50 MPa), and hence shear strengths of the rock
layers, are relatively low (<150 MPa). For relatively
small differences in shear strength, the Cowie and Scholz
(1992a) model suggests that large differences in shear
modulus would result in a wide range of D/L ratios, with
higher ratios corresponding to lower moduli. Thus, the
high D/L ratio of 0.11 observed for small faults at Arroyo
Burro may be attributed to the weak mechanical proper-
ties of mudstone beds.

Explanation for large fault D-L results

Displacement across large faults apparently is not
related to length, as inferred from visual inspection of
plots as well as the lack of correlation for linear and
power law curve fits (Figs 7d & 8). Field observations
indicate that several faults are segmented, though a
majority of both small and large faults are not segmented.
Furthermore, we do not observe a difference in degree of
segmentation between small and large faults. Segmenta-
tion may lead to increased scatter in D—L plots (Dawers
and Anders, 1995), however, it should not result in a lack
of correlation (Cartwright et al., 1995). Therefore, we
conclude that some of the scatter in D-L plots for both
small and large faults may be attributable to fault
segment linkage, but this process is not responsible for
the breakdown that occurs when faults extend beyond
mudstone beds.

Large faults may display anomalously high or low
displacements with respect to the extrapolated linear
trend derived from small faults. As large faults grow
beyond the confines of weak mudstone layers and cut
across more competent opal-CT beds, the mechanical
properties of rock (both local and integrated over the
entire fault length) encountered by the fault change
dramatically. According to theoretical considerations
described above, the sharp increase in shear modulus
would result in a decrease in D/L (Walsh and Watterson,
1988; Cowie and Scholz, 1992a). Furthermore, numerical
models of Blirgmann et al. (1994) demonstrate that an
inclusion of high modulus material in a low modulus rock
should decrease fault displacement with respect to its
length (Fig. 9). At Arroyo Burro, these high modulus
inclusions encountered by large faults are opal-CT beds,
which have estimated shear moduli approximately 10
times greater than the mudstones. The effect on the D-L
relationship of cutting across beds with higher moduli
should best be observed for isolated faults, which are
large faults that displace opal-CT beds yet terminate
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Fig. 9. Effect of an inclusion with different Young’s modulus from the

host material on fault displacement profiles, from numerical models of

Biirgmann ez al. (1994). E*/E is the ratio of Young’s modulus in the

inclusion to that in the host. Note that a fault encountering an inclusion

of higher modulus (e.g. a fault encountering opal-CT beds within a

mudstone unit) will result in a decrease in displacement relative to fault
length.

prior to reaching detachments. As seen in Fig. 8, all large
faults that fall into this category plot below the y=0.11x
line as expected — evidence that mechanical properties
exhibited by different lithologies influence fault growth at
Arroyo Burro.

Another potential factor that may affect the D/L ratio
is frictional drag of opal-CT beds, which occurred
adjacent to a number of large faults. It is clear that the
‘ductile drag’ process described by Walsh and Watterson
(1987) is not responsible for drag observed at Arroyo
Burro, as monoclinal folds are not found near fault tips,
and drag may be observed along the entire fault length. In
contrast, strong evidence for a frictional origin includes
intense brecciation and block rotation within dragged
zones of opal-CT beds. Analytical and numerical models
suggest that any increase in frictional resistance would
lead to a decrease in the D/L ratio (see eq. 5 and fig. 5b of
Biirgmann et al., 1994). Faults characterized solely by
dragged opal-CT beds fall beneath the extrapolated line,
implying that frictional resistance of competent beds at
Arroyo Burro reduces maximum displacement across
large faults.

We now turn our attention to effects of fault termina-
tion geometry, kinematics, and temporal evolution of the
overall fault system at Arroyo Burro. Large faults are
presently at different stages of development, ranging
from isolated to fully merged with bedding plane
detachments. Although precise timing of extensional
faulting with respect to development of flexural slip
folding is unresolved, it is probable that initiation of
normal faulting in mudstone beds (i.e. small faults)
occurred in conjunction with flexural slip, as both
structural elements are related to the same folding event
(Fig. 10a). However, it is abundantly clear that bedding
plane detachments were active prior to the development
of large faults (i.e. prior to the extension of small faults
beyond the confines of individual mudstone beds), as
large faults abut against, splay, and merge into slip

Fig. 10. Kinematic model for temporal development of normal faults at
Arroyo Burro. (a) Small faults grow in mudstone beds to accommodate
axis-parallel extension during multi-layer flexural slip folding. (b)
Several small faults grow into large faults by extending beyond confines
of mudstone beds. (c) Examples of large faults eventually merging into
bedding parallel detachments, allowing for continued displacement to
occur without an increase in length as slip is transferred to the
detachment.

horizons (Fig. 3). Splays at Arroyo Burro occur due to
mechanical interaction of large faults as they approach
detachment surfaces, and may develop in one of two
ways. In the first case (Case 1 of Fig. 11) several splays
branch off a large fault. Displacement across each
individual splay is transferred to the large fault, such
that the maximum displacement observed across the fault
reflects the sum of displacement across the large fault plus
displacements across all of the splays. This would result
in an increase in D/L for the large fault. In the second case
(Case 2 of Fig. 11) fault splays originate near the
detachment interface and propagate towards the large
fault, eventually merging with the large fault. Splays act
as isolated individual faults, thus displacement would not
be transferred from splays to a large fault because the
contact points mark intersections of tip lines with zero
displacement. Thus, the geometry of the latter case would
lead to a decrease in D/L. The sketch of Fig. 3 shows
faults with splay zones at various stages of development.
Several currently developing splay zones display a
growth pattern resembling Case 1 (e.g. top of large fault
in left side of section A) while others reflect Case 2 (e.g.
the large fault in the left side of sections C and R).
Splayed faults plot above, beneath and near the line of
y=0.11x in Fig. 8, perhaps because splays can result in
either a decrease or increase in D/L depending upon how
they develop.

Once large normal faults merge into bedding parallel
slip zones, continued displacement can occur without
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CASE 1
INCREASE D/L

CASE 2
DECREASE D/L

a+b+c+d

Fig. 11. Effect of splay development at the ends of large faults on D/L
ratios. Both types of splay development occur at Arroyo Burro. See text
for more details.

increasing fault length by the transfer of displacement to
the detachment through branch lines (Fig. 10c). At this
point, fault blocks are free to rotate, and antithetic block
rotation within a simple shear zone (Jordan, 1991) indeed
occurs at Arroyo Burro, as shown schematically in Fig.
12. Displacement across merged faults increases while
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fault length (i.e. the distance between branch lines)
remains unchanged, and blocks rotate independently of
each other. Consequently, magnitude of displacement
and amount of block rotation can vary dramatically from
one fault to the next. The effect of large faults merging
into detachments is to increase D/L, and all of the merged
normal faults at Arroyo Burro plot on or above the
extrapolated line (Fig. 8). Thus, as Wojtal (1994)
demonstrated for fault displacement populations in
thrust duplexes, displacement-length scaling of large
faults at Arroyo Burro is influenced by the change in
kinematics that occurs during the temporal development
of a fault system.

Arroyo Burro data within context of other studies

Although numerous workers debate the appropriate-
ness of combining D--L data sets, the tendency to group
different studies together over many orders of magnitude
remains strong (Walsh and Watterson, 1988; Marrett and
Allmendinger, 1991; Cowie and Scholz, 1992b; Gillespie
et al., 1992; Schlische et al., 1996). This has been
primarily driven by desires to prove self-similarity,
determine the true value of the power law coefficient (n),
and to evaluate the appropriateness of fault growth
models. However, logarithmic plots, though convenient
for plotting data over many orders of magnitude, tend to
mask true differences between data sets. Theoretical and
numerical models suggest that rock mechanical proper-
ties, applied tectonic forces, and strain should affect D/L
ratios (Walsh and Watterson, 1988; Cowie and Scholz,
1992a; Biirgmann et al., 1994). The temporal develop-
ment of a fault system, whether through segment linkage
or merging with other structures, also exerts an influence
on fault displacement (Wojtal, 1994, 1996; Dawers and
Anders, 1995). Even the apparently simple issue of
defining fault dimensions poses a dilemma: whereas
some workers define length (L) as the fault dimension

branch lines

detachment
Ny
Y - a— =S —
Reaqi large
gional  splays fauﬁs —>,

Extension

gDSTONE
e

1 meter cross section

small faults

Fig. 12. Schematic diagram depicting effects of mechanical stratigraphy and kinematics on fault development and

displacement. Small conjugate normal faults are confined to mudstone beds and terminate as tip lines. Large faults eventually

merge into detachments, allowing for the rotation of fault-bounded blocks and thus an increase in displacement relative to
length. Fault splays, dragged beds, and differences in mechanical properties also affect D/L.
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parallel to slip and width as the dimension normal to slip
(Muraoka and Kamata, 1983; Walsh and Watterson,
1988; Gillespie et al., 1992), others define length as the
dimension parallel to fault strike, regardless of sense of
motion (Cowie and Scholz, 1992a,b; Dawers et al., 1993;
Cartwright et al., 1995; Schlische et al., 1996). Because
mechanical layering often results in elliptical fault
surfaces (Nicol et al., 1996), inconsistencies in defining
fault length may lead to ratios that differ by a factor of
ten. In the most rigorous statistical analysis to date, Clark
and Cox (1996) demonstrate that most data sets conform
to a linear relationship between fault displacement and
length (i.e. n=1), though slopes differ among individual
data sets. The differences in slope may in part reflect the
unique geologic conditions at each locality.

Our data from faults at Arroyo Burro support the
hypotheses proposed by Wojtal (1994, 1996) and
Biirgmann et al. (1994) that variations in mechanical
properties due to rock layering as well as the temporal
evolution of a fault system will result in deviations from
self-similarity. Rather than a change in scaling relation-
ship observed by Wojtal for fault displacement popu-
lations, we observe a complete breakdown in the linear
D-L relationship for large faults at Arroyo Burro. We
attribute this lack of correlation to a combination of
geologic factors that can be identified through careful
field observations. Propagation of faults into beds of
higher elastic moduli, as well as frictional drag reduces
the D/L ratio. Splays as faults approach detachment
surfaces can either increase or decrease D/L ratios
depending upon how they developed. Once large faults
merge into bedding plane detachments a kinematic
change occurs as they accommodate block rotation
within a simple shear zone, leading to high D/L ratios.
We speculate that the latter process may in part be
responsible for the breakdown in linear scaling for faults
reported by Cartwright ez al. (1995), which occurs at a
length of ~lkm and thus a radius of ~500m,
approximately equal to depth to a major evaporitic
detachment (see figs 2 & 3 in Cartwright et al., 1995).
Based on our observations at Arroyo Burro, we conclude
that D/L ratios are strongly influenced by local geologic
factors, and consequently we believe the geologic sig-
nificance of analyzing combined global data sets remains
unresolved.

Displacement across faults and the development of
fault systems are greatly influenced by mechanical
stratigraphy; the magnitude of strain and the manner in
which strain is accommodated often depend upon
lithology and pre-existing structural discontinuities
(Gross and Engelder, 1995; Wojtal, 1996). Furthermore,
contrasts in lithology often control the mechanical and
kinematic development of fault systems, as for example
the localization of detachments in incompetent units and
the development of thrust ramps in more competent
layers (Boyer and Elliott, 1982; Eisenstadt and DePaor,
1987). One effect of mechanical stratigraphy is to confine
structures to individual units, thereby proportionally

restricting their dimensions to mechanical layer thickness
(Narr and Suppe, 1991; Gross, 1993; Woijtal, 1994, 1996;
Gross and Engelder, 1995; Marrett, 1996). Because
mechanical layer thicknesses can range at least from
millimeters to kilometers, we prefer defining ‘small’
versus ‘large’ faults relative to the thickness of the
mechanical layer in question. At Arroyo Burro, the
critical thicknesses are: (1) individual mudstone beds
<70 cm where faults are confined to a single weak
lithology; and (2) packages of multiple beds 0.8-3m
thick bounded by bedding plane detachments.

CONCLUSIONS

Small faults confined to mudstone beds at Arroyo
Burro Beach, California display a linear correlation
between displacement and length, with the relatively
high D/L ratio attributable to a low shear modulus for
mudstone. In contrast, displacement across larger faults
that extend across multiple beds is independent of length.
Non-coincidentally, the breakdown in fault scaling
occurs precisely at the point where fault dimensions
exceed maximum mudstone bed thickness.

The lack of correlation between displacement and
length for large faults arises from a number of local
geologic factors related to lithology and tectonic history
of rocks exposed at Arroyo Burro Beach, including
mechanical properties, fault geometries and kinematics,
and the temporal evolution of a flexural slip fold
extending parallel to its hinge. The propagation of faults
into neighboring, more competent opal-CT beds reduces
D/L, as does the effect of frictional drag. Splays at the end
of large faults can either reduce or increase displacement
relative to length, depending upon how they form. Large
faults that merge into detachments can continue to
accommodate displacement during block rotation while
their lengths remain constant, resulting in high D/L.

Regional tectonic forces superimposed onto the litho-
logically heterogeneous Monterey Formation led to the
development of a fault system whose growth was locally
controlled by mechanical stratigraphy and structural
style. Once faults extended beyond the confines of
mudstone beds, fault growth was influenced by numerous
geologic factors such that displacement no longer
correlates with length. Thus, large faults at Arroyo
Burro do not propagate as if in a homogeneous medium
according to a universal growth model. Because litholo-
gic diversity and structural complexity will vary among
rock types and tectonic environments, we emphasize the
importance of characterizing the influence of local
mechanical anisotropies and deformation styles on fault
development.
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