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Part 1
Evolution of Surface-Breaching

Normal Faults



Abstract

Surface deformation along scarps of active normal faults on Kilauea volcano,
Hawaii, provides evidence for how the faults grow. Deformation near the east end of
an east-striking fault that dips to the north has been mapped in detail. The scarp is
a breached monocline, with a gentle monoclinal flexure extending past the end of the
fault scarp trace. Fractures on the monocline form an echelon pattern. Monocline
fractures strike east-northeast near the end of the fault and along the monocline. Belts
of fractures characteristically form on both the uplifted footwall and the hangingwall,
with a belt of buckles forming between the fault scarp and the hangingwall fractures.
Fissures on the footwall have apertures about three times larger than those on the
hangingwall. The belts of fractures and buckles are roughly parallel to the fault scarp
away from the fault scarp ends, but these belts converge towards the end of the scarp
trace. Away from the scarp end, fissures on the footwall generally strike roughly
sub-parallel to the fault. Near the scarp trace end, the fissures form a pronounced
echelon pattern. They strike east-northeast near the end of the fault.

Three-dimensional boundary element analyses show that slip on blind ellip-
tical faults generates a monoclinal flexure of the ground surface. Fissures on the
footwall and fractures along the scarp are consistent with a predicted tensile stress
concentration above an isolated fault. Hangingwall fractures can be accounted for
by the inclusion of an antithetic fracture at the upper tipline of a blind fault. High
compressive stresses at the base of the scarp indicate a fault-parallel trend of buckles,
consistent with the field observations. Modeling also indicates that fractures along
the scarp that open in response to slip on a buried fault will tend to slip left-laterally
as the elliptical fault grows.

The field observations and model results favor the interpretation that the
Hopena fault grew up from depth rather than down from the surface. A common
pattern of surface deformation appears along the Hopena fault, other Koae faults,

and faults in Iceland. The findings here thus are applicable to many faults.
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1 Introduction

Normal faults are among the most prominent structures in the Earth’s crust.
For example, they form divergent plate boundaries (Pollard and Aydin, 1984). Since
normal faults characteristically form where the crust is stretched thin, they play an
important role in heat transfer through the crust. They also are sites of pronounced
hydrothermal activity, especially at mid-ocean-ridges. Hydrothermal activity and
mineralization account for a broad economic interest in normal faults. Normal faults
also play a key role in creating sedimentary basins, and in both sealing and breaching
hydrocarbon reservoirs. On volcanic islands, such as Hawai‘i, normal faults contribute
greatly to flank instability, which, in turn, may pose the threat of a tsunami to entire
ocean basing (Cervelli et al, 2002). The origin and evolution of faults clearly affect a
broad variety of important phenomena.

This study investigates faulting-related secondary features at the surface, e.g.
opening mode fractures, to understand the growth of normal faults. Secondary frac-
tures contribute to the mechanical linkage of previously discontinuous faults (Segall
and Pollard, 1983; Martel and Boger, 1998) as well as the hydraulic linkage between
segmented faults (Gudmundsson, 2000; National Academy of Sciences, 1996). Fault
tipline conditions play important roles in the initiation and termination of earthquake
ruptures, and secondary fractures in these regions potentially allow insight into fault
slip behavior and may serve as precursors for co-seismic slip (King and Nabélek,
1985). The central focus of this study is to relate the pattern of secondary fractures
and other faulting-related deformation to the evolution of a normal fault that breaches
the surface. Faults that breach the surface might originate either: (1) at the surface
and grow down from it, or (2) at depth and grow up to the surface. Both growth
models may yield distinct patterns of deformation during their evolution. This study
investigates the differences between the two growth models and their congruence with
the field data from one normal fault.

Normal faults have been proposed to nucleate at the surface nucleation in
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Iceland, the East African Rift, and in Canyonlands National Park, Utah (Opheim
and Gudmundsson, 1989; Acocella et al., 2003; Cartwright and Mansfield, 1998).
Gudmundsson (1987) and Gudmundsson and Béckstrom (1991) propose that normal
faults form from vertical fractures at the surface but that as the faults propagate down
their dip decreases. The studies by Gudmundsson and Béckstrom (1991), Cartwright
and Mansfield (1998), and Acocella et al. (2003) utilized detailed field data, but did
not address the fault growth in light of mechanical consideration.

Growth of normal faults up from depth has been proposed based on studies of
normal faults on the Big Island of Hawai‘i (Langley, 2001) and on Iceland (Grant and
Kattenhorn, 2004). Faults from both of these areas resemble the fault of this study.
Both studies combined field examinations with two-dimensional mechanical analyses
of normal faults to account for features removed from the ends of the faults. Neither
of the studies addressed issues bearing on deformation at the ends of normal faults,
lateral fault propagation, or the three-dimensional geometry of a normal fault.

This study addresses secondary structures near a normal fault and relates
them to possible subsurface fault geometries. It exploits outstanding exposures along
active normal faults growing in the Koae fault system on the Big Island of Hawai‘i.
The youth of the faults and their superb preservation permit additional insight into
how normal faults grow. Systematic features along the faults include two belts of
fractures, one on each side of the fault trace, a third belt of fractures along and past
the fault scarp, and anticlinal buckles at the base of the fault scarp. Profiles across
the fault scarp and past the scarp end reveal ground flexure that transitions from a
breached monocline to a gentle unbreached monocline. The characteristics of these
features provide valuable information about the complicated process of fault growth.

The study opens by describing the structures near the end of one of the faults
in the Koae fault system - the Hopena fault (Figs. 1, 2). This is followed by elastic
analyses of displacement and stress fields around a three-dimensional normal fault.

Several subsurface geometries are used to investigate each growth model. The stress



fields prove to be useful in understanding the location, orientation, and the style of
the observed structures along the fault. The interplay of numerical modeling and
detailed field observations complement each other and shed light on the growth of
normal faults.
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Figure 1: Orthorectified and georeferenced aerial photo map of the central and western
Koae fault system, Big Island of Hawai‘i, mapped at 1:45000, Photos taken in 1977.
The Hopena fault is traced in red. The fault end mapped in detail in Fig.2 is the
northwestern trace.

Figure 2: Next page: Structural map of the northern fork of the Hopena Fault.
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2 Field Observations

2.1 Koae Fault System

The Hopena fault is part of the Koae fault system (KFS) (Fig. 1), which
traverses Kilauea’s flank about 4km south of the caldera and lies between the east
and southwest rift zones of Kilauea. The normal fault system is about 12km long
and tapers in width westward from 3km to lkm. The Kalanackuaiki fault marks
the southernmost extent of the KFS. It is the longest of the KFS faults. The KFS
faults generally dip to the north (Duffield, 1975). They feature fissures along the
uplifted side, buckles right at the scarp bases (MacDonald, 1957), and fractures on
the downdropped side.

Most of the area is draped by pahoehoe flows 400 to 750 years old (Wolfe
and Morris, 1996) that dip gently to the south (Duffield, 1975). Lava flows a few
decades old cover the ends of many faults in the eastern part of the KFS. A 1974
lava flow covered the western end of several faults in the KFS (Pollard et al, 1983),
including the western end of the Hopena fault, but the eastern end was not covered.
Structural details that are superbly displayed along the east end of the Hopena fault
are obscured along most of the faults of the KFS. Also, unlike many faults in the
KFS, which link with other faults, the eastern end of the Hopena fault is fairly well
defined. This study focuses on the east end of the Hopena fault to take advantage of

the exposures there.

2.2 Hopena Fault

Structures are abundant and diverse, and somewhat complicated along the
trace of the northern fork of the Hopena fault (Fig. 2), but nonetheless they form
systematic patterns. The patterns are described here from west to east.

The trace of the Hopena fault is ~ 4km long and has an overall trend of S62°W
(Fig. 1). At its eastern end the fault forks. The northern fork continues at the general
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strike of the Hopena fault. The southern fork curves to the south, merging at an acute
angle with the Kalanaokuaiki Fault. Vegetation is sparse in this portion of the KFS,
and does not obscure the faults. Low-lying areas along the hangingwall side of the
fault are covered by ash no thicker than 30cm. The detailed geometry of tectonic
fractures and fissures is governed by cooling joints in basalt (MacDonald, 1957). In
terms of the surface expression, the Hopena Fault appears representative of the Koae
Faults, and the northern fork of its eastern end is exceptionally well preserved.

The scarp of the Hopena fault reaches a maximum height of 7-10m along the
central portion of its trace and ~ 6m at the northern fork. Rubble accumulates at
the base of the scarp (Fig. 3). A series of profiles across the fault shows that the steep
scarp gradually diminishes in height to the east (Fig. 4). These profiles reflect a
fractured and faceted monocline with a steeply dipping central limb (Fig. 4 profile D-
D). In profiles A-C, the surface of the downthrown side slopes towards the fault trace.
To the east of profile E-E’, the throw of the fault decreases and the fractured surface
is warped into a more gentle monocline. Throw is defined here as the maximum
vertical distance between high- and low-points adjacent and on opposite sides of the
fault scarp. Profile G-G’ marks the eastern end of the fault scarp, here defined as
where the throw drops to less than 1m and individual fractures accommodate dip-slip
of less than 50cm. Further east, past the fault scarp, the monoclinal flexure becomes
even gentler, throw diminishes to less than 1m, and dip-slip displacements are less
than 10cm across the fractures on the monocline.

Three belts of fractures accompany the fault trace. One is located on the
footwall (south side) of the fault, one along the fault scarp and to the east of it, and
another on the hangingwall. The boundary between the footwall fissures and the
scarp fractures commonly is indistinct, whereas the hangingwall fractures are distinct
from the scarp fractures.

The fractures with the longest trace lengths and greatest apertures are on the

footwall. One fracture gapes open more than 1m (Fig. 2). This gaping fracture is



Figure 3: Photo taken from the north looking south onto the fault scarp of the Hopena
fault. Proceeding from west (right) to east (left), the scarp gradually changes from a
steep scarp to fractured monocline to a monoclinal flexure.

termed a fissure to distinguish it from the other fractures. Footwall fissures are a
characteristic feature of all faults in the KFS. Fractures and fissures strike parallel to
sub-parallel to the fault strike (Fig. 5). Along fractures and fissures on the footwall
the relative displacements are almost purely opening mode (Fig. 6). To the east of the
scarp, i.e. east of profile G-G’, these fractures curve to the north, striking northeast
rather than east-northeast.

A consistent pattern of right-stepping echelon fractures that strike northeast
occurs along and past the scarp. The pattern is most complicated at the western end
of the mapped fault scarp and becomes simpler to the east (Fig. 2). The fractures
commonly are spaced 1-2m apart and divide the scarp into a series of northeast-
trending ramps (Fig. 3). These ramps commonly are broken into blocks by smaller
fractures with varying strikes. The relative horizontal displacement across the most
prominent fractures is largely opening (Fig. 5, 6). Along most of the fractures the
northern fracture walls are dropped down with respect to the southern walls. The
length of the fractures decreases to the east of the scarp. The belt of fractures narrows
east of profile H-H’. Many ends of individual fractures east of profile H-H’ curve to
the north. This belt ends just east of profile J-J°.



The kinematics of strike slip vary along these fractures. West of profile E-E’
right-lateral slip occurs locally on some fractures but this slip is an order of magnitude
smaller than the opening (Fig. 6). East of profile E-E’ the character of the fractures
changes. They still strike northeast but only a few show more than 50cm of dip-slip.
Fractures that exhibit larger vertical offsets contain rubble that prevents accurate
measurements of slip. The strike-slip along fractures between profiles E-E’ through
G-G’ is left-lateral (Figs. 5, 6). The dip-slip displacement along individual fractures
here does not exceed 10cm. The opening across these fractures is roughly equal to
the strike-slip displacements across the fractures; strike-slip relative displacements
are left-lateral (Figs. 5, 6).

On the hangingwall (Fig. 2), a narrow belt of fractures trends on average N73°E
and merges with the eastern end of the fault scarp at an acute angle near profile G-G’.
The relative displacement along these fractures is mainly opening (Figs. 5, 6). The
apertures of these fractures are as large as 40cm. At the fracture ends the apertures
drop to zero.

Near the base of ‘the fault scarp, on the hanging-wall side of the fault, the
ground surface is buckled into several sharply hinged anticlines (Figs. 2, 3, 4 profile
F-F’). Some are fractured just at the hinge, others are highly fractured throughout.
These buckles vary in length from 2-10m. They are generally 1-2m wide and 0.5-1m
tall. The distance from the buckles to the base of the fault varies from 1-20m near
profile B-B’ and decreases to the east. The trends of the buckle fold axes are highly
variable. Even within a single buckle, the fold axis trend can change from southeast
to northeast. Near the eastern end of the fault scarp, buckles are only 1-4m north of
the base of the scarp. Buckles do not occur east of the end of the fault scarp (Fig. 2).

The structures around the Hopena Fault resemble those mapped by Langley
(2001) along the eastern end of the Ohale Fault located 3k northeast of the north-
ern fork of the Hopena Fault. The broad surface deformation and general fracture

patterns also mirror those along the western end of the Kalanaokuaiki fault.
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Figure 4: Topographic profiles across the North Fork of the Hopena Fault from west-
south-west (top profile) to east-north-east (bottom profile). Profile locations are
shown on Figure 2 (map). Faults are shown in solid lines where a scarp exists and
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Figure 5: Radial histograms of fracture strike (unfilled sector) and trend of horizontal
relative displacement (filled sector). Fracture strikes are 90° counterclockwise of the
fracture dip direction. Horizontal displacements are measured in the direction from
uplifted wall to downdropped wall. The size of the sectors indicates the number of
fractures and number of displacement measurements in a range of orientations. (a)
Fractures on the footwall. (b) Fractures at the scarp. (c) Fractures east of the scarp.
(d) Fractures on the hangingwall.
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3 Mechanical Analysis of Near-Fault Deformation

The patterns of deformation along the northern fork of the Hopena fault appear
characteristic of the Koae faults as a whole and may be characteristic of many normal
faults in general. The goal now is to explain the process of deformation and, in
particular, the fracturing, using mechanical models. I infer that the orientation of
fractures that nucleate near the tip of the fault trace depend on the concentration
of stresses near the fault tipline (e.g., Pollard et al., 1982; Cruikshank et al., 1991;
Martel, 1997; Martel and Boger, 1998). The exact character of stress concentration
near the tip in turn depends on the mode of slip on the fault itself. For a normal
fault, such as the Hopena fault, the mode of slip along vertical portions of the tipline
will be exclusively tipline parallel shearing, mode III (for modes see Fig. 7). Along
horizontal portions of the tipline of a normal fault, slip will be purely tipline-normal
sliding, mode II. Along other portions of the perimeter of a dip-slip fault a combination
of the two modes will govern near-tip fracture nucleation. Different fault geometries
thus should yield distinct patterns of fractures at the surface near the fault tip. The

effects of different simple fault geometries are contrasted in this study.

3.1 Model Fault Geometry

Surface-breaching faults have been idealized as semicircular (Crider and Pol-
lard, 1998) or rectangular (Grant and Kattenhorn, 2004). Three-dimensional data
indicate that many normal faults in nature tend to have a roughly elliptical tipline
shape (Rippon, 1985). Some normal faults that are vertically restricted by layering or
the free surface assume shapes of truncated ellipses (Nicol et al., 1996). Here, trun-
cated elliptical faults and rectangular faults are used to idealize faults that nucleate
at the surface and grow down from it (Fig. 8a, b). Faults growing up from depth are
idealized by a succession of different geometries: a full ellipse when blind, a full ellipse

with its upper portion tangential to the ground surface at an intermediate stage, and
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Figure 7: Fracture modes of fractures and faults. Mode I refers to opening of fractures,
Mode II refers to tipline-normal sliding, Mode III refers to tipline parallel tearing.

finally a fault truncated by the surface (Fig. 9). Common aspect ratios of elliptical

faults range from 2 = 1 to 2, where b is the down-dip semi axis length and a is the
along strike semi axis length (Nicol et al., 1996). The analyses here consider planar
elliptical and rectangular faults that have a constant aspect % ratio of % All faults
dip at 75°; results of fault parameter inversions using topographic data favor this dip
over dips of 65° or 85°.

The insets of figures 8a and 8b depict slip near half-elliptical and rectangular
tipline geometries, respectively. These represent faults nucleated at the surface. Near
the free surface, tipline-parallel sliding, mode III, dominates the slip on the half-
elliptical fault and the rectangular fault. In fact, tipline-parallel sliding is the only
mode of slip along the vertical portions of the tipline. The inset of figure 8c shows
that dip-slip on the truncated elliptical fault is resolved into both tipline-parallel
sliding (mode III) and tipline-normal shearing (mode IT) components. The mode
IT and mode III components in Figs. 8a, b, and ¢ clearly differ. The mechanical
conditions induced by these different fault geometries are expected to cause different

orientations of fractures near the fault tipline. The nature of fractures near the ends

of faults should be able to shed light on the geometry of the tipline itself.
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Figure 8: Model fault geometries. (a) Half-ellipse, (b) rectangle, and (c) truncated
ellipse. Displacement discontinuities of modes II and III, tipline normal sliding and
tipline parallel shearing, respectively, are shown in insets, where the fault intersects
the surface.

3.2 Ambient Stress Field and Boundary Conditions

A realistic representation of the regional stress conditions is needed to re-
flect the geologic setting on the south flank of Kilauea. The ambient stresses are
complicated, being influenced by the presence of Mauna Loa, the rift zones and the
relatively unconfined southern flank of Kilauea. Mauna Loa serves as an abutment
to the north. The ambient stresses probably vary in time also as dikes intrude along
the rift zones and earthquakes occur (Rubin and Pollard, 1987; Lipman et al., 1985).
I follow the suggestions of Swanson et al. (1976) and consider the south flank to be
close to laterally unconstrained. Here, for simplicity, the horizontal stresses normal
to the fault strike are considered to be zero. A constant compressive (negative) stress
is assigned parallel to the fault strike, and the vertical normal stresses due to gravity
vary linearly with depth. This representation of the ambient field is consistent with
the orientation of the Koae faults and their sense of slip (Swanson et al., 1976). This
is an idealization of a stress field that is acknowledged to be complicated.

The assignment of the ambient stress field and the resolution of tractions on
boundary elements makes use of several coordinate axes systems (CAS). The notation
z{ refers to the global reference system with z{ parallel to fault strike, z§ horizontal

and perpendicular to fault strike, and z3 up (Fig. 10a). A local reference frame is
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used as well (Fig. 10b). This reference frame, z¢, is used to assign tractions acting
at the centers of the polygonal elements, has z{ pointing down-dip, z§ pointing along
the strike of the element, and z§ pointing normal to the element plane and up.

A representation of the total stress field (Fig. 11) is achieved by superposing
the perturbation associated with fault slip and the ambient stress field (Martel and
Muller, 2000). The ambient stress field is represented by a vertical compressive stress
that increases linearly in the —z3 direction and a constant compressive stress assigned

parallel to the fault strike:

ofs = pgj )
Uﬂ = 0. (3)

All other components of of; are equal to zero. In the above equations g is the grav-
itational acceleration, p is rock density, v is Poisson’s ratio. Values of the material
parameters are p = 2700 kg - m™3, v = 1, and E (Young’s modulus) = 5000MPa
(Langley, 2001).

All fault elements are kept from opening or interpenetrating by prescribing
a Burger’s vector component, b§ of zero at each element center. A complete shear
stress drop is assumed on the entire fault plane. This maximizes slip and yields the
maximum stress perturbation in the surrounding rock. The result here thus serves as
an end member. To account for the effects of gravity and achieve a complete shear
stress drop on the fault plane, the negative of the resolved gravity-induced traction, ¢,
is prescribed at the center of each element comprising the fault plane. The tractions

on the fault elements are calculated using Cauchy’s formula (Lai et al., 1993):

B = 0 @
5 = p g cos(d) sin(d) (5)
g = 0, (6)
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Figure 10: Discretized elliptical fault with (a) global CAS, and (b) a local element
CAS. z§ points down dip, z§ points along the strike of the fault, z§ is normal to the
fault plane and up.
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where 4 is the dip of the fault (75°). The boundary conditions in equations (4)-(6) are
associated with the perturbation due to fault slip and reflect the central box depicted

in figure 11. Superposed on the perturbation is the ambient stress field (equations

(1)-B3))-

Figure 11: Cross-section views perpendicular to fault strike showing contributions to
the stress field near a normal fault. (a) The ambient stress field is governed by gravity.
(b) Perturbation due to the negative of shear tractions induced by gravity. (c) The

superposition of (a) and (b) yields the total stress field around a fault without shear
tractions.

3.3 Boundary Element Method

The analyses are carried out by utilizing Poly3D, a three-dimensional bound-

ary element method (BEM) numerical code (Thomas, 1993). In this method, the
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fault or fracture surface is divided into contiguous polygonal elements, each of which
accommodates a constant amount of relative displacement. The displacement dis-
continuities across all elements are found by solving a system of linear equations
that describes the influence of the elements on one another and that simultaneously
satisfies the given boundary conditions. The boundary element solutions satisfy the
governing partial differential equations for linear elasticity in a half-space. The do-
main requires no discretization and the number of linear equations solved is smaller
than for other numerical techniques for solving partial differential equations such as
finite element methods (Crouch and Starfield, 1983). Poly3D allows two types of
boundary conditions to be specified at the center of each element: Burger’s vector
components or tractions (tension is positive). The code calculates displacements and
the local stress tensor at points on a defined observation grid. A limitation of this rou-
tine is that Poly3D calculates the stress and displacement field for a single slip event,
but cannot include the effects of previous slip events on the surrounding material.
Tests on simple fault shapes for which analytical solutions exist show that Poly3d

reproduces analytical results to within a few percent (Crider and Pollard, 1998).

3.4 Results

Two scenarios exist for the growth of the Koae faults: (1) the faults may have
nucleated at the surface and grown radially down and laterally, or (2) they may have
grown up from depth and breached the surface. To address these alternatives in the
mechanical analyses, I model the stresses and displacements for several fault geome-
tries. The field observations are of deformation and structures at the surface, and my
working hypothesis is that the style, location, and orientation of the deformation and
surface structures may be predicted based on the stress field at the surface. I begin
by examining surface warping and then proceed to surface structures from south to
north across the fault. The particular surface structures that I focus on are the foot-

wall fissures, the fault scarp fractures, the hangingwall fractures, and the hangingwall
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buckles. I evaluate the stress field for faults of increasing size to gain insight into how
the surface structures develop and evolve as a fault grows.

Fractures and fissures are likely to form where tensile stresses are high. The
trajectories normal to the most tensile stress in map view are a proxy for the strike
of secondary fractures. Similarly, areas of large compressive stress indicate possible
locations of buckles. Trajectories normal to the most compressive stresses serve as a
proxy for the trend of the buckles. The analyses open by evaluating the stress and
displacement fields for faults that nucleate at the surface. Two fault geometries are
addressed: a lower half-elliptical tipline and a rectangular tipline. Analyses for these
geometries are compared to those for a single elliptical fault at depth. Subsequent
analyses account explicitly for the presence of a fault that breaches the surface and

for fractures on the footwall and hangingwall.

3.4.1 Downward Growth

The vertical displacement field at the surface associated with half-elliptical and
rectangular faults has a pronounced discontinuity where the model fault intersects the
surface, at z3/a = 0 (Fig. 12). In both cases, the displacements are largest where the
faults intersect the surface, and they decay with distance from the fault. Past the
ends of the model fault traces, the ground flexure is minimal.

The most tensile stress field is decidedly heterogeneous (Fig. 13b, €). Tensile
stress concentrations are confined near the ends of the fault trace for both model fault
geometries, but are most pronounced for the rectangular fault. To either side of the
fault trace, however, the most tensile stresses are in fact compressive. Trajectories
normal to o, vary little between the two geometries. On the footwall of both faults
trajectories normal to the most tensile stress are oblique to the fault strike. Past the
fault trace end, still on the footwall, trajectories normal to the most tensile stress
parallel the fault strike. On the entire hangingwall of the elliptical fault, trajectories
normal to o; are roughly parallel to the fault strike. On the hangingwall of the
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Figure 12: Oblique view of vertical surface displacements for (a) a half-elliptical, and
(b) rectangular surface breaching fault. The observation plane is in the z{ — z§ plane
at rg =0

rectangular fault, trajectories normal to o) range from oblique to normal to fault
strike along the fault trace. Past the fault trace on the hangingwall of the rectangular
fault, trajectories normal to o, range from oblique to parallel to the fault strike.

The magnitudes of most compressive stress are more uniform (Fig. 13¢, f).
The trajectories normal to the most compressive stress are perpendicular to the most
tensile stress.

These analyses reveal that the two geometries produce similar effects in terms
of displacements and stresses. Neither displacement field produces a breached mono-
cline like the one observed along the Hopena fault. Along the fault trace on the model
footwall, tensile stresses are parallel to the fault strike (Fig. 13b, e); this is inconsis-

tent with the observed fractures and fissures that strike parallel to the Hopena fault.
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Figure 13: Maps of stress fields at the surface. The left column shows the fault
geometry for each row. Fault scarps are indicated by a heavy line. The middle col-
umn shows magnitudes of the most tensile stresses, (1), and orientations of possible
fractures (trajectories are perpendicular to 07). The right column shows magnitudes
of the most compressive stress, (03), and orientations of possible buckle (trajecto-
ries are perpendicular to o3). Gray regions indicate tensile o;. The ball is on the
downdropped hangingwall of the fault.

Along the fault trace on the hangingwall, the tensile stresses are weak and thus do
not make for a compelling explanation of the belt of hangingwall fractures observed.
Finally, although compressive stresses occur right at the fault trace on the hanging-
wall, the magnitudes also are low and do not require buckling (Langley, 2001). Thus
the buckles at the base of the Hopena fault scarp are not readily explained by these
models. The inconsistency of model predictions with the key observations allows me
to reject the model that the Hopena fault nucleated at the surface and grew down.

This prompts consideration of the alternative that the fault grew up from depth.
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3.4.2 Upward Growth

The displacement and stress fields associated with a succession of fault geome-
tries are tested here to investigate whether the Hopena fault may have nucleated at
depth and grown up to the surface. A possible succession (Fig. 9) is represented by
an elliptical blind fault, an elliptical fault with its upper tip tangential to the ground
surface, and a truncated elliptical fault. Locations near the trace ends of breached
faults at any particular stage would experience different displacement and stress fields
as the fault grows.

Model results of vertical surface displacement indicate a smooth monocline
above a blind fault (Figs. 14a, b). Vertical displacements are largest above the center
of the blind fault and decrease gently towards the ends. Once the fault breaches the
surface, vertical displacements are discontinuous where the fault intersects the free
surface (Fig. 14c), and monoclinal flexure past the end of the model fault trace dies
out a short distance from the end, similar to the case in Fig. 12.

For a blind fault, the greatest tensile stress concentration is on the footwall a
short distance from where the fault projects to the surface, between —0.1 < zJ/a <0
(Fig. 15b). The trajectories normal to the most tensile stress parallel fault strike.
The greatest compressive stress concentration is on the hangingwall close to 3 /a = 0
(Fig. 15¢). Along z3/a = 0, where the blind fault projects up to the surface, the
transition from areas of tensile to compressive stress concentration is marked by a
transition in directions of principal stresses as well. Trajectories perpendicular to
the most tensile stress change from being fault-parallel on the footwall, to trending
obliquely along x4 /a = 0, to being either fault-normal or vertical on the hangingwall.
Tensile and compressive stress concentrations increase the closer the fault tipline is
to the surface.

The surficial stress pattern changes drastically once the fault breaches the
surface (Fig. 15e, f, h, i). Surface stress concentrations shift towards the ends of

the fault scarp. Along the fault scarp, away from the ends, stress concentrations
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Figure 14: Oblique view of vertical surface displacements for an isolated fault. (a)
For a fault with upper tip at 50m. (b) For a fault with the upper tip tangential to the
observation plane. (c) For a breached fault. The observation plane is in the z — =3
plane at z§ = 0. See Fig. 9 for the corresponding fault geometries.

vanish. On the footwall, the orientation of the most tensile stresses along the scarp
are vertical (Fig. 15h), whereas above blind faults, the stresses normal to the fault
scarp are tensile (Fig. 15b). Right at the fault trace ends trajectories perpendicular to
o0, are fault-normal (Fig. 15h). Further past the scarp end, between 0.7 < z3/a < 0.9,
the orientations of principal stresses are similar to those above blind fault.

The model results lead straightforwardly to predictions of secondary structures
that might form. Fractures that may open above a blind fault along the developing
monoclinal, central limb (i.e., near z3/a = 0) would tend to strike obliquely to the
fault strike (Fig. 15a,d, 16a,b). Once a fault breaches the surface the principal stresses

rotate such that new fractures would tend to strike roughly perpendicular to the fault
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Figure 15: Geometry of faults and maps of stress fields at the surface near an isolated
fault. The left column shows the fault geometry and position for each row. The
center column shows magnitudes of the most tensile stresses, (01), and orientations
of possible fractures (trajectories are perpendicular to 0,). The right column shows
magnitudes of the most compressive stress, (03), and orientations of possible buckle
(trajectories are perpendicular to o3). Gray regions indicate tensile o;. Dotted tra-
jectories of principal stress indicate where stress trajectories are vertical. Traces of
breached fault are indicated by a heavy line. The ball is on the downdropped side of
the fault.

strike (Fig. 16c). Along a pre-existing fracture oblique to the fault, however, the
rotation of stresses would induce left-lateral slip.

The analysis results for a fault that grows up from depth account for several
key observations. Model results of vertical displacements above blind faults reproduce
the monoclinal flexure of the ground surface near the eastern end of the Hopena fault

(Fig. 14). Even after the fault breaches the surface, monoclinal flexure occurs near
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the end of the fault trace. The character of the most tensile stress concentration
above blind faults is consistent with the location and orientation of fractures and
fissures on the footwall of the Hopena fault. The model predicts that fractures can
open over a large area on the footwall, and would strike parallel to the fault (Fig. 15).
Directly above the fault tipline, the fractures that open would strike obliquely to
the fault (Fig. 16a). The belt of echelon fractures at and to the east of the Hopena
fault scarp thus can be accounted for by the model results (Fig. 15). The model
results suggest that fractures on the footwall and scarp could form contemporaneously
and field observations in nearly every case show that neither set of fractures occurs
without the other. Left-lateral slip on preexisting fractures along z§/a = 0 induced
by a rotation of stresses is consistent with the observed relative displacements across
fractures past the end of the Hopena fault scarp (Fig. 16). For blind faults with
shallow tips, magnitudes and trajectories of o3 indicate that fault-parallel buckles
may develop on the hangingwall close to 5 = 0 (Fig. 15¢). This too is consistent
with the locations of buckles near the Hopena fault.

A fault growing up from depth explains the surface warping, fractures and
fissures on the footwall, echelon fractures at and to the east of the scarp, relative
displacements across fractures east of the scarp, and the formation of buckles. The
monoclinal flexure, fissures on the footwall, and formation of buckles are consistent
with the two-dimensional modeling results of Langley (2001). His two-dimensional
results, however, did not and could not account for the echelon fractures along the
scarp and relative displacement across them.

The model results raise one key paradox though. Fractures that may open on
the footwall when the fault is blind would tend to close once the fault breached the
surface as fault-normal compressive stresses dominate the footwall. Langley (2001)
postulated that the fissures on the footwall are kept from closing by debris stoped
from the fissure walls. Guided by the field observations, the results from the isolated

model fault here and the analyses of Langley (2001), an open fissure is included into
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Figure 16: Map view of tensile principal stresses, (1), and orientations of possible
fractures near z3/a = 0. Thick trajectories indicate a subset of fractures that are
representative of fractures near the scarp for faults at different depths. (a) Blind
fault with its upper tip at a depth of 50m, (b) fault with the upper tip tangential to
the free surface, (c) for a breached fault.

subsequent model runs. The fissure is represented by the lower half of an ellipse cen-
tered at 3 = -25m. The fissure is 2.5km long and extends from the surface to a depth
of 200m. Stress fields in vertical planes reveal that tension on the footwall prevails
as deep as the upper tip of the fault itself even for faults with upper tips at depths
greater than 200m (Langley, 2001). The dimensions and location are consistent with
the length of the fissure and spacing between the fissure and Hopena fault. The fissure
is kept from closing by prescribing an opening mode relative displacement, (b5 > 0)
and its walls are set to be free of any shear tractions, (¢ = t§ = 0). The opening
prescribed on the model fissure is consistent with ~ 1.4m maximum aperture of the
fissure near the Hopena fault.

Model results for a fault with a nearby fissure resemble those for an isolated
fault. The similarities are apparent for both the vertical displacements (compare
Figs. 14 and 17), and the stress fields (compare Figs. 15 and 18). For blind faults
tensile stresses continue to dominate the footwall (Fig. 18a) and compressive stresses

dominate the hangingwall (Fig. 18b). Between the fissure and z§ = 0, trajectories
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Figure 17: Oblique view of vertical surface displacements for a fault with nearby
fissure. (a) for a fault with upper tip at 50m, (b) for a fault with the upper tip
tangential to the observation plane. (c) for a breached fault. The observation plane
is in the z{ —z§ plane at 2§ = 0. The thick solid line indicates the trace of the vertical
fissure.

perpendicular to o, (Fig. 18c) have similar orientations to those for isolated blind
faults (Fig. 15b). A careful comparison of Figs. 15¢, f and 18c, f near zJ/a = 0, 73 /a =
0 reveals that magnitudes of the most compressive stresses on the hangingwall increase
with the presence of the fissure. As was the case for the isolated fault, the stress
patterns changes drastically once the fault breaches the surface (Figs. 18h, i). Stress
concentrations focus near the end of the fault trace. The rotation of stress orientations
during the successive stages of faulting also is similar to that for the isolated fault.
Thus, the sense of relative displacement on preexisting echelon fractures along the
scarp will still tend to be left-lateral.

The model containing a fault and nearby footwall fissure reproduce the surface
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Figure 18: Geometry of faults and fissures and maps of stress fields at the surface
due to a fault and fissure. The left column shows the fault geometry and position for
each row. The location of the fissure is indicated by the dotted line. The center col-
umn shows magnitudes of the most tensile stresses, (1), and orientations of possible
fractures (trajectories are perpendicular to o;). The right column shows magnitudes
of the most compressive stress, (03), and orientations of possible buckles (trajectories
are perpendicular to o3). Gray regions indicate tensile o;. Dotted trajectories of
principal stress indicate where stress trajectories are vertical. Traces of the breached
fault are indicated by a heavy line. The ball is on the downdropped side of the fault.
The fissure traces are indicated by a medium line; this line is obscured by the fault
in the bottom row.

warping, footwall fractures, echelon fracture pattern near the scarp, the sense of
relative displacement at scarp fractures, and the formation of buckles near the scarp.
However, the tendency for buckles to form at the base of the scarp is increased by
the presence of the fissure, as previously noted by Langley (2001). The results from
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the model fault with a nearby fissure, however, still do not account for fault-normal
tension on the hangingwall which could promote the formation of a belt of fractures
similar to the one observed along the Hopena fault. The lack of an explanation
for these fractures requires further investigation of faulting related features at the
northern fork of the Hopena fault.

The analyses of features observed at the surface do not account for the hang-
ingwall fractures, which motivates an analyses of features that can be inferred to
exist in the subsurface. Models of blind faults and of blind faults with a footwall fis-
sure predict large tensile stress concentrations, and hence fracturing, near the upper
tipline of the fault on the hangingwall in the subsurface (Fig. 19). The trajectories of
principal stresses there indicate that secondary fractures at the upper tipline would
strike parallel to the fault and dip roughly perpendicular to the fault (Fig. 19). These
findings prompt a second modification to the model for a fault growing up from depth:
an antithetic fracture is included as a traction-free half-ellipse extending over 80%,
or ~1.3km, of the length of the fault near the upper tipline. The upper tip of the
antithetic fracture is at roughly the same depth as the upper tip of the fault is. This
single model fracture represents what could be a series of fractures along a real fault.
In the subsequent analyses, surface stresses are evaluated for a fault tip at very shal-
low depth, 15m, as the influence of the inferred antithetic structure on the surface
only becomes apparent when the fault tip and the antithetic structure are near the
surface (Fig. 20).

A large tensile stress concentration arises on the hangingwall close to the upper
tip of the antithetic fracture (Fig. 21). Trajectories perpendicular to o; indicate
orientations of possible fractures parallel to the fault. Between the center of the fault
and the fault ends the magnitude of o, decreases and the trajectories perpendicular
to o; bend subtly but distinctly towards the fault (see stippled region in Fig. 21).

Model results that account for an antithetic fracture at shallow depth yield

locations and orientations of tensile stresses that are consistent with the orientation
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Figure 19: Stress fields in vertical planes. The top row shows the locations of the
observation planes. The middle row shows o; and trajectories perpendicular to o,
near an isolated fault with its upper tip at 50m depth. The bottom row shows o, and
trajectories perpendicular to o; near a fault with its upper tip at 50m depth and a
fissure with maximum depth of 200m. Gray regions indicate where o, is tensile.

of the belt of opening mode fractures on the hangingwall of the Hopena fault. The
tensile stress concentration is further away from the scarp than the compressive stress
concentration of Fig. 18i. At the end of the Hopena fault scarp this belt terminates
at an acute angle to the scarp. The model results suggest that the belt of fractures
on the hangingwall forms when the upper tip of the blind fault is at shallow depth.
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Figure 20: Along strike view of fault, fissure, and antithetic structure.
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Figure 21: Stress field near a fault, a fissure, and an antithetic fracture. The upper
tip of the fault is at 15m depth, a vertical fissure extends to a depth of 200m (black
line), and an antithetic fracture at the upper fault tipline below the surface is roughly
normal to the fault plane. Magnitudes of o, and trajectories normal to o, are depicted.
The stippled region indicates a region that may correspond to the belt of fractures

on the hangingwall.



4 Discussion

The focus of this study is to understand the growth of a surface-breaching
fault. To address this, the field observations and analyses concentrated on how a
growing fault would displace and fracture the surrounding rock. Surface-breaching
faults could grow down from the surface or up from depth. Three-dimensional elastic
models for the former scenario yield results inconsistent with the field observations.
Three-dimensional elastic models of a fault growing up from depth do account the
observed deformation in the field.

The general pattern of structures along the northern fork of the Hopena fault
is characteristic of many Koae faults. The pattern consists of a breached monocline
at the surface, three belts of fractures, and buckles near the base of the scarps. The
analyses show that slip on a blind normal fault generates a monoclinal flexure of
the ground surface. Field observations show that the monoclinal flexure is preserved
after the fault breaches the surface. Fissures on the footwall are consistent with the
tensile stress concentration above an isolated blind fault. Trajectories of principal
stresses indicate that opening-mode fractures should strike parallel or sub-parallel to
the fault trace on the footwall. The echelon pattern of fractures along and past the
Hopena fault scarp is accounted for by tensile stresses above and past the model fault
trace. Trajectories of tensile stress concentrations along the position of the scarp
above a blind fault in the model match the strike of fractures in the field. High
compressive stress concentrations prevail near the scarp on the hangingwall. Model
stress trajectories at the base of the scarp indicate a fault-parallel trend of buckles,
consistent with the field observations.

The models also indicate that fractures along the scarp that open in response
to slip on a buried fault will tend to slip left-laterally as the fault grows (Fig. 22).
This is consistent with the field observations. Subsurface stress fields indicate that
fissures on the footwall of a normal fault may open up to approximately the depth of

the upper tip of the fault itself. Opening along those fissures can be substantial in
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Figure 22: Stress rotation near the trace end. (a) Opening mode fractures may form
at the surface for a blind fault. Arrows indicate the orientation of most tensile stress.
The thick, dashed line depicts the projected fault-surface intersection. (b) Once the
fault breaches the surface, principal stresses rotate (black arrows, gray arrows depict
previous stress direction). Relative displacements on the pre-existing fracture are
strike-slip (thin barbed arrows). The thick line indicates the fault trace.

the field as well as in numerical analyses of traction-free fissure on the footwall. The
tendency for fissures to remain open changes when the fault breaches the surface. In
a model with a traction-free fissure on the footwall, the fissure walls interpenetrate.
This is both physically impossible and inconsistent with the field observations of
gaping fissures. The propping effect of debris from the fissure walls may explain the
persistence of gaping fissures on the footwall near a normal fault that has breached
the surface. Fissures that are wedged open exert little qualitative effect on the stress
solutions at the surface of an isolated fault.

Once a normal fault breaches the surface, the stress concentrations shift to-
wards the ends of the fault scarp trace, with fault-normal tension prevailing on the
footwall and fault-normal compression on the hangingwall. Echelon fractures along
and past the scarp can also be accounted for with the fault and fissure model. The
pattern of relative displacements across previously opened fractures near the fault
scarp and the fissure is of the same left-lateral sense as it is for isolated faults that

breach the surface.
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The inclusion of an antithetic fracture at the upper tipline of the fault in the
model runs can explain the hangingwall fractures. Antithetic fractures might develop
over a range of depths. Their presence near the surface in the model induces tension
on the hangingwall at the approximate location of hangingwall fractures. Once a
model fault breaches the surface, the tensile stress field along the entire upper part of
the fault plane diminishes. This would inhibit new antithetic fractures from forming
and thus impedes the opening of more fractures at the surface on the hangingwall.
These results may explain the termination of hangingwall fractures at the eastern end
of the fault scarp.

The field observations and model results together support a growth process
that can be outlined as follows (Fig. 23):

(1) Faults initiate at depth and propagate to the surface. Antithetic fractures may
nucleate at all depths near the propagating fault tipline.

(2) Fractures on the footwall open up as the surface is flexed.

(3) Echelon fractures open right at the future scarp.

(4) Fractures on the footwall grow larger, evolving into fissures. Debris breaks off the
fissure walls and accumulates in the opened fissure.

(5) As a fault propagates closer to the surface, non-elastic deformation including
accumulation of the debris in the gaping fissures serves as a wedge, keeping the
fissure from closing.

(6) Buckles develop near the base of the future scarp.

(7) Antithetic fractures in the subsurface cause fractures to open at the surface on
the hangingwall.

(8) Once the fault breaches the surface, new buckles form only near the end of the
fault scarp. New echelon fractures form past the end of the fault scarp. Preexisting
echelon fractures experience a rotation in stresses as the tipline propagates up and
laterally, causing strike-slip on these fractures near the scarp end. Fractures on the

hangingwall terminate at the ends of fault scarps as tensile stress concentrations
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Figure 23: Growth history cartoon. Rows depict successive stages in the growth
history. The left column shows along strike cross-sections. The right column depicts
map views.
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vanish along the entire fault plane near the upper tipline and antithetic fractures are
thus kept from forming.

The scenarios presented here explain the origin and order in which deformation
occurs at the surface. This order resembles the one by Duffield (1975) for the Koae
faults in general. The general pattern of the structures near the northern fork of the
Hopena fault also appears to resemble the pattern along faults in Iceland (Grant and
Kattenhorn, 2004). The consistent pattern of fractures along the faults suggests that

the evolution of normal faults as described here may be a common process.

39



5 Conclusions

The Hopena fault displays a systematic pattern of deformation at the surface:

(1) A breached monoclinal along the scarp;

(2) A belt of pronounced, steep fractures on the footwall;

(3) A belt of echelon fractures along the fault scarp and past its end;

(4) Buckles at the base of the scarp;

(5) A belt of fractures on the hangingwall;

(6) Left-lateral strike-slip on echelon fractures east of the scarp.

Elliptical normal faults growing up from depth can account for these features, but
normal faults growing from the surface cannot. The latter does not provide an expla-
nation for monoclinal warping across the fault trace, footwall fractures and fissures,
hangingwall fractures, or buckles at the base of the fault scarp.

The three-dimensional analyses here expand the previous two-dimensional
analyses by Langley (2001) by accounting for echelon fractures, hangingwall frac-
tures, and the left-lateral strike-slip on echelon fractures past the fault trace end.
The tipline shape, the three-dimensional kinematics and the effects of along strike
propagation, which two-dimensional analyses cannot address, provide a more com-
plete understanding of the growth of a normal fault.

The general pattern of deformation that occurs on the Big Island of Hawai‘i
resemble that in Iceland. This suggests that many normal faults may grow from depth

rather than from the surface down.
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Part I1

Evolution of Normal Fault Tiplines
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Abstract

Normal faults growing in the Earth’s crust are subject to effects of the ground
surface and secondary fractures that form in response to slip on the fault. Three-
dimensional boundary element numerical models are used to evaluate the propagation
tendencies of planar faults of elliptical tipline shape. Previous analyses of shallow,
isolated fault below the ground surface indicate that the fault would tend to grow
preferentially up-dip, thus attaining a tall rather than long shape. However, such
shapes of faults are rarely observed in nature. Analyses that include secondary frac-
tures that develop due to slip on the fault indicate that the fractures impede the
tendency to grow up-dip. Antithetic fractures forming along the upper tipline of the

fault have a particularly substantial influence on up-dip propagation.
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1 Introduction

Normal faults in nature tend to be several times longer than they are tall
(Rippon, 1985). Qualitative and kinematic explanations for commonly observed fault
shapes can be found in the literature (e.g. Nicol et al., 1996; Walsh and Watterson,
1988), but only a few studies have addressed the propagation tendencies of normal
faults in light of mechanical principles (Lin and Parmentier, 1988; Rudnicki and Wu,
1995; Kattenhorn and Pollard, 1999; Crider and Pollard, 1998). Lin and Parmentier
(1988) investigated quasi-static fault propagation under the influence of lithostatic
and tectonic loading, with slip controlled by frictional sliding laws (Byerlee, 1978).
Their modeling results reveal that under constant tectonic loading the upper tip
should propagate more readily than at the lower tip. Their two-dimensional analysis,
however, did not consider three-dimensional aspects of fault growth or field obser-
vations that bear on the mechanics of fault propagation. Rudnicki and Wu (1995)
considered depth-dependent loading and Mohr-Coulomb frictional slip criteria in two
dimensions. They found that the ground surface promoted the up-dip propagation
of shallow normal faults for a broad range of loading conditions. They did not, how-
ever, investigate possible effects that restrict upward fault growth or account for field
observations of fault structures that might bear on normal fault growth. Kattenhorn
and Pollard (1999) extended the previous studies to three dimensions and investi-
gated the effects of lithostatic loading on three-dimensional normal faults subject to
friction. They concluded that lithologic heterogeneity can influence where normal
faults nucleate, impede their upward growth, and lead to normal faults being longer
than tall. The possible effects of other factors on fault shape have been explored
little.

The controls on fault geometry are important, for fault geometry exerts a fun-
damental control on fault behavior (Segall and Pollard, 1983). This study investigates
the mechanics of normal fault growth, with a specific focus on the effect of secondary

fractures generated by slip. Secondary fractures affect fault processes in a variety of
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ways. Secondary fractures not only form in response to faulting but also strongly
influence subsequent fault growth (Segall and Pollard, 1983; Biirgmann et al., 1994;
Bruhn, 1994; Antonelli and Aydin, 1995). They contribute to the mechanical link-
age of previously discontinuous faults (Segall and Pollard, 1983; Martel and Boger,
1998) as well as the hydraulic linkage between segmented faults (Gudmundsson, 2000;
National Academy of Sciences, 1996). Since conditions near the fault tipline play im-
portant roles in the initiation and termination of earthquake ruptures, secondary
fractures there potentially allow insight into slip behavior of the fault and may form
as precursors to co-seismic slip (King and Nébélek, 1985).

The effects of structures observed in the field and inferred to exist from me-
chanical analyses during the growth of a normal fault are investigated here, Part I of
this thesis described the evolution of one fault, the Hopena Fault of the Koae Fault
System on the Big Island of Hawai‘i, using mechanical models guided by detailed
field observations. One key conclusioﬁ is that secondary structures at the surface
and below are an intricate part of fault growth. Here, I examine the evolution of an
isolated fault and specifically take into account the possible effect of secondary struc-
tures on fault growth. The interplay of numerical modeling and use of detailed field

observations complement each other and shed light on the growth of normal faults.
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2 Field Data and Kinematics

The normal fault investigated in detail here, the Hopena fault, is part of the
Koae fault system (KFS). Structures along the Hopena fault are abundant and diverse,
but they form a systematic pattern. Significantly, the pattern along the Hopena fault
is encountered along many other faults in the KFS as well. The systematic pattern
includes three belts of fractures. One is located on the footwall of the fault, the second
is along the fault scarp, and the third is on the hangingwall. The footwall fractures
strike ENE, essentially parallel to the fault strike, are approximately vertical, and
extend along the entire length of the Hopena fault scarp. One of the footwall fractures
has an aperture of ~ 140cm and is termed a fissure in the subsequent discussion.
Footwall fissures are common to most faults in the KFS. They are usually located
within a few tens of meters of the fault scarp, about 25m in the case of the Hopena
fault. Past the fault trace end, these fractures curve to the north. The fractures
along the scarp extend past the trace end and retain a right-stepping echelon pattern.
The hangingwall fractures are sub-parallel to the fault and individual fractures open
much less than those on the footwall. The belt of hangingwall fractures essentially
terminates at the end of the fault scarp. Hangingwall fractures are observed along
many faults in the KFS.

Part I discusses the formation and kinematics of the secondary fractures, fo-
cusing on those in the footwall and hangingwall. 1 concluded that the systematic
patterns are formed during different stages of growth of the Hopena fault in a man-
ner generally consistent with the description of Duffield (1975). The fissures appear
to form due to a tensile stress concentrations and flexure of the ground surface when
the fault is blind. Once the fault breaches the surface, mechanical modeling results
suggest that the fissures should tend to close, but this is inconsistent with field obser-
vations (see part I and Langley, 2001). Blocks that broke off the fissure walls typically
obstruct the fissures. The field observations and previous modeling suggest that the

fissures are kept from closing by non-elastic deformation, such as the propping action
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of the blocks.

A further conclusion of part I is that the fractures that open on the hangingwall
are induced by subsurface deformation in the form of antithetic fractures. The effect
of the antithetic fractures, however, is only felt at the surface when the upper tipline
of the fault is at very shallow depths. Fracturing on the footwall surface most likely
precedes opening of fractures on the hangingwall surface. The described pattern of

deformation on the surface is characteristic of normal faults in the KFS.
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3 Mechanical Analysis of Tipline Evolution

The goal is now to investigate the effects of the typical secondary features (i.e.
footwall fissures and antithetic hangingwall fractures) on the fault shape itself using
fracture mechanics principles. The initial analyses are for a single fault at depth.
Subsequent analyses account explicitly for the presence of a fissure on the footwall
and an antithetic fracture near the upper tipline on the hangingwall. As will be
shown, the analyses indicate that fractures resulting from faulting are likely to alter

how the fault grows.

3.1 Model Fault Geometry

Three-dimensional data indicate that many normal faults in nature tend to
have a roughly elliptical tipline shape (Rippon, 1985). Faults here are idealized by
ellipses (Figs. 24). Common aspect ratios of elliptical faults range from 2 = 1 to 2,
where b is the down-dip semi axis length and a is the along strike semi axis length.
(Nicol et al., 1996). The analyses here consider planar faults that have a constant
aspect ratio of g = £. All faults dip at 75° as results of fault parameter inversions
using topographic data favor this dip over dips of 65° or 85°.

Guided by the field observations, the results from the isolated model fault
in part I, and the results of Langley (2001), a vertical fissure is included in the
model runs. The fissure aperture is prescribed and the walls are free of any shear
tractions. The opening prescribed on the model fissure is consistent with ~ 1.4m
maximum aperture of the fissure at the surface near the Hopena fault. The fissure is
represented by the lower half of an ellipse centered at z§ = -25m (see part II section
3.4 for coordinate axes systems). The fissure is 2.5km long and extends from the
surface vertically to a depth of 200m.

Models of blind faults and of blind faults with a footwall fissure predict large

tensile stress concentrations, and hence fracturing, near the upper tipline of the fault
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Figure 25: View of fault, fissure, and antithetic structure along strike.

on the hangingwall (see part I). The trajectories of principal stresses indicate that
orientations of secondary fractures at the upper tipline on the hangingwall would
strike parallel to the fault and be roughly perpendicular to the fault plane (see part
I). This pattern is reproduced for faults at many depths. To simulate this fracturing,
an antithetic fracture is included as a traction-free half-ellipse extending over ~ 80%
of the length of the fault near the upper tipline. The upper tip of the antithetic
fracture is at roughly the same depth as the upper tip of the fault is (Fig. 25). This
single model fracture represents what could be a series of fractures along a real fault.
To simulate elliptical faults growing toward the surface, their size is increased, but

their aspect ratio is retained.

3.2 Propagation Tendencies

The analyses of the Hopena fault and the key features near it may provide an

explanation for some controls of fault shape. The evolution of a fault depends on the
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change in tipline geometry of the fault, which in turn is governed by the stress state
prevalent close to the tipline (Rice, 1968; Rudnicki, 1980). The near-tip stresses can
be written in the following form (Lawn and Wilshaw, 1975):

Uij(T, 9) = \/I;—;;fij(a) (1)

Near-tip displacements, measured relative to the fracture tip, are of the following

form:
u(r,0) = Knv/rhi(6) (2)

In the above equations, r is the distance from the tipline, the functions f and h
account the angular position around the perimeter out of the fault plane, and K, are
stress intensity factors. Three stress intensity factors exist. They account for opening
of fractures (Kj), sliding perpendicular to the tipline (Kj;), and tearing parallel to
the tipline (Kjrr), (Fig. 26). In an isotropic, elastic medium the stress intensity
factors thus can be related to near-tip displacement discontinuity across the fracture,

Au; = u; (r,+7) — u; (r, —7). The displacement discontinuities for modes II and III

are:
—KH T
A’Uq[(?") = i —2—1;4(1 I/) (3)
_ Knyr [T
AUUI(T) = p 271'. (4)

Propagation tendencies of fractures may be described using the fracture energy
release rate, G (Kattenhorn and Pollard, 1999; Willemse and Pollard, 2000; Martel,
2004). The quantity G is a measure of strain energy loss rate associated with the
incremental growth of the fault surface area. It can be calculated in terms of the
stress intensity factors (Lawn and Wilshaw, 1975). For shear fractures, Ky =0 and §
is of the following form for in-plane shear fracture propagation (Lawn and Wilshaw,
1975):

g =2 = . {K?I + *——(1"1””)} (%)
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Figure 26: Fracture modes of fractures and faults. Mode I refers to opening of
fractures, Mode II refers to tipline - normal sliding, Mode III refers to tipline parallel
tearing.

where p is the shear modulus. By substituting equations (3) and (4) into (5), G can

be rewritten as:

1 —v 1 g7 1
G = £‘2—”—)K?1 + EﬁK?" = —r‘{l—ﬁ-a—_—y)Au?z‘FA“?u} (6)

The relationships above are adapted for use with Poly3D by replacing the
distance r by the shortest distance from the element midpoint to the perimeter, d,
and multiplying the right side by a constant (C). The constant accounts for the
stair-stepping approximation of a smooth slip distribution on the fault plane. The

expressions resemble those of equations (3) and (4),

_ "C[an 27
Kn = sa -\ )

2
K = CuDuy -g (8)

where D; are the mode II and III slip components at the centroids of tipline elements.

Analytical solutions for stress intensity factors exist for simple fracture geome-
tries (e.g. ellipses), and simple loading conditions, (Kassir and Sih, 1966; Tada et al.,
2000); see also appendix 1. Stress intensity factors for fractures with complicated

geometries and loading conditions must be evaluated numerically. In this study, the
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fault geometries are idealized as elliptical, for which analytical solutions in a full-space
exist for uniform driving stress. The driving stress is the shear strength loss on the

fault during slip. The ratio of the exact half-space solution (G,,*"***) to full-space

exact )

solution (G, is well approximated by the ratio of the numerical half-space solu-

num)

tion (G,,"*™) to numerical full-space solution (G,,"*™). Therefore, the energy release

rate in a half-space is determined as follows (Martel, 2004):

gh num
S

gfs num

Calculations for G allow inferences of propagation tendencies along the tiplines of

(9)

act ., ezact
ghsea: ~ gfs

idealized, elliptical faults (Kattenhorn and Pollard, 1999; Willemse and Pollard, 2000;
Martel, 2004). Locations where G is largest around the tipline of faults are likely
locations of fault growth, although no critical energy release rate is explicitly assigned
here. The analyses of G shed light on the propagation of normal faults in the vicinity

of the free surface and under the influence of secondary structures.

3.3 Ambient Stress Field and Fault

A realistic representation of the regional stress conditions is needed to re-
flect the geologic setting on the south flank of Kilauea. The ambient stresses are
complicated, being influenced by the presence of Mauna Loa, the rift zones and the
relatively unconfined southern flank of Kilauea. Mauna Loa serves as an abutment
to the north. The ambient stresses probably vary in time also as dikes intrude along
the rift zones and earthquakes occur (Rubin and Pollard, 1987; Lipman et al., 1985).
I follow the suggestions of Swanson et al. (1976) and consider the south flank to be
close to laterally unconstrained. Here, for simplicity, the horizontal stresses normal
to the fault strike are considered to be zero. A constant compressive (negative) stress
is assigned parallel to the fault strike, and the vertical normal stresses due to gravity
vary linearly with depth. This representation of the ambient field is consistent with

the orientation of the Koae faults and their sense of slip (Swanson et al., 1976). This
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is an idealization of a stress field that is acknowledged to be complicated.

The assignment of the ambient stress field and the resolution of tractions on
boundary elements makes use of several coordinate axes systems (CAS). The notation
zJ refers to the global reference system with z{ parallel to fault strike, z3 horizontal
and perpendicular to fault strike, and =% up (Fig. 27). Two local reference frames
are used as well. One, z¢, used for to tractions acting at the centers of the polygonal
elements, has z{ pointing down-dip, z§ pointing along the strike of the element, and
z§ pointing normal to the element plane and up (Fig. 27). The second local reference
frame, :cf', is defined with mg' in the fault plane and parallel to the tipline, z§ in the
fault plane and normal to the tipline , and 2§ normal to the fault plane (Fig. 27).
This second reference frame is used to evaluate mode Il and mode I1I displacements.

A representation of the total stress field (Fig. 28) is achieved by superposing
the perturbation associated with fault slip and the ambient stress field (Martel and
Muller, 2000). The ambient stress field is represented by a vertical compressive stress
that increases linearly in the —z direction and a constant compressive stress assigned

parallel to the fault strike:

0% = pgu} (10)
of, = —1MPa (11)
ofy = 0. (12)

All other components of of; are equal to zero. In the above equations g is the grav-
itational acceleration, p is rock density, v is Poisson’s ratio. Values of the material
parameters are p = 2700 kg - m™3, v = %, and E (Young’s modulus) = 5000MPa
(Langley, 2001).

All fault elements are kept from opening or interpenetrating by prescribing
a Burger’s vector component, b5 of zero at each element center. A complete shear

stress drop is assumed on the entire fault plane. This maximizes slip and yields the

maximum stress perturbation in the surrounding rock. The result here thus serves as
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Figure 27: Discretized elliptical fault with (a) global CAS, and (b, c) local element
CAS. z¢§ points down dip, z§ points along the strike of the fault, z§ is normal to the
fault plane and up.
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an end member. To account for the effects of gravity and achieve a complete shear
stress drop on the fault plane, the negative of the resolved gravity-induced traction, 5,
is prescribed at the center of each element comprising the fault plane. The tractions

on the fault elements are calculated using Cauchy’s formula (Lai et al., 1993):

b o= 0 (13)
5 = pg 3 cos(d) sin(0) (14)
t3 = 0, (15)

where § is the dip of the fault (75°). The boundary conditions in equations (13)-
(15) are associated with the perturbation due to fault slip and reflect the central box
depicted in figure 28. Superposed on the perturbation is the ambient stress field
(equations (10)-(12)).

3.4 Boundary Element Method

In this analysis, fracture mechanics principles are employed. They were first
introduced by Griffith (1921) and have been applied to a variety of rock fracture
phenomena (e.g. Pollard and Aydin, 1987), including normal faulting (e.g. Willemse
and Pollard, 2000).

The analyses here are carried out with Poly3D, a three-dimensional boundary
element method (BEM) numerical code (Thomas, 1993). In this method the fault or
fracture surface is divided into contiguous polygonal elements, each of which accom-
modates a constant amount of relative displacement. The displacement discontinuities
across all elements are found by solving a system of linear equations that describes the
influence of the elements on one another and that simultaneously satisfies the given
boundary conditions. The separate boundary element solutions satisfy the governing
partial differential equations for linear elasticity in a half-space. The domain requires
no discretization and the number of linear equations solved is smaller than for other

numerical techniques for solving partial differential equations such as finite element
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Figure 28: Cartoon showing how the stresses are solved for. (a) The ambient stress
field. (b) Perturbation due to fault slip. (c) The superposition of (a) and (b) yields
the total stress field with a shear traction-free fault.

methods (Crouch and Starfield, 1983). Poly3D allows two types of boundary condi-
tions to be speciﬁed at the center of each element. Either Burger’s vector components
or tractions can be specified. This study uses a right-handed coordinate axes system
and tension is positive. The code calculates displacements and the local stress tensor
at points on a defined observation grid. A limitation of this routine is that Poly3D
calculates the stress and displacement field for a single slip event, but cannot include
the effects of previous slip events on the surrounding material. Tests on simple fault
shapes for which analytical solutions exist show that Poly3d reproduces analytical

results to within a few percent (Crider and Pollard, 1998).
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3.5 Results

The focus here is on the effect of secondary features on the propagation ten-
dencies of a fault at depth. The two nearby structures are a surface fissure on the
footwall of the fault and an antithetic fracture near the upper tipline on the hang-
ingwall of the fault. The effects of each structure are addressed separately to isolate
them.

The energy release rate for an isolated elliptical fault, G, is plotted against
angular position along the upper tipline in Figure 29. Faults at depths of 400m and
250m, show almost constant values of G. Faults with upper tips at depths of 100m
to 50m exhibit local maxima of G near the upper tip and the lateral tips of the fault.
These local maxima become more pronounced for shallower tiplines, with the value
of G increasing the most for the crest of the tipline.

I assume that positions where G is high are favored locations for fault growth
(e.g. Martel, 2004). The G values are consistent with the interpretation that faults
at depth would essentially maintain their shape as they grow. Shallow faults would
tend to become tall rather than long for the geometry and loading conditions of this
model. The increased propagation tendency along the top of the tipline reflects in
part the influence of the ground surface as well as greater slip on the fault as it
increases in size at shallower depth. The results for isolated faults are consistent
with the three-dimensional analyses of isolated frictional faults subject to lithostatic
loading Kattenhorn and Pollard (1999).

The normalized energy release rate, %{%’, is plotted against angular position
along the upper tipline of an elliptical fault with a nearby fissure that extends to a
depth of 200m in Figure 30, where G/** is the value for G with the fissure present. For
faults with the upper tips at 200m and 400m depths, plots of %f;%a indicate that the
fissure has little, if any, influence on the propagation tendencies of the fault. However,
when the upper tip is at 100m depth, and the fissure vertically overlaps the fault, the

value of %,f,—’,fé at the top of the tipline drops compared to the case where the fissure
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Figure 29: (a) Angular position along the upper half of elliptical faults. (b) Energy
release rate, G**°, for isolated faults at different depths. Angles correspond to locations
at the perimeter of the fault.
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is absent (Fig. 29). A secondary structure near a blind fault thus can influence the

shape and evolution of the fault.
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Figure 30: (a) Angular position along the upper half of an elliptical fault, e.g. upper
tip at 100m, and nearby fissure. (b) Energy release rate, G/**, normalized by G*° for
faults at different depths influenced by a nearby fissure.

I now turn to the case of a fault with an antithetic fracture near its upper tip
(Fig. 31). The fissure is not present here. Antithetic fractures or joints commonly
form at high angles to faults (e.g. Kattenhorn et al., 2000). The angle to the fault
plane has an effect on G, but for brevity G is only evaluated for one angle, 80°. The
normalized value of 95;'}? is reduced sharply along portions of the tipline above the
antithetic fracture, where G°™* is the value for G with the antithetic fracture present.
Values of G are reduced by ~10% to ~ 90%, relative to the values where an antithetic

fracture is absent, for a fault upper tip depth of 200m or less.
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Figure 31: (a) Angular position along the upper half of elliptical faults with a nearby
antithetic fracture. (b) Energy release rate, G*®, normalized by G*° for faults at
different depths influenced by a nearby antithetic fracture. The black line in (a)
indicates the intersection between the fault and antithetic fracture. Black lines in (b)
indicate the angles of overlap between the faults and the antithetic fractures.

This result strongly suggests that secondary fractures close to normal faults
can substantially impede the up-dip growth of normal faults. It also suggests that
normal faults might propagate laterally more readily than up-dip, possibly causing

them to become much longer than they are tall.
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4 Conclusions

Secondary features like footwall fissures and antithetic fractures are innate to
the evolution of some normal faults. Mechanical modeling suggests that they form
in response to fault slip, and that they also affect fault growth. Calculations for
G for isolated normal faults predict that they would preferentially propagate up-dip
and that normal faults would tend to be tall rather than long. A different story
emerges if footwall fissures and antithetic fractures are accounted for. Nearby fissures
on the footwall reduce G by roughly ~ 25% relative to isolated faults. The presence
of antithetic fractures has fairly little effect when the fault is at deeper depths. The
presence of the antithetic fracture reduces propagation tendencies of an isolated fault
by ~ 90% when the fault tip is close to the surface. The reduction in G near the top

of a fault could help explain why normal faults tend to be longer than they are tall.
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A Appendix

A.1 Analytical Solution for G in a Full-Space

The following expressions were first introduces by Kassir and Sih (1966).

: 2 !
Knp = - o siny cos y/mbk i {lc_ cosw cos b + 1 sin w sin 9} (A-1)
20 4 B2 «\B c
{ sin® § + -5 cos? 0}
. . 2 ’
Kin = o sinycos yV/'mb (1 V? i {}— coswsinf — LS sin w sin 0} (A-2)
s op . B2 i |B C
{sm 6 + Z cos? 0}
= (k- v) E(k) + vk”K (k) (A-3)
C = (K +vk?) E(k) - vk?K (k) (A-4)
B o= 1=k (A-5)
b
! —_ _
k - (A-6)
bl dy
Kk) = | ————— (A-7)
/0 1 — k2sin® @
E(k) = /0 * /1 - k2sin? pdyp (A-8)

See figure 32 for definitions of 7y, w, o, 6, a and b. The driving stress, o, is constant.
Equations A-7 and A-8 contain elliptical integrals. Here, w = 90, and <y = dip, hence
the following simplification apply.

o sin vy cos yV/wbk? { 1 i 0}
{sin29+ ;;‘lz-cos%’}4 ¢
osinycos yVmh (1 — v) k? K

KIII T { - 6 sin 9} (A—-lﬂ)
{ sin? + % cos? 0}4

K iy = - (A—g)

]
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A.2 Stress Orientations for Varied Boundary Conditions

A realistic representation of the regional stress conditions is needed to reflect
the geologic setting. Ambient stresses in the KFS are influenced by the presence of
Mauna Loa, the rift zones and the relatively unconfined southern flank of Kilauea.
Mauna Loa serves as an abutment to the north. The south flank is being displaced
to the south, and Swanson et al. (1976) have considered it to be close to laterally
unrestricted. The dilation across the KFS is consistent with the relatively unrestricted
seaward motion across the KFS (Delaney et al., 1993; Owen et al., 1995). The ambient
stress field changes through time as dikes intrude along the rift zones and earthquakes
occur at Kilauea (Rubin and Pollard, 1987; Lipman et al., 1985). The prevailing
conditions thus remain somewhat enigmatic.

The emphasis of this study is the deformation near fault ends. Differences
of principal stress orientations near the ends of elliptical faults due to varied am-
bient boundary conditions are evaluated here. Three different ambient conditions
are considered here: (1) no ambient stresses, (2) fault-parallel compression without
fault-normal compression, and (3) fault-parallel compression and fault-normal ten-
sion. Stress orientations for three geometries that idealize the successive stages of
upward fault growth are investigated here.

Figure 33 depicts trajectories perpendicular to the most tensile stress for
the three ambient stress scenarios near a blind fault (Fig. 33a) with its upper tip
at 50m depth, a fault with its upper tip tangent to the ground surface (Fig. 33b),
and a breached fault (Fig. 33c). For all geometries, the stress orientations on the
footwall of the fault vary little. Along zf/a = 0, stress orientations also vary little.
On the hangingwall at some distance from the fault trace, stresses for condition (1)
differ from conditions (2) and (3). The differences of principal stress orientation are
most pronounced away from the ends of the faults. Near fault ends the differences are
minimal. This is because the fault tip stress concentration dominates the contribution

of the ambient field. For all sets of boundary conditions, stress orientations account
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Figure 33: Trajectories perpendicular to the most tensile stress, o; for varied ambient
fields. Ambient stresses for black trajectories are: fault-parallel stresses = (0M Pa),
fault-normal stresses = (0M Pa). Ambient stresses for red trajectories are: fault-
parallel compressions (2M Pa), fault-normal stresses = (0M Pa). Ambient stresses for
blue trajectories are: fault-parallel compression = (2M Pa), fault-normal compression
= (1MPa). (a) depicts the orientations of most tensile stresses above a blind fault
with its upper tip at 50m depth. (b) depicts the orientations of most tensile stresses
above a fault with its upper tipline tangential to the ground surface. (c) depicts the
orientations of most tensile stresses near a breached fault.

for the general strike of fractures in all fracture belts near the Hopena fault. Although
the prevailing ambient stresses remain elusive, principal stress orientations are not

highly dependent on the ambient stress magnitudes.
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