Anticlustering of small normal faults around larger faults
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ABSTRACT

The Solite quarry in the Mesozoic Danville rift basin contains normal faults that conform to
two spatial and size distributions. Larger master normal faults (20 cm < length_] < 200 cm) are
not numerous and have spanned the mechanical layer. The other faults are numerous, small
(~0.1 cm <L <20 cm), and exhibit anticlustering with respect to the larger structures, defining crack
shields around the master faults. The shields are ellipsoidal in shape and geometrically similar to
the elastic deformation fields of the master faults, and correspond to a critical stress-reduction
shadow that prevented the nucleation of smaller faults in the vicinity of the master faults. The mas-
ter faults likely formed earlier than the smaller faults, which nucleated en masse when some criti-
cal strain threshold was exceeded outside the master fault deformation field. The anticlustered
spatial distribution of faults described here is the first field documentation for the existence of stress
reduction shadows around normal faults.

INTRODUCTION Carolina. Here, smaller normal faults are clearlguarried cross-section exposures, as well as in
Thorough analysis of the spatial distribution ofainticlustered around larger structures. We arguieck slabs that have been sawed in the lab. All
faults is critical to understanding the mechanicthat this distribution is related to a stress-reductidaults have a consistent orientation (045°, 70°SE,
and systematics of faulting, fault growth, andshadow around the larger faults, and explore theedding corrected) and dip synthetic to the
fault population evolution. The ability to predicteffect of this spatial distribution on the size distriborder fault system.
where various structures occur within the volumbution of faults in the population, the implica- This population can be divided into two broad
surrounding a large structure is integral to theons for the temporal evolution of this faultgroups of faults based on size and spatial distribu-
construction of fractured aquifer and hydrosystem, and the applicability of these concepts t@on. Large faults (20 cm < length][< 200 cm)

carbon reservoir models. Unfortunately, oufarger scale structures. are infrequent and essentially uniformly distrib-
understanding of the spatial distribution of faults uted throughout the rock volume. Small faults
is limited, especially compared to opening-mod®OPULATION SYSTEMATICS (~0.1 cm <L < 20 cm) are generally ubiquitous

fractures (e.g., Gillespie et al., 1993). Some The population of small faults is within thewithin the rock volume, but are absent within
studies have noted that smaller faults clustddanville rift basin, a half graben that has an easgllipsoidal regions around the large faults (Fig. 1),
around larger faults (e.g., Gauthier and Lakealipping border fault system. A detailed discuswhich are devoid of brittle structures (in outcrop
1993; Gillespie et al., 1993; Knott et al., 19965sion of the geometry and length-displacemersind thin section). We call these regions crack
Little, 1996; Watterson et al., 1996). Jackson ansccaling relations of these faults was given ishields, and use the term shield to distinguish the
White (1989) suggested that very large norma&chlische et al. (1996). These (originally) blindohysical distribution of structures from the
faults in the Basin and Range have a characterermal faults are readily observed on quarriednechanical explanation of these features, e.g.,
istic spacing, but they provide no information orclean, bedding-plane partings, permitting detailestress reduction shadows (Willemse, 1997). Faults
the distribution of smaller scale faults. The spacspatial analysis. They can also be observed surrounded by crack shields are master faults,
ing of opening-mode fractures changes with
increasing strain until the system attains satur:

tion (e.g., Wu and Pollard, 1995), and mosfias
studies (see summary in Wu and Pollard, 199
confirm that the fractures have a characterist

shadow (e.g., Gross et al., 1995), which form|
because stress within the rock volume cannot i
transmitted across the free surface of the fractug, e
(Gross et al., 1995). Until now, stress shieldin ’ ;}:

(e.g., Cowie et al., 1995) or illustrated in numerif & E%Uerrenlo-rﬁ;aslgi'l'tfggg&zﬂtg‘gﬁfﬁhg\c‘;ﬂf
cal models (e.g., Willemse, 1997). . s foreground); scale bar in lower left of image is
In this paper we report on the spatial distribUgiiiis 3 A ‘ 5 cm. Note breached ramp structure at lower
tion of exceptionally well exposed faults from gREE« . £ Lo | | right (arrow). b: Distribution of faults (high-
quarry in the Mesozoic Danville basin in Northi SAss SUais : .| lighted) exposed on bedding surface of quar-
¥ W ! i 1 | ried boulder. Scale bars normal to fault traces
- are 10 cm. c: Crack shields in cross section;
*Present address: Mobil Technology Co., P.O|#& o : faults are highlighted. Arrows point to tips of
Box 650232, Dallas, Texas 75265-0232. E-maillie; i/ FITE - P72 L \ master faults. Coin is 2.5 cm wide.
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regardless of fault size; this is the only basis for Some workers have noted that this simpléhe same rock volume, but with different values
master fault definition. Shield geometries varypower-law distribution may not always hold. Inof f. B, = 0.83 and3, = 0.88, suggesting that
depending on linkage of larger structures. Thparticular, Wojtal (1994, 1996) drew attention tathe two subpopulations are intricately related,
smaller faults appear abruptly outside of the cradult populations that have faceted central segdthough smaller faults are slightly less important
shields, and there is no increase in the size of thaents, i.e., central portions composed of at least strain accommodation for the master fault sub-
small faults away from the larger structures; rathetwo straight segments with different power-lanwpopulation B = B,demonstrates that the master
they occur in a range of sizes with no apparerixponents. Wojtal attributed such faceted didaults and the small faults are simply two inter-
systematic variation. The small faults generallgrams to the effects of fault linkage during theelated components of a single coherent fault
follow stepping patterns around master faults: thevolution of the population. Despite the facetegopulationC_—C, =1 in turn indicates that one
small faults closest to the master fault change steppearance, the cumulative frequency plots aseibset of faults has a lower occupation dimension
at the center of the length of the larger structurstill convex upward. In contrast, a cumulative fre{ f ) and thus spans the mechanical layer, which is
as well as at the tips (Fig. 1a). These geometriuency plot (Fig. 2) for faults from the Soliteconsistent with field observations.

relationships provide important information aboutjuarry is concave upward and appears to haveCumulative frequency plots are commonly
the spatial and temporal evolution of the systentywo central segments, both of which follow aused to extrapolate fault size data (following a
specifically that the larger faults formed and grevpower-law distribution. Figure 2 is based on th@ower-law distribution) measured over a rela-
first, and then the smaller faults nucleated, mostistribution of 873 fault lengths measured on &vely narrow scale range (< three orders of mag-

likely with overlapping growth phases. single bedding surface, which were corrected fatitude) in order to estimate the amount of strain

Faults are generally believed to follow alinkage in the field following Wojtal (1996) and accommodated by structures below the sampling
power-law distribution of sizes such that Dawers (1996); the data suffer from truncatiomesolution (e.g., Marrett and Allmendinger,

and censoring effects. 1992). The presence of faceted cumulative fre-

N=alL€ ) The two well-defined central segments (Fig. 2jjuency plots (e.g., Wojtal, 1996) and concave-

suggest that there are two subpopulations, whialpward plots (Fig. 2) suggests that such extrapo-
whereN is number of faults with a lengtl)( in turn reflect the strain history of these rockslations should be undertaken with caution.
greater than a given sizeis related to the num- (Removing the master faults from the analysis
ber of faults, andC is the power-law exponent results in a single central segment nearly idenibEFORMATION FIELDS AND STRESS-
(e.g., Pickering et al., 1995). The power-lawcal to the segment covering smaller fault sizes iREDUCTION SHADOWS
exponent gives the ratio of the smallest faults tig. 2.) InterestinglyC, = 0.66 for the segment  As noted above, the crack shields are approxi-
the largest faults. Thus in populations with largecovering the larger fault sizes (master faults)nately ellipsoidal. The size of the ellipsoid is
power-law exponents (steeper slopes), small@rhich is ~1 less then that of the other segmenglated to fault length and displacement. Figure 3
faults are relatively more important in accommofC, = 1.64). Marrett and Allmendinger (1991)examines the relationship between displacement
dating strain. The power-law exponent is deteebserved that the value Gfis critically depen- along the length of the fault and the distance that
mined by plottingN vs. L on cumulative fre- dent onf — s wheref is the geometric dimension the shield projects away from the fault in plan
quency plots. Typically, such plots are convexf the region occupied by the faults, aid the view. Data were collected for eight isolated master
upward, consisting of a single central segmersampling dimension. In this exampes 2 (two-  faults that have well-defined shields, which were
(with a slope of €), a shallow upper segment re-dimensional sampling of observed trace lengthebserved at varying structural levels. Projection
sulting from truncation due to sampling resolufor both subpopulations. The lower valueQ)f  distances were measured in the field, whereas dis-
tion, and a steep lower segment generally ascribéitlis implies that the occupation dimensiéhi6  placements were calculated using an empirical
to a censoring effect due to large structurdswer for the master faults. We suggest that this ielationship between distance along the length of
extending out of the sampling area (e.qg., Pickeringecause all the faults in the quarry are restrictede fault and local displacement, derived specifi-

etal., 1995). to discrete mechanical layers (see Ackermann eally for this fault population using measured
al., 1996), with the master faults spanning entirdistance-displacement profiles (e.g., Schlische
1000 - . , layers but not exc_eedin_g them. Therefore thest al., 1996, Fig. 4). The resulting displacement
\ o N=3941.44, 164 occupy only two dimensiond € 2, as opposed
Co=164 R® = 0.999 to the small faults wherke= 3); this is analogous

: to faults that span the brittle crust, whichcanonl 4,
grow along strike, having lost one degree of free
dom (e.g., equation 2 in Marrett and All-

32= 2.945d,+0.6188
R™ =0.879 « °

= Jon= 295-842L'0'66 mendinger, 1991). This results in more complet E 7.5
2 |Cm=066 R =0.994 sampling of that subpopulation using a two = o
dimensional sampling methoéi s= 0): all struc- k]
10 [ tures will be observed at all structural levels. g 54
N=873 : Using equations 3-6 from Marrett and All- g
(L%kjgg'g%f%*g?d) . mendinger (1991) (which account for faults tha E
N> 20 cm: 42 \ do and do not span a brittle layer, ég2 versus £ 25
1 5 f=23), and a value af= 1 (wherenis the length-
0.1 1 10 100 1000  displacement scaling exponent: see Schlische © Hanging Wall Distance
L value (cm) al., 1996), we calculat®, (master faults) anB 0= * Footwal Distance

0 05 1 15 2 25

Figure 2. Cumulative frequency ( N'=number)  (small faults) based on geometric momdmgx, Local displacement on fault (dy, cm)

plot of fault lengths (- L) for all structures within which is the product of the average displaceme

~ 2 isti -
34 m® area. Note two distinct central seg and the surface area of the fault (Marrett and All-_, . _—
ments, suggesting two subsets of faults hav- Figure 3. Linear relationship between local

ing slopes that differ by ~1.0. Subscripts of m me”d'”gerf ]_‘99_1)3_'5 the pO\_Ne_r-IaW eXpon_em displacement ( d, ) and crack shield projec-
and s are for master faults and small faults, re- for the size distribution &l , similar toC, andis  tion distance ( S) for master faults from this
spectively. Cis power-law exponent. used here to compa@for subpopulations from population.
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versus projection distance plot (Fig. 3) shows mum roll-over radius, taken to be equal to thacting at both short and long ranges (see also
well-defined band; deviations above and below theaean of the major and minor radii of the fault sur€owie et al., 1995; Willemse, 1997). Given the
linear curve fit reflect changes in the projectiorface ellipse; axial ratios of normal faults generallyariable sizes of the master faults, it is unlikely
distance that are likely a function of rock properrange from 1.25 to 3 (Gibson et al., 1989). Use d@hat they all nucleated at the same time. Rather,
ties and different exposure levels on the mastétis equation is consistent with Willemse’s (1997hew faults continued to nucleate while older
faults. This linear relationship is consistent withmodel of the influence of fault shape on the distrifaults grew, some of which linked together. The
the documented linear scaling of other faulbution of stress and strain around a normal faulgounger faults probably continued to nucleate at
parameters, such as slip, displacement, breakdowite geometry produced in Figure 4 is nearly idemandom flaws, the only constraint being that
zone size, fracture energy, cataclasite zone widttical to that in Figure 5 of Willemse (1997). younger faults would not nucleate in the crack
and process zone wake width with length (Cowie Geometrically, the crack shield and the deforshields of the older faults. (2) At some point, an
and Scholz, 1992; Scholz, 1990; Vermilye, 1995)nation field for a 1-m-long fault are similar, elastic threshold was exceeded within the rock
The best-fit curve in Figure 3 allows us to genalthough the shield is about one-quarter the pregelume, perhaps related to the amount of elastic
erate an idealized crack shield (Fig. 4), which idicted size of the deformation field (Fig. 4).shear strain that can be accommodated prior to
geometrically similar to the deformation fieldBecause the deformation field represents a vdbrittle failure, or corresponding to the stage when
associated with normal faults (Gibson et alyume of rock in which the material has beeithe tips of the master faults reached mechanical
1989). The deformation field includes the disrelaxed (strained), it should be a proxy for dayer boundaries. At that point, the original set of
placement discontinuity at the fault surface, thetress-reduction shadow around a fault (e.gfaults was no longer sufficient to accommodate
process zone (where inelastic and nonbrittié/illemse, 1997). The crack shield therefore octhe strain, which necessitated the mass nucleation
processes such as plastic deformation, frictionalipies a part of the stress-reduction shadowf a second set of faults. However, the deforma-
wear, and mechanical breakdown occur at thepecifically that portion where the stress did ndion fields/stress-reduction shadows of the origi-
fault tip; Cowie and Scholz, 1992), and the farexceed the shear strength of the rock. Thus,ngl set of faults governed the spatial distribution
field deformation that affects the volume surwould be possible to have brittle failure withinof the new faults so that they did not form within
rounding the fault (required to maintain geometthe deformation field of a fault but not in the vol-egions surrounding the larger structures where
ric coherence; e.g., Barnett et al., 1987). Withimme in the immediate vicinity of the fault, theeither the stress was not great enough to exceed
the deformation field, strain decreases away fromsize of which is governed by the size of the fauthe shear strength of the rock, or elastic strain
the fault (e.g., Barnett et al., 1987). The deformaand material properties; strain rate is likely to baccommodation was sufficient enough such that
tion field can be modeled by elastic flexure usingmportant as well, as discussed below. an elastic threshold was not exceeded. Thus the
multiple screw dislocations (see Gupta and The interpretation that the crack shields corresmaller faults are relatively late stage features,
Scholz, 1996), although this requires detailedpond to a critical stress-reduction shadow is coaithough they formed over multiple slip events
comparison of field data and deflection equationsistent with the Willemse (1997) model, bol-(Schlische et al., 1996).
for a specific population. We instead approximatstered by the almost complete absence of brittle The system discussed here is simpler than the
the deformation field by the roll-over radid® §,  structures within the crack shields. The idealizethajority of systems studied, which are of much
defined as the distance perpendicular to the narrack shield shown in Figure 4 lies within thdarger scale. However, because many of the fea-
mal fault affected by significant footwall uplift or region of highest stress-reduction associated withires and processes of faults and fault growth are
hanging-wall subsidence, expressed as: slip on a fault (Willemse, 1997, Fig. 5). In addi-scale invariant (e.g., Cowie and Scholz, 1992;
tion to calculating areas that have undergon®chlische et al., 1996), and because much of the

|j/2 stress-reduction, the Willemse (1997) model predeformation associated with faulting in the
R = Rnax D—D (2) dicts regions that undergo an increase in stredsarth’s crust is elastic at all scales (e.g., Gupta and
max U The highest stresses are found near the tips of tBeholz, 1996; Willemse, 1997), the analysis of

faults. This may lead to the preferential developthese crack shields provides important insights
ment of smaller faults in these areas, some afto faulting at all scales. It may be that stress-
which may be incorporated into the process zoreduction shadows and crack shields can only be
as the fault tips propagate during growth. Thebserved at small scales, at low strains, in simple
higher density of faults in these areas may alsettings. At larger scales and strains, it may not be
explain why some authors have reported clustgpossible to accommodate all of the strain in the
- ~ N ing of smaller faults near larger faults (e.g.deformation field elastically; loading, erosion,

Gauthier and Lake, 1993; Gillespie et al., 1993nd isostasy provide additional complications.

Knott et al., 1996; Little, 1996; Watterson et al. Nonetheless, it may be that even large fault zones

wheredis the displacement on the fault, i,
is the maximum displacemef, . is the maxi-

251

0.

251 N /

‘"o 25 50 75 100
Figure 4. Map view of simple model for rela-
tionship between deformation field and crack
shield at the center of isolated, blind, normal
fault. Extent of crack shield will vary with rock
properties and strain rate, and terminates
where stress locally exceeds shear strength of
rock. R’=roll-over radius, L =length (100 cm)
S = crack shield projection distance,  d,,.,

cm, axial ratio = 2 (Gupta and Scholz, 1996)
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1996). We note that our crack shield geometrieme surrounded by some region that is less
break down in areas where master faults haweformed, or that shows a radial increase in fault
linked together; prior to linkage, these areas masize, which formed as the stress-reduction shadow
have had higher numbers of smaller faults suof the larger structure slowly engulfed and deacti-
rounding the fault tips. vated smaller structures as it grew through time.
Eventually, the largest faults will grow to such
DISCUSSION a size that they completely cut through a
The two distinct subsets of the fault populatiormechanical layer (whether it is a single sedimen-
in the Solite quarry provide specific informationtary layer or the brittle crust). In the absence of
about the spatial and temporal evolution of thisedding parallel detachments (such as at the
population. We interpret the deformation histonSolite quarry; Ackermann et al., 1996) these large
here as follows: (1) A set of faults formed fromfaults will no longer propagate up-dip and down-
random flaws within the rock volume in responselip, but will continue to propagate along strike
to a remote applied stress (Triassic rifting). Thes@s opposed to the intrablock rotation of Gross et
grew and linked through time, elastically inter-al., 1997). The effect of this is that the ellipticity
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of the fault surface will increase, and the disBarnett, J. A. M., Mortimer, J., Rippon, J. H., Walsh,Knott, S. D., Beach, A., Brockbank, P. J., Brown, J. L.,
placement profile will change from bell-shaped J. J., atnd_ V\tlre]lttersion, J., ]i987 Dlsp_la(iement MchaIIurE, J._E.I, andtwlelbon,A. ., :IL?96|,tSpat|T1I
3 L geometry in the volume containing a single nor- and mechanical controls on normal fault popula-

to flat-topped (Seg Dawers et ql., 1993); increased mal fault: American Association of Petroleum tions: Journal of Structural Geology, v. 18,

rates of along-strike propagation may lead to an  Geologists Bulletin, v. 71, p. 925-937. p. 359-372.

increase in lateral fault linkage. Because theowie, P. A., and Scholz, C. H., 1992, Physical explatittle, T. A., 1996, Faulting-related displacement gradi-

crack shield/stress-reduction shadow scales with  hation for displacement-length relationship of ents and strain adjacent to the Awatere strike-slip
; ; . faults using a post-yield fracture mechanics faultin New Zealand: Journal of Structural Geol-

d;Splacemem’l and b.ecause the. m.?XImlljm dis model: Journal of Structural Geology, v. 14, ogy, v. 18, p. 321-340.

placement no longer increases signi Icgnty once p. 1133-1148. Marrett, R., and Allmendinger, R. W., 1991, Estimates

the fault has broken through a mechanical layetowie, P. A., Sornette, D., and Vanneste, C., 1995, Mul-  of strain due to brittle faulting: Sampling fault

the end result of this evolutionary scenario is a tifractal scaling properties of a growing fault pop- populations: Journal of Structural Geology, v. 13,
series of large faults with a quasiregular spacing, \ljlitzgn:p 5135e70&hg98|cal Journal Intematlonal,Marr(Si 7R35e_iﬁsAllmendinger R.W., 1992, Amount of
Whl(:h itself is g functlpn of mechanical I‘f’lyerDawers, N. H.,Anders, M. H., and Scholz, C. H., 1993, extension on “small” faults: An example from the
thickness, maximum displacements, and stress-  Growth of normal faults: Displacement-length Viking graben: Geology, v. 20, p. 47-50.
reduction shadows (this scenario is similar to that  scaling: Geology, v. 21, p. 1107-1110. Pickering, G., Bull, J. M., and Sanderson, D. J., 1995,
for opening-mode fractures; Wu and PollardDawers, N. H.,t;9|96,(lj:ault Isifze distributilon on thef\/ol- Sre]lmpling power-law distributions: Tectono-
; ; : canic Tableland, California: Implications for ysics, v. 248, p. 1-20.

199.5)' AS no.ted n the. mtroducnpn, the large small-scale fault predictiorin Faﬂlting, fault Schlispche, R. W.,YOUE')]g, S. S., Ackermann, R. V., and
basin-bounding faults in the Basin and Range sealing and fluid flow in hydrocarbon reservoirs: Gupta, A., 1996, Geometry and scaling relations

have a characteristic spacing that Jackson and  uUniversity of Leeds Rock Deformation Research  of a population of very small rift-related normal
White (1989) speculated was a function of the  Group, in conjunction with the Petroleum Group faults: Geology, v. 24, p. 683-686.
thickness of the seismogenic layer. & T%ctonichtudies GégugbGeological Society ofSchoLz, CIJ: H., 1990, Trlle(r:necga_gics of garth_quakes and

. London, Abstract, p. 88—89. aulting: New York, Cambridge University Press,

In Summary, the exceptlpnally Wel,l'eXposecbauthier, B. M., and LaFI)<e, S. D., 1993, Probabilistic 439 p.
population of small faults in the Solite quarry modeling of faults below the limit of seismic Vermilye, J., 1995, The process zone: A fracture
provides an opportunity for detailed spatial, tem-  resolution in Pelican Field, North Sea, United mechanics interpretation: Eos (Transactions,
poral, and kinematic analyses. The results of Kingldom:Amﬁrican Association of Petroleum American Geophysical Union), v. 76, supple-
; Geologists Bulletin, v. 77, p. 761-777. ment, p. 565.

these analyses suggest that thgre are. two dlscrgtlgson, J. R., Walsh, J. J., and Watterson, J., 1989Vatterson, J., Walsh, J. J., Gillespie, P. A., and Easton,
ye.t closely relateq subsets to this partlcular POPU- " mModelling of bed contours and cross-sections  S., 1996, Scaling systematics of fault sizes on a
lation, and, more important, suggest the existence  adjacent to planar normal faults: Journal of Struc-  large scale range fault map: Journal of Structural
of stress-reduction shadows around normal tural Geology, v. 11, p. 317-328. Geology, v. 18, p. 199-214.
faults. In this example, remnants of the shadow@illespie, P. A., Howard, C. B., Walsh, J. J., and WatterWillemse, E. J. M., 1997, Segmented normal faults:
have been preserved as crack shields around son, J., 1993, Measurement and characterization — Correspondence between three-dimensional

. . of spatial distributions of fractures: Tectono- mechanical models and field data: Journal of
larger structures that are devoid of mesoscopic  physics, v. 226, p. 113-141. Geophysical Research, v. 102, p. 675-692.
and microscopic faults. We suggest that theéross, M. R., Fischer, M. P., Engelder, T., and Greerojtal, S. F., 1994, Fault scaling laws and the temporal
spatial distribution of normal faults is governed field, R. J., 1995, Factors controlling joint spac- evolution of fault systems: Journal of Structural

~ : ; ing in interbedded sedimentary rocks: Integrating Geology, v. 16, p. 603-612.
by SIress.redL.JCtlon shadows approximated by the numerical models with field observations fromWojtal, S. F., 1996,pChanges in fault displacement
deformation fields of these structures, the rate of the Monterey Formation, USA) Ameen, M. S., populations correlated to linkage between faults:
stress recovery away from the fault (governed by  ed., Fractography: Fracture topography as a tool  Journal of Structural Geology, v. 18, p. 265—280.
rock properties), and the short- and long-range  in fracture mechanics and stress analysis: Gedvu, H., and Pollard, D. D., 1995, An experimental
elastic interaction between faults (e.g., Cowie et Iogzical Szoacgiety of London Special Publication 92, stuc;j?/ of thﬁ_rilationship be}w?(;n joint s?gcinlg

Y p. 215-233. and layer thickness: Journal of Structural Geol-
al., 1995; Willemse, 1997). Gross, M. R., Gutiérrez-Alonso, G., Bai, T., Wacker, ogy, v. 17, p. 887-905.
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