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Abstract—OQuaternary taults i the western Espanola Basin of the Rio Grande rift show a power-law size
(displacement) distribution suggesting that faulting in this region is scale invariant. and that faults are self similar.
The power law., or fractal, distribution is characterized by a fractal dimension of 0,66 to 0.79 and represents a
voung. immature. active fault populiation in a continental extensional regime. Based on this distribution, it is
estimated that unobserved faults with very small displacements account for up to 6% of the total strain. Since 1.2
Ma. total extension in this part of the basin has been at least 3%

Addirectcorrelation exists between maximum displacement and length of faults in this arca suggesting that they
obey a scaling relationship in which the ratio of log d,,,/log 1015 S x 10 7. This ratio is ncarly constant for faults
whosce fengths span three-orders of magmtude. indicating that there is no difference in the scaling relationship of
displacement and length between faults of all sizes. Considering previous models, these fault characteristics
suggest that, in the western Lspanola Basin: (1) host rock shear strengths are low: (2) remote shear stresses were
probably high: and (3) most faults do not extend throughout the brittle crust. Finally. displacement protfiles on
five of the largest faults are asymmetric and show a rapid decrease in displacement from the point of maximum
displacement toward the fault tip.

The fractal nature. scaling relationship and distribution of displacement on faults are used to suggest that faults
grew by nearly proportional increases in displacement and length, perhaps by mechanisms dominated by

propagating shear fractures rather than by linkage of pre-existing joints or faults.

INTRODUCTION

Recently, considerable attention has been devoted to
the characterization ot fault populations for the purposc
of understanding fault formation, growth and strain.
Approaches to gaining such an understanding include.
for example. determining scaling laws and the size-
frequency distributions of fault arravs. Presently. the
size-frequency distributions of many fault populations
are being recognized as fractal in nature. The fractal
concept was developed by Mandelbrot (1967, 1982) and
is based on the centuries-old observation that many
features, such as folds and faults, appear the same at
different scales. Embedded in Mandelbrot's fractal con-
cept is the means mathematically to describe the size-
frequency relationship of objects. such as faults. Such a
relationship obeys a powcer-law and implics scale-
invariance and statistical sclf-similarity of the described
objects. It 1s, in part. quantification of this relationship
through fractal analysis (Turcotte 1989) that allows a
more fundamental understanding of faults and the pro-
cesses responsible for their tormation and growth.

In recent vears. there has been a virtual explosion of
interest in this topic (e.g. Turcotte 1986, Watterson
1986, Walsh eral. 1991, Cowie & Scholz 1992a.b. Gilles-
pie er al. 1992, Hatton er a/. 1993). For cxample. tractal
analysis of taults has been used to understand the re-
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lationship between brittle structure and seismicity (Hat-
ton eral. 1993) tracture tormation and depth (Barton &
Zoback 1992), and faulting and strain (Scholz & Cowie
1990, Walsh er al. 1991, Marrett & Allmendinger 1992).
Scveral researchers have documented different scaling
relationships for taults in different tectonic and litholo-
gic domains (e.g. see Cowie & Scholz 1992b), and, in
some cases there is evidence that large and small faults
might have different scaling laws (*fractal tear’ of Scholz
& Aviles 1986, Turcotte 1989, ‘cross over’ of Cowie &
Scholz 19924, “multifractal’ compressional duplexes of
Wojtal 1994). These results have evoked ditferent expla-
nations for tfault growth which include concepts such as
self-similar and self-affine growth. as well as the depen-
dence on variables such as host rock properties and
remote shear stress (e.g. Watterson 1986, Cowie &
Scholz 1992a). Results from distribution analysis have
also produced opposing opinions on the significance or
contribution of small, unobserved faults to the total
strain (Scholz & Cowie 1990, Walsh et al. 1991, Marrett
& Allmendinger 1992): if large and small faults have
different scaling laws, extrapolation toward smaller
dimensions (¢.g. trace length and termination depth)
and displacements will not be valid.

The cxistence of these many different models prob-
ably depends, in part, on the nature of the faults,
sampling proccdure and tectonic setting. Therefore, in
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an effort to place constraints on some of these models to
understand better the physical processes during fault
growth, we present analyses of a suite of Quaternary
normal faults from within an active continental rift, and
characterize the nature of the relationships between
fault dimensions and displacements. We address the
statistical and geological significance of the fractal analy-
sis used in that characterization and discuss the tectonic
implications. Specifically. we present: (1) scaling laws
for a previously unanalyzed population of young normal
faults in a rift environment. (2) implications for fault
growth models in this arca. in particular, addressing sclf-
similar growth implied by the population: and (3) esti-
mates for the total strain in this part of the basin,
considering the contribution of small or unobserved
faults.

GEOLOGIC SETTING

The Espanola Basin is located in the Rio Grande rift
in northern New Mexico, U.S.A. It lies south of the San
Luis Basin and north of the Albuquerque basin (Fig. 1).

The northern and western basin margins are defined by
the Embudo and Pajarito fault zones (Gardner & Goff
1984). respectively. The topography of the western part
of the basin consists of mesas and canyons formed in the
Pleistocene Bandelier Tuft. The Bandelier Tuff com-
prises a series of ash fall deposits and ignimbrites that
were deposited between 1.61 Ma and 1.22 Ma (Izett &
Obradovich 1994) during the eruption of the Valles
caldera. The Bandelier Tuff consists of two members:
each is composed of a thick composite ash flow sheet
over a basal ash fall bed (Bailey er al. 1969} and both
members vary from very densely to poorly welded
(Batley er al. 1969, Gardner er af. 1986). Tertiary sedi-
mentary and volcanic rocks underlie the Bandelier Tuff
(Fig. 2) and in many places thin patchy Holocene sedi-
ments overlie the Tuff.

The western part of the basin is dissected by five
major, roughly N-trending fault zones (Fig. 2) that
displace rocks as young as Bandelier Tuff and overlying
Holocene sediments. The western basin-bounding fault,
the Pajarito tault zone, formed as early as 3 Ma (Manley
1979, Aldrich 1986) probably in response to roughly EW
(Aldrich er al. 1986) to ENE-dirccted (Carter &
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Fig. 2. Structural map of western Espanola Basin, New Mexico. Heavy lines are fault traces. Dashed lines are fracture
(process) zones. a = Rendija Canyon fault. b = unnamed fault, ¢ = Guaje Mountain fault, d = Sawyer Canyon fault,
¢ = Puve fault. Faults with < 2 m or unknown lengths arc not shown.

Gardner 1993) extension. Vertical offset varies along
the zone and has an estimated maximum displacement
of 200 m, down to the east (Gardner & House 1987).
Since 1.2 Ma, at lcast the northern segment ot the
Pajarito fault has experienced approximately 125-200 m
of vertical displacement as determined from the
E-facing scarp that offsets the youngest member of the
Bandelier Tuff (Gardner & House 1987).

Four fault zones east of the master Pajarito fault trend
roughly north and dip steeply east or west. Debris flows
containing 10 ka (Wong er af. in preparation) to 4 ka
(Gardner er al. 1990} charcoal arc faulted, indicating
that movement on two faults closest to the Pajarito has
continued through the Holocene. The Bandelier Tuff is
offset across all four faults indicating maximum vertical
displacement ranging up to 40 m on individual faults.

The western part of the Espaniola Basin in which these
faults occur provides an excellent opportunity to analyze
the relationships between several dimensions of the
faults: the region provides unusual exposures in mesa/
canyon topography and contains many fault zones of
different sizes that cut young, cliff-forming host rocks.
Additionally, faults show dip-slip motion, fault surfaces
dip steeply and displace approximately horizontal
layers. These combined factors provide an optimum
situation for accurate measurement of fault paramcters.

FAULT MEASUREMENT

Geometric and kinematic information on faults was
obtained by mapping at a scale of 1:100 to 1:12,000. In
many places. fault surfaces are well exposed so that fault
parameters (e.g. strike and trace length) and direction of
motion arc actually measured rather than inferred from
scarps (compare, for example. inferred dips and direc-
tion of motion of Dawers ef al. 1993), computed from
scan lines or maps (Walsh er al. 1991, Peacock & Sander-
son 1994), or interpreted from seismic reflection profiles
(Marrett & Allmendinger 1992). Displacements and
lengths were measured directly from offset planar cool-
ing unit boundaries within the Bandelier Tuff. Some
information, gathered from exposures in fault-related
saddles along mesas. provided three-dimenstonal con-
trol of fault surfaces. For cach fault, displacement,
strike, dip, thickness (normal to fault surface), length
(along strike) and kinematic indicators were measured
where possible. Trace lengths were determined for
faults with lengths greater than 100 m. Trace lengths
shorter than 100 m were typically difficult to determine
accurately, and thus, are not included here. The magni-
tude of error associated with the lengths measured (i.e.
lengths =100 m} is probably a few percent because fault
terminations were commonly easily observed and
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mapped at a detailed scale. Displacements on “small’
(=3 m) faults were measured directly with a tape
measure and probably have no significant errors. Larger
displacements (=3 m) were measured by standard level-
ing techniques using a Brunton compass. Any error
associated with these displacements would be related to
the precision of the Brunton compass: careful leveling
probably resulted in errors of 0 to 0.1 m for these
displacements.

Ninety individual taults associated with five major
fault zones were measured by two-dimensional sam-
pling. Because most of the faults have short lengths and
small displacements (see next section), only one dis-
placement was measured on cach fault. For the five
largest faults, however. displacements were measured in
several places along each trace to assess their displace-
ment profiles. Only the maximum displacement ob-
tained for each of these faults is used in the distribution
analysis (sec below) so that the sampling dimensions are
comparable for faults with displacements of all magni-
tudes (see Marrett & Allmendinger 1991). All faults
dissect the Bandelier Tuff and most displace sedimen-
tary deposits overlying the Tutf. Faults trend roughly
north and dip stecply cast or west (Fig. 3a). Slickensided
surfaces reveal exclusively normal motion on all but part
of one minor slip surface near a fault tip (Fig. 3b).
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Recent reports suggest that to assess accurately the
dimensional relationships of faults, fault dimensions
should span several orders of magnitude and comprise a
single data set (see, for example. Childs et al. 1990,
Cowie & Scholz 1992b, Gillespic et al. 1992). Further,
Woijtal (1994) even suggests separating single data sets
from mature fault systems into groups based on different
fault magnitudes to examine more accurately the dy-
namics of the population. Faults in this study have
displacements that span five-orders of magnitude and
comprise an immature fault system that occurs in a
single, small tectonic environment. Therefore, this
should be one of the best data sets with which to
determine the nature of the population: for example, the
characteristic fractal dimension and scaling relationship.
Additionally, in the past 1.2 Ma, this region has experi-
enced only one phase of tectonic deformation which
should simplify interpretation of fault patterns and re-
sultant strains (see, for example, Peacock & Sanderson
1994). Ultimately, characterizing these faults should
help further understanding of continental rift faults and
advance ideas on fault growth models.

FAULT POPULATION AND DIMENSIONS

To characterize this suite of faults fully, we present the
size frequency distribution of fault displacements, the
displacement-length correlation and the displacement
profiles along individual faults.

Displacement population

A population of faults can be visualized with a fault
displacement population plot which compares maxi-
mum displacement on a fault tracc, d,..., with the
number of taults with maximum displacement greater
than. or equal to d,,x. as shown in Fig. 4. The large
range of displacements and large number of faults yiclds
a reasonably complete curve that shows a straight-line
scgment (a of Fig. 4) for faults with small d, and a
segment of steeper slope at higher values of d (b of Fig.
4). The straight-line scgment (a) is a reflection of an
unavoidablc sampling bias (‘truncation’ of Jackson &
Sanderson 1992}, This bias necessarily occurs because
100% of the faults that exist in an area cannot be
observed unless there is 100% three-dimensional ex-
posure. This is clearly supported by the large number of
faults with small (=1 m) displacements exposed in road
cuts that would otherwise have escaped observation.
Additionally, faults with very small displacements will
likely escape observation if d is much smaller than bed
thickness. Faults in this category are termed ‘small’
because they are not observable at a mappable scale for
the given region and will, therefore, be under-
represented. On this basis, it is assumed that the popu-
lation of faults with displacements less than a few meters
is much larger than that measured, and that the straight-
line segment (a) is unrepresentative of the fractal nature
of faults in the western Espanola Basin. This problem is
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not unique to this study. as it 1s similar to the hyperbolic
tails observed by Lovejoy & Mandelbrot (1985) and by
Mandeibrot (1967), who could not obtain an exact value
for the length of a coast line because of millimetric-scale
irregularities (see Turcotte 1992). At the moment, work
is in progress (Carter in preparation) to explore frac-
tional sampling that could further the understanding of
this sampling bias.

The steep part (b) of the slope in Fig. 4. on the other
hand. represents faults with displacements greater than
approximately 1 m. Because faults of this size are easily
detectable at the detailed level of mapping done in this
study, it is unlikely that a significant number of faults of
that magnitude were not measured. The completeness in
representation of faults in this size range suggests that
their population can be used to determine D, the fractal
dimension of the fault set. The fractal dimension, in this
case, 1s a means to quantify how faults at one scale relate
to faults at a different scale: it is essentially the slope of
the loganithm of the power-law curve for the size-
frequency distribution (see next section). Although it
remains unclear if D characterizes the entire fault popu-
lation, it is certain that the number of small faults is
larger than that which can be documented and. there-
fore, the slope of the straight-line segment (a) should be
steeper. similar to D of the steeper segment (lines u, v or
x. of Fig. 4).

Statistical evaluation of displacement data. Figure 5
shows displacements for 32 of the largest faults. The
distribution of these data appcears to be heavy-tailed in
the sense that a disproportionate amount of total dis-
placement is contributed by a few very large faults. For
instance, the largest fault has a displacement that is
about the same size as the sum of the other displace-
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Fig. 4. Fault displacement population plot. ¥ = number of faults with
displacement =d. Population obeys a power-law size distribution. The
slopes, which represent the fractal dimension. D). {sec text equation
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intercept at the abssisa. Negative numbers shown in parentheses.
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ments. Furthermore, the largest displacement is more
than five sample standard deviations from the sample
mean, an event that would occur about three times in
10,000,000 if the data were normally distributed.

We model N(r), the number of faults with displace-
ment greater than r, by a hyperbolic distribution,

N(r) = ar 2, (1)

because it is heavy-tailed. @ and D are constants that we
estimate below. a indicates the number of displacements
greater than one.

D is called the fractal dimension of N{r)(Mandelbrot
& Wallace 1968) and the hyperbolic distribution is
statistically self-similar in the sense of Mandelbrot
(1982): that is, N(Ar) = A~ BN(r) (for an arbitrary con-
stant, 4). When D << 1, hyperbolic distributions are so
long-tailed that their ensemble mean and variance are
infinite, which indicates that there are effectively no
limits on the expected size of displacement or on their
variance.

We estimate D and a by least squares regression of
log N(r) against log r,

log N(r) =loga — Dlogr. (2)

In fact, we performed three different regressions be-
cause of uncertainty of the smallest displacement rep-
resenting the lower limit of the ‘large’ fault set, and there
is apparently no strong theory to establish the cutoff. For
the first regression (u of Fig. 4) we used the group of 32
faults with displacements greater than 1 m which is the
displacement corresponding to the change in slope. The
second and third regressions (v and x of Fig. 4) consisted
of 20 displacements greater than 3 m, and 13 displace-
ments greater than 6 m, respectively. The limits of these
two groups were chosen based on the confidence with
which we believed we could certainly recognize the
minimum displacement at the scale of mapping. It is
unlikely that faults with d < 3 m were not measured, and
even more unlikely that any faults with 4 < 6 m escaped
measurement. The regressions on those groups, there-
fore, are valid representations of the majority of this
fault population. Results are shown in Table 1.

The fit of all three equations is very good: correlations
are high and the F-tests for D = 0 arc highly significant
indicating a strong linear relation between logarithm of
displacement and logarithm of numbers of faults. Values
of log « are reasonably close across all three regressions;
note that they vield expected values of N(1) = a between
about 37 and 55, which are reasonably near 32, the
number actually observed.

Values of D do not appear significantly different. We
calculated confidence intervals for them (Table 2) for
two reasons; first, D controls the statistical properties of
N(r). We are especially interested to see whether D i
significantly less than 1, in which case, the tails of N(r)
are quite heavy. Table 2 indicates that this is so for all
three samples. Second, we want to see whether the
confidence intervals overlap. Because Table 2 indicates
that they do, we conclude that the selection of the
sample does not critically affect our estimates of D. Itis,
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Table I. Regression statistics

Smallest displacement

Correlation Degrees of

in sample (m) Log « cocfficient F freedom
1 158 0.66 .96 762 30
3 167 0.74 0.96 445 18
o L7407 0.95 208 11

therefore, reasonable to suggest that the value of D s
somewhere around 0.74 and this 15 geologically sup-
ported in that the minimum cutoft displacement values
(3 m, 6 m) for the two data sets vielding D = 0.74 and D
= (.79, would be reasonably casy to detect in the field,
compared to that (1 m) tfrom which D = 0.66 was
derived.

[t is interesting to see how heavy the tails of N(r) are
with the values of log « and D in Tabie 1. For displace-
ments of 200 m. the size of the largest displacement
N200y = 1.15forlog v = 1.58 and D = 0.66. N(200) =
0.91forloga = 1.67and D = (.74. N(200) = 84 for log «
= 1.74and D = 0.79. Thesc are in very good agreement
with the actual number. 1. of displacements =200 m.
(Note: log N ua = 1.96, which is the number of actual
faults measured with d == 0.0t m. Log N uupotated = 3.5
which is the number of faults with d = (.01 m, predicted
to exist based on the extrapolation of the slope to its
intercept at the absissa on Fig. 4.)

Table 2. Conhdence mtervals tor 1)

Standard crror Lower bound  Upper bound

Estimate of D of N ot 1) ot )
0.66 0.024 0.61 .71
0.74 0.036 .60 .82
0.79 0.054 .91

(.67

Displacement and length

The fault parameters discussed here include trace
length. (L). maximum displacement on a fault trace,
(dmax). and width (dimension parallel to the slip direc-
tion). The traces of all faults (except the Pajarito) are
less than 8 km long, and most (84%) are shorter than 3
km (Fig. 6). The depths at which most faults terminate
(i.c. maximum widths) are unknown. However, because
tault a (Fig. 2) is steeply (ca. 70°) W-dipping (Fig. 3a),
geometrically it could terminate at a depth of <2.5 km if
it intersects the surface of the Pajarito fault. Based on
this, and the short lengths of all faults, fault widths are
assumed to be short.

Fault displacements and lengths are plotted in Fig. 6
and show a linear relationship which indicates that the
ratio, dy./L. 1s nearly constant. Cowie & Scholz
(1992b) term this scaling parameter y, and suggest that it
depends on the shear strength, shear modulus and
frictional resistance of the faulted host rock. For this
dataset,y = 5 x 10~ which, on a log-log plot (Fig. 6a),
represents the best fit line of constant shear strain
(Scholz & Cowie 1990). It is interesting that some of the
largest faults have had several episodes of movement
throughout the Quaternary (Gardner ez al. 1990), yet y is
constant for these and smaller faults, some of which have
probably moved only once (e.g. faults with d < 1 m).
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Displacement profiles

Displacement profiles for five faults (excluding the
Pajarito) arc shown in Fig. 7. These faults. which have
curved traces at both ends. appcear to be unsegmented
continuous, individual surfaces. Lengths and displace-
ments range from 3.25 to 10 km (Figs. 2. 6 and 7) and
zero to 37 m (Figs. 4-7). respectively. The profiles show
displacements only at points along a fault where vertical
offset could be accurately measured. Displacement
varies relatively systematically along the length of each
fault: maxima occur away from the center of the fault
and displacement decreases abruptly toward the fault
tips. Near the tips of four of the longest faults. displace-
ment is large (Fig. 7) and appears to be transferred into
diffuse fractured zones. These zones have a higher
fracture density compared to the surrounding host rock.,
and comprise sub-parallel fractures in a band parallel to,
and wider than. the fault surface. The length of only

three fault-tip tracture zones were measured (a, ¢ & d of

Fig. 2) becausce of the difficulty in judging accurately the
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decreasing density of fractures as the zone diffuses into
the host rock away from the fault tip. Fracture zone
lengths are estimated to be 0.36, 0.4 and 0.29 for faults a,
c and d (Fig. 2), respectively.

INTERPRETATION AND IMPLICATIONS FOR
STRAIN

Analysis of faults in the Espanola Basin, using fault
populations, dimensional relationships and displace-
ment profiles shows that the faults have a fractal size
distribution, a linear relationship between displacement
and length, and varying displacement gradients along
the fault traces.

Fault displacement population

Faults in this population appear the same at different
scales and displacements obey a power-law, or hyperbo-
lic, distribution (see Fig. 4 and previous section). There-
fore, these faults are scale-invariant, for the range
mapped. and are considered to be fractal in nature.
Scaling of the self-similar behavior is quantified by the
fractal dimension, D, which, for these faults, is between
0.66 and 0.79 [equation (2) and Fig. 4]. This behavior
exists over at least two, and probably over five-orders of
magnitude, which is further indication that faulting,
here, is scale-invariant. Similar conclusions for other
data sets have been controversial, in part because of
limited range of scale, small fault population, and data
collection biases (sec Cowie & Scholz 1992b). Turcotte
(1989, p. 173), for example. proposes that ‘under some
circumstances, different fractal scaling may be appli-
cable at different scales’. Barton & Zoback (1992)
suggest that there may be only a hmited range over
which self-similar behavior can be assured. In part,
questions regarding the different scaling relationships

(m)

Displacement

Trace length south to north (km)

Fig. 7. VFault displacement (d,,,) profiles (smoothed) for faults a

through ¢ of Fig. 2. Note asymmetric distribution and abrupt decrease

in displacement at fault terminations. Errors associated with displace-
ment measurements arc not visible plotted at this scale.
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between large and small faults could reflect tectonic
environment and incompatible data from combined data
sets as pointed out by Cowic & Scholz (1992b) and
Wojtal (1994). For this intimately known. carefully
gathered data set. small faults are known to be under-
represented (see previous section) and cannot be
assumed to obey the same fractal scaling as large faults.
However, because the population of small faults must be
larger than measured, slope a of Fig. 4 must be steeper,
although we cannot, at present, detcrmine an accurate
fractal dimension for just this part of the population. We
can, however, reasonably and conscervatively suggest
that the fractal dimension of such small faults must be
closer to that for larger faults (D < 0.74, sce Fig. 4).
Implications, theretore. are that, within this active,
immature tectonic region, faulting appears to be scale
invariant (at least for faults with ¢ > | m and probably
for the entire population). and that the distribution can
be described by a single fractal dimension.

The scale-invariant relationship of faults has implhi-
cations for estimating total strain in this region. Several
authors (e.g. Scholz & Cowie 1990, Walsh er al. 1991,
Marrett & Allmendinger 1991, 1992). suggest that if
fault data show a power-law relationship. total strain can
be estimated. Further, if d and [ are systematically
related. Marrett & Allmendinger (1991) provide a
method to estimate two-dimensional strain through
summation of the geometric moment of taults. Using
equations (6b) and (14) (Marrett & Allmendinger 1991,
p- 736).in which ¢; = 0.74 and ¢> = [ for this population,
the total geometric movement is 221.66 km'. Total
strain across this area. then. using equation (11) trom
Westaway (1994) is 5.04%. If the contribution of unob-
served faults were not considered. and strain were
calculated based solely on the observed displacements,
the two-dimensional strain across the region would have
been 4.75%. For this region, then, it appears that the
contribution of small unobserved faults to the total
strain is small, accounting for at most 6% of the total
strain.

That the contribution of unobserved faults. deter-
mined by extrapolation. is small does not resolve the
conflict of whether small faults can be neglected in a
regional strain estimate (sce Scholz & Cowie 1990, King
& Cisternas 1991, Walsh eral. 1991, Marrett & Allmend-
inger 1992). Rather. in this case. the apparently small
contribution to strain from faults near the limit of
resolution (¢ = | m) probably reflects two things: (1)
Faults in this size fraction arc becoming less important as
the fault system evolves: faults with & = 1 m could be
accommodating progressively more strain as larger
taults play a more dominant rolc. (2) Because many
taults with displacements as small as d = 0.0] m were
actually measured in this area. they do not constitute
part of the "unobserved’ {raction. Theretore, the unob-
served fraction is smaller than that which would have
resulted if none of those small faults had been fortun-
tously exposed in road cuts and construction sites. This
conclusion does not suggest that small faults arc unim-
portant in other regions where mapping might be at a
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different scale (¢.g. faults with ¢ = 1 m are not mapped),
or faults are reactivated. or exist in a different tectonic
setting. Further, it can be speculated that the contri-
bution of ‘small’ taults to this population might be
similar to that in other relatively simple active continen-
tal rift zones where faults arc voung and unreactivated.

Displacement and length relationship

Faults in this region show a lincar relationship be-
tween displacement and length, which is consistent with
theoretical results which show that, for single data sets,
oy and L are linearly related. The scaling parameter,
v. (slope with line in Fig. 6a) for this relationship is
5% 10 % Inthe model of Cowie & Scholz (1992a.b), the
constant of proportionality depends on the remote shear
stresses and host rock properties shear strength, shear
modulus and frictional resistance. According to their
inelastic model of deformation, Cowie & Scholz
(1992a.b) suggest that d,,,,../L will be large for host rocks
with targe shear strengths, small shear moduli and small
frictional resistance. Assuming their models are correct
(i.c. that d,. /L is dependent on host rock properties
and tectonic environment), faults in the western Espa-
nola Basin should provide information about the host
rock as well as a standard for scaling of normal faults in
an active continental rift.

All faults, except the major western margin (Pajarito)
fault have small ratios of d /1. and lengths of 8 km or
less. and more than 84% of these faults have traces
shorter than 3 km. Based on models of Cowie & Scholz
(1992b). these dimensions, combined with the inferred
width of fault ¢ of Fig. 2a (sec previous section on
displacement and length), suggest that faults probably
do not span the brittle crust and that host rocks in this
region have a collectively low shear strength, large shear
modulus and high frictional resistance. If remote shear
stresses were relatively constant throughout faulting,
these host rock properties should characterize those of
the mixed volcanic, volcaniclastic and sedimentary
packages in this area (Fig. 2).

1t s interesting that the scaling relationship for faults
in this region appears to be valid over a wide range
(length = 100 m to 35 km} of fault sizes. This has also
been noted by a few others (e.g. Dawers et al. 1993);
however, many authors recently have suggested that
large and small faults might obev different scaling laws.
Scholz & Aviles (1986) note that large earthquakes are
not self-similar with small carthquakes and suggest the
term “fractal tear’ to describe the hierarchical jump
between them (thereby inferring a similar relationship
between the seismogenic faults). Turcotte (1989) specu-
tates that different tractal scaling might be applicable at
different scales under some circumstances. Cowie &
Scholz (1992b) suggest that faults not spanning the
brittle crust might scale differently from faults that do
span the crust. The nearly constant ratio (log d,../
log L) for Espanola Basin faults. therefore, is probably
indicative of a particular fault growth history in which
there is a relationship between successive stages of
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growth of individual faults. Because log d,,,,/log L is the
same for faults known to have cxperienced different
numbers and amounts of movement, that ratio necess-
arily reflects a ditferent stage of development for each
individual fault. This strongly suggests that. for these
faults, displacement and length have increased pro-
portionately during each growth increcment. In terms ot
length. this is consistent with the idea of Cowie & Scholz
(1992c) that ‘increase in the length of a fault in an
earthquake that ruptures the entire fault is a constant
proportion, r, of its previous length’. By virtue of the
scaling relationship of d /1 in this data set. the same
basic relationship must be truc of displacement. That is.
each increment of d must be a constant proportion of its
previous magnitude.

Although log d,../log L 1s nearly constant for this
data set. suggesting that similar faulting mechanisms
were active during the evolution of cach individual tault.
there is some scatter that might reflect sampling artifacts
or particular growth mechanisms. This scatter should be
expected considering the number of variables that could
affect this ratio (d,,,,/ L ). For example, the scatter could
reflect the different dimensions of chords (see Walsh &
Watterson 1988) across different parts of fault surfaces,
different eathquake focal depths. non-umtorm shp dis-
tributions along a fault surface. and different slip distri-
butions along different faults. Alternatively, if faulting
was dominated by linking of relatively short fault seg-
ments, faults might disproportionately increasce in length
compared to displacement (assuming systematic link-
age}, thereby creating a distribution of faults with a
trend away from the line 5 x 107" in Fig. 6(a). There is.
however, no systematic variation within the scatter ren-
dering it unlikely that a particular process. such as
systematic fault-linkage. created the observed scatter.
Lastly, it might simply be that the minor scatter of some
points in Figs. 6(a) & (b) reflects fault tip growth into
different (subsurface) host rock, that taults nucleated at
different depths or remote shear stress and shear resist-
ance changed during the life of the faults. If any of these
possibilities were significant factors, they would imply
that individual faults experienced slightly different con-
ditions at some point in their development compared to
those faults with a better correlation cocfficient to the
line 5 x 1077 in Fig. 6(a).

The relationship between log d,,. and log 1. for
Espanola Basin faults i1s similar to one other published
data set: normal faults in coal beds in the British
Coal Mecasures (Walsh & Watterson 1987) also show
small ratios of d to L tor faults of similar scale. 1f the
scaling of displacement and length depends on rock
properties and tectonic environment. then these sinn-
larities imply that the coal beds behaved much like the
weak layvered deposits in the Espanola Basin, or that the
faults formed in a similar tectonic environment. Com-
parison of similarly scaled taults from different arcas
should be possible in more detail as data become avail-
able.

The dense fracture zones surrounding the termin-
ations of at least five of the longest fault zones. might
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also hold information about the faulting process and
host rock properties. This zone, termed the process
zone, s. (Atkinson 1987, Scholz ef al. 1993, also called
“break down zone’ of Cowie & Scholz 1992a). comprises
the zone of inclastic deformation localized near the fault
termination where displacement decreases to near zero
and the stress concentration at that point is accommo-
dated by distributed fracturing rather than by sliding.
For three of the longest faults, the process zone lengths
range from 29% to 40% of the fault length, which is large
compared to the general relationship of 10% to 20%
reported for other data sets (Cowie & Scholz 1992a).
Although only three zones were measured, it appears
that s is relatively long and well developed for faults in
this region. which implies that inelastic deformation dies
out slowly at the fault tip and is spread throughout a
large volume. According to models of Cowie & Scholz
(1992a). such distributed deformation probably reflects
generally weak host rocks (i.e. relatively low shear
strengths and low frictional resistance) which is consist-
ent with their idea that s is inversely proportional to
shear strength (Cowie & Scholz 1992a).

Faulr displacement profiles

Fault displacement profiles in Fig. 7 show an asym-
metric distribution: the maximum displacement is not at
the center of the fault trace and displacement drops off
abruptly near fault terminations. Displacement at the
tips of the two largest faults decreases abruptly from tens
of meters to zero. The shape of the profiles neither
supports nor precludes the suggestion (above) that these
faults are self-similar. Faults could have initiated with,
and maintained throughout their growth, a shape similar
to their present geometry. In this case, successive rup-
ture events would have increased displacements and
lengths at roughly similar proportions after an initially
asymmetric distribution was imprinted upon fault incep-
tion. Such a scenario is supported by the nearly constant
ratio of d,,, /1. described in the previous section.

It is interesting that, for the faults profiled, there is a
rapid decrease in displacement near the fault tip, indica-
tive of strong host rocks, yet these faults also have small
ratios of dy,. /L. and, for three faults, relatively long
process zones, which are indicative of weak host rocks
(Cowic & Scholz 1992a). It is possible that, because the
shape of s is unknown in three dimensions, its relatively
long length might represent near surface distributed
detormation that preterentially occurs in the weak upper
lavers of the host rock (Bandelier Tuff) on the two faults
closest to the master fault.

CONCLUSIONS AND REGIONAL IMPLICATIONS

The fault population in the western Espaniola basin
shows a power-law, or fractal, size distribution which
implies that faults are self similar and, therefore, scale
invariant over at least three and probably five, orders of
magnitude. The power-law nature can be statistically
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addressed using fractal scaling relationships in which the
fractal dimension. D, characterizes the linear segment of
the power-law curve. For this population. fault groups
were chosen by imposing statistical and geologic limits to
calculate and statistically compare ditferent fractal
dimensions. Results vield values of D between 0.66 and
0.79. which 1s within the range of 0.37 = D < 1.7 noted
for other tault populations (sce Marrett & Allmendinger
1992).

At present. it cannot be confirmed that this value is
also characteristic of small unobserved taults in the arca.
Because a few road cuts fortuitously expose small faults
that would otherwisc have escaped measurement. it is
suggested that the unobserved fault fraction would be
characterized by a tractal dimension similar to, if not the
same as, that of the observed population (see Fig. 4)
(Carterin preparation). Accordingly. itis suggested that
faults i this data set are scale invariant and that the
fractal dimension necessarily represents a very voung.
probably immature. active fault population in a conti-
nental rift environment in which data were obtained by
direet ficld measurement. It does not follow that this
scaling relationship is representative of those character-
izing mature strike stip or thrust fault systems (see Aviles
etal. 1987 and Wojtal 1994, respectively) which couid be
governed by different energy and mechanical laws that.
we believe, ultimately determine the fractal character of
fragmentation processes. such as faufting. On the other
hand. the relationship ot this fractal dimension to other
data sets in simifar tectonic settings (i.c. active, imma-
ture extensional domains) is specutative: it could be
suggested that a similac fractal dimension would be
found it the same sampling procedures were emploved.

Based on the fractal dimension of the population. the
contribution to total extension from the unobserved
tault fraction is approximately 6%. Considering the
contribution from all faults. this area has extended at
[cast 5% since 1.2 Ma.

Finally. a direct correlation between displacement
and length of faults in this arca suggests that they obeva
scaling relationship i which the ratio. log d,,, /log L, is
S % 10 °. This relationship is observed for faults over
three orders of magnitwde indicating that there is no
ditference m scaling between large and small faults in
this region. [{L as suggested by Cowie & Scholz (1992b).
taults are loaded by a constant remote stress., o, scales
incarly with length and theretore. the scaling relation-
ship of dy /L relates 1o the host rock properties and
tectonic environment. Moreover. this relationship helps
constrain growth models. For this region. d, /L s
interpreted  as reflecting: (1) low host rock  shear
strengths and/or high remote shear stresses: and (2) that
most of the short (<27 km) taults do not extend through-
out the brttle crust (see Cowie & Scholz 19924.b).
Because taults in this region have had several episodes of
movement vet maintain a constant ratio of log d,,../
log [.. it is reasonable to suggest that displacement and
length have increased  proportionately during most
growth increments. Moreover, the relative constancy
(lincar trend) of d,,,,./L. and relative values of d, 10 L
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could be consistent with faulting dominated by propaga-
tion of shear fractures rather than by systematic fault
linkage.

The fractal nature of faults in the Espanola Basin is
similar to that of faults in other regions and comp-
lements those data sets. The simple scaling relationship
of these faults and its implications for fault growth
processes could be representative of those for active
taults in other extending regions.
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