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Abstract

Normal fault scarps of the Koae fault system on Kilauea volcano consistently display locally breached monoclines underlain by prominent
cavities, deep gaping fissures on the footwall, finer fissures on the hanging wall, and buckles at the scarp base. Elastic analyses reveal that this
assemblage forms as a fault propagates up towards the surface rather than down from it. Models of a planar blind normal fault with a dip ex-
ceeding 60� yield a monocline with a tensile stress concentration at the surface where gaping fissures occur, a stronger subsurface tensile stress
concentration near the blind fault tip, where cavities occur, and a compressive stress concentration at the surface where buckles occur. The foot-
wall fissures grow down from the tensile stress concentration at the surface and link with a fault as its scarp grows. In contrast, the cavities
initiate at depth near the fault tip and propagate with it up towards the surface. The hanging wall fissures apparently open in response to
slip on late-forming blind antithetic faults near the surface. Stoped blocks derived from footwall fissure walls help prop the footwall fissures
open as a normal fault breaches the surface. The fissures, cavities, and scarp rubble provide highly conductive hydraulic pathways.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Normal faults in basalt characterize oceanic and continental
rifts on Earth and are common on other planets, but relatively
few studies have focused on how normal faults propagate in
basalt. We address this issue here. Normal faults in basalt
and other layered volcanic rocks are of both academic and
practical interest, for they commonly are involved in hydro-
thermal and geothermal systems (e.g. Bailey et al., 1976; Duf-
field et al., 1980; Carillo, 1998; Singleton and Criss, 2002;
Kelley et al., 2002) and they influence fluid flow and contam-
inant transport at several federal facilities in the western
United States (e.g. Ferrill and Morris, 2001; Link and Mink,
2002; Wilson et al., 2003). The significance of normal faults
in a host of scientific and engineering matters on Earth, and
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the relative scarcity of studies on how normal faults propagate
in basalt, both serve to motivate this study.

The propagation of normal faults in basalt is also of interest
to planetary geologists. Planetary surfaces known or inferred
to consist of basalt display normal faults on Mars (Bandfield
et al., 2000; Christensen et al., 2003; Wilkens and Schultz,
2003), Venus (Head et al., 1992; Solomon et al., 1992), and
the Moon (Guest and Greeley, 1977; Golumbek, 1979; Head
and Wilson, 1993; Hiesinger et al., 2003). Normal faults
also occur on Mercury, although whether they occur in ejecta
from impact basins or lava flows is a matter of debate (Strom,
1987). Normal faults on Mars have been associated with over-
lying features, such as pit crater chains (Ferrill et al., 2004)
and underlying features, such as dikes (e.g. Schultz et al.,
2004). Normal faults also have been used to infer lithospheric
thickness (e.g. Solomon et al., 1992). Since close-up observa-
tions of extraterrestrial faults are lacking, well-founded
Earth analogs play a key roll in interpreting remote sensing
imagery and topographic data to infer how the normal faults
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develop on other planets (e.g. Ferrill et al., 2004; Schultz et al.,
2004).

Our focus is on the mechanics of normal fault propagation
along dip rather than along fault strike (Kaven (2004) ad-
dresses the latter topic). The literature on normal fault propa-
gation along dip is dominantly theoretical (e.g. Lin and
Parmentier, 1988; Gudmundsson, 1992; Bruhn and Schultz,
1996; Willemse et al., 1996; Willemse, 1997; Cooke and Pol-
lard, 1997; Crider and Pollard, 1998; Kattenhorn and Pollard,
1999), and it does not point to a clear mechanical tendency for
a normal fault to propagate up towards the surface or down
from it. Here we blend geologic field observations of surface
deformation with mechanical analyses to address fault propa-
gation; our approach parallels that used by Grant and Katten-
horn (2004) in their study of normal faults in Iceland. We
tackle normal faults of the Koae fault system, located between
the east rift and southwest rift of Kilauea volcano, Hawaii
(Fig. 1a). These faults are active, exposures along them are su-
perb (e.g. Peacock and Parfitt, 2002), and structural details of
the faulting process are beautifully preserved, making them
well suited for our two-pronged approach. To help test how
the Koae faults have propagated, we mapped the eastern half
of one fault with an 800-m-long scarp. We use field observa-
tions of this fault and other larger faults in the Koae system
with similar characteristics together with two-dimensional nu-
merical models of faulting in a cross-section perpendicular to
fault strike to test whether the faults nucleated at the surface
and propagated down, or propagated up from depth.

We begin by presenting our key field observations of sur-
face deformation that bear on fault propagation. We develop
a mechanical model to account for the observations, starting
with a simple model and then modifying it in stages to better
account for our key observations. We conclude by tying the
observations and analyses together and presenting a general
two-dimensional model for the propagation of normal faults
up to the surface in basalt.

2. Overview of the Koae faults

The active normal faults of the Koae fault system occur
w5 km south of Kilauea caldera, between Kilauea’s South-
west and East Rift Zones (Fig. 1a). The Koae faults strike
eastenortheast, roughly parallel to the east rift, and oblique
to the southwest rift. The fault system is w20 km long and
2.5 km wide (Wolfe and Morris, 1996). Fault scarps in the sys-
tem generally face northenorthwest, and they reach heights of
w20 m (Duffield, 1975). Wolfe and Morris (1996) report an
age of 400e750 years for most lavas at the surface, yielding
average vertical separation rates no less than w0.03 m/yr at
the largest scarps. In the eastern portion of the Koae system,
the north side dropped at a rate of 0.03e0.08 m/yr relative
to the south side between 1984 and 1991; some faults have
slipped continuously since at least 1970 (Delaney et al.,
1993). Seismicity and surface fracturing along the Koae faults
accompanied deflation of Kilauea’s summit in 1938, 1950,
1962, 1965, and 1975 (Fiske and Koyanagi, 1968; Kinoshita,
1968; Lipman et al., 1985). The resolution of seismic data
from these earthquakes is not sufficient to meaningfully con-
strain the depth of the Koae faults or their dip at depth. Our
focus is on how the faults propagate; their origin and role in
the dynamics of Kilauea volcano are matters of debate and
are outside the scope of this paper.

Pioneering work by Macdonald (1957) and Duffield (1975)
illuminates key aspects of how the Koae faults have propa-
gated. Macdonald noted that paleo-flow directions in Koae
lavas are in many places now oriented either diagonally across
or directly up Koae fault scarps. Where we have observed
these features we saw no evidence of the associated lava
Fig. 1. Map showing the location of the study area (Fig. 2) within the Koae fault system on the south flank of Kilauea volcano, Hawaii.
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ponding below the scarp as might be expected if the lava
flowed against a pre-existing scarp. This indicates that the cur-
rent scarps formed after the flows cooled. Macdonald likewise
concluded ‘‘the monoclines cannot be the result of mantling of
fault scarps by flows. Unquestionably they were developed in
the thin-bedded lavas after consolidation of the flows.’’ Mac-
donald observed systematic fractures on the footwall of the
monoclines along the scarps, with buckles on the hanging
walls. He also noted that the monoclinal flexing was accompa-
nied by opening and closing of vertical joints and by slip be-
tween flow layers. Duffield (1975) mapped almost the entire
fault system at a scale of 1:7500. He inferred that the fault
scarps developed in four general stages. First, échelon cracks
opened. Second, the surface warped into a fractured monocli-
nal flexure. Third, the échelon fractures joined to create gaping
fissures, with tilted slabs caught between the échelon seg-
ments. Fourth, the tilted slabs collapsed, leaving a steep scarp
with rubble at its base. We augment the observations of Mac-
donald (1957) and Duffield (1975) with new quantitative de-
scriptions and mechanical analyses to provide more insight
into the fault propagation process.

3. Field observations of the Ohale fault

The Ohale fault lies between two longer faults near the
southern margin of the Koae fault system (Fig. 1). The Kala-
naokuaiki fault has the longest trace (w15 km), the tallest
scarp (w20 m), and forms the southern boundary of the sys-
tem (Duffield, 1975). The trace of the Kalanaokuaiki fault is
w0.75 km south of the Ohale fault trace. About 0.2 km north
of the Ohale fault is an un-named fault with a trace length of
several kilometers and a scarp with an estimated maximum
height of 18 m (Duffield, 1975). The Ohale fault scarp faces
southesoutheast, whereas the scarps of the two neighboring
faults face northenorthwest. The Ohale fault (Fig. 2) extends
w2 km westesouthwest from the Ohale benchmark, with
a prominent scarp existing over the easternmost 800 m or so.
Its scarp faces are no taller than 3 m, and the maximum throw
(i.e. vertical separation) across the fault at the surface is a bit
less than 10 m.

We mapped the eastern half of the Ohale fault (Fig. 2) at
a scale of 1:1500 using an electronic distance meter, a tape,
and a compass. We focus on this part of the Ohale fault for
two reasons. It displays some of the best-preserved evidence
of how a scarp initially develops, and its features are reflected
in faults throughout the Koae system, regardless of the dip di-
rection of the fault.

Surficial lavas along the Ohale fault and in the Koae region,
in general, are mainly hummocky pahoehoe flows that dip
gently to the south. Local pahoehoe flows are as thick as
2 m, with vesicular zones in the centers of the thickest flows.
Volcanic tumuli generally less than 4 m tall punctuate the lava
field. Deposits of sediment or ash are generally absent and
only locally are more than a meter thick. The minor amounts
of sediment, the sparse vegetation, and the freshness of the
faulted rocks allow both fine and course structures associated
with fault propagation in bedrock to be observed.
3.1. The Ohale fault trace

The Ohale fault, like others in the Koae fault system, has
a segmented échelon structure (Fig. 2). Its overall strike is
wN70�E, but the échelon fissures and scarp segments along
its eastern portion generally strike eastewest and step to the
left. The central portion of the Ohale fault trace displays
four characteristic features: (1) monoclines locally breached
by faults; (2) localized buckles along the scarp base; (3) hang-
ing wall fissures with maximum apertures of a few tens of cen-
timeters; and (4) an échelon array of gaping fissures on the
footwall block. Topographic ramps (i.e. ‘relay ramps’; Pea-
cock and Parfitt, 2002) occur between échelon scarp segments.
Scarp faces reach their maximum height of w3 m along the
central portion of the fault trace. Closer to the fault end, scarps
grade into gentle, fractured monoclines, and fissures become
less abundant. Past the east end of the fault trace, a monocline
is no longer evident, and échelon fissures are sparse.

3.2. Fault scarp profiles

Four profiles across the fault scarp (Figs. 2 and 3) document
gross changes in scarp height and morphology from the scarp
trace center (AeA 0) to the east end (DeD 0). Except for profile
BeB 0, the profiles do not cross large tumuli, so the profiles es-
sentially reflect the effects of faulting and not flow features of
the lava field. Accumulations of fault scarp rubble are minor
along the profiles and do not complicate estimates of vertical
separation across the fault. The profiles have a vertical exag-
geration of about three.

Profiles AeA 0, BeB 0, and CeC 0, which are more than
100 m from the fault trace end, have several features in com-
mon (Fig. 3aec). Vertical separation of the lava surface in
these profiles is from 6 to 9 m. Each profile is faceted and re-
veals a footwall surface that is flexed down towards the fault
trace. Profiles AeA 0 and BeB 0 show that the hanging wall
surface is flexed down towards the scarp too, providing a shal-
low basin for the accumulation of sediment and ash, whereas
the hanging wall surface on profile CeC 0 slopes up slightly to-
wards the scarp. The downward (convex) flexure appears more
representative of the central portions of the Koae faults. Profile
AeA 0 traverses a fractured monoclinal ‘bridge’ (Fig. 4a)
bounded on the east and west by scarps, whereas profiles
BeB 0 and CeC 0 traverse faulted monoclines with scarps of
rubble. The vertical separation of the surface across the fault
is approximately three times greater than the scarp face height,
so the scarp height is a poor measure of the vertical separation
of the ground surface across the fault. Fissures are substan-
tially more prominent on the footwall than on the hanging
wall. Breaks in slope along the profile of the footwall largely
coincide with locations of fissures. The profiles collectively
show a monocline along the central portion of the fault scarp,
with the monocline being locally breached.

Profile DeD 0 (Fig. 3d) differs markedly from the other
three profiles. It shows no obvious surface flexure or scarp.
Fissures at the north end of profile DeD 0 (150e170 m) are
not part of the Ohale fault, but rather a fault system north of
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(a)

(b)

(c)

Fig. 2. Map of faults and fissures along the east end of the Ohale fault. (a) Overall map, showing the locations of faults and fissures (solid lines), profile locations

(dashed lines), and control points (dots). (b) Western portion of (a). (c) Eastern portion of (a). The explanation of symbols in (c) also applies to (b). The NAD27

coordinates of the Ohale benchmark are19�21 01400 N, 155�16 04500 W. The WGS84/NAD83 coordinates of the Ohale benchmark are19�21 00300 N, 155�16 03500 W.
it (Fig. 2). The single fissure near the center of the profile
(w115 m) appears to be a weak continuation of the left-step-
ping footwall fissure system of the other profiles. The footwall
fissuring and relative displacement of the surface across the
fault thus diminish towards the fault trace end.
3.3. Monoclines and cavities

Monoclines occur along the fault trace. The central limbs of
the monoclines commonly dip w30e45� to the south. Near
profile AeA 0 of Fig. 2, a monoclinal bridge is adjacent to
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(a)

(b)

(c)

(d)

Fig. 3. Topographic profiles across the fault trace; see Fig. 2 for their locations. Circles mark control points. Profile (a) is the westernmost, and profile (d) is the

easternmost. The dashed lines serve as references for measuring the relative displacement at the ground surface. Designations on the cross-sections: (f) fissures; (gf)

gaping fissures; (t) tumuli; (bk) buckles; (sb) scarp base; and (st) scarp top. The vertical exaggeration is w3:1, so the inferred fault dip is exaggerated. Note that

profile DeD 0 is w60 m longer than the other three.
a nearly vertical scarp (Fig. 4a). This bridge is w1 m thick and
10 m long. Beneath this bridge is an impressive cavity at least
several meters long, a few meters wide, and with a maximum
headroom of w2 m. The cavity is elongate subparallel to the
fault trace, is inclined antithetic to the monoclinal slope, and
extends down across the lava layers. Blocks that partially fill
the cavity separated from their roof along vertical cooling
cracks, bedding planes, and vesicle rich zones in the lava
flow centers. Cavities like this occur elsewhere beneath mono-
clines of the Koae fault system, but as best we know they have
not been previously documented along fault scarps in the tech-
nical literature. The inclination of the cavity across volcanic
layering and the presence of nearby flow features indicating
paleo-flow directions nearly normal to the fault trace show
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Fig. 4. Characteristic fault structures along the Ohale fault. (a) Monoclinal bridge (at left) with cavity (at right); profile AeA 0 crosses the monoclinal bridge behind

the geologist. (b) Buckle at base of fault scarp, with 15 cm scale on the buckle. (c) Narrow fissure with jagged edge and 15 cm scale. (d) Gaping footwall fissure,

with a backpack for scale to the right of the fissure.
that this cavity is not a lava tube formed by flow parallel to the
fault trace. The scarp in Fig. 4a formed by partial collapse of
a monoclinal bridge into the underlying cavity.

3.4. Hanging wall buckles

At the scarp base the lava surface is buckled in many places
into a sharp anticlinal fold with a fractured crest (Figs. 2 and
4b). The fold axis most commonly parallels the scarp base, but
in some places the fold axis is perpendicular to the scarp base.
Along the Ohale fault these hanging wall buckles are typically
no more than 1 m high, have traces as long as 20 m, and
extend across multiple lava flows. Some buckles occur in
sediment overlying the basalt; these buckles are referred to
as ‘moletracks’. The lava flow patterns along the Ohale fault
indicate that the scarp is younger than the flows, so the buckles
cannot be caused by lava flowing against a scarp (see Section 2).
Buckles a few meters tall occur along taller scarps of the Koae
fault system. We interpret the buckles as reflecting substantial
local horizontal compressive stresses perpendicular to, and lo-
cally parallel to, the scarp base.

3.5. Hanging wall fissures

Hanging wall fissures systematically occur near the bases
of fault scarps in the Koae system. Where these fissures and
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buckles both occur, the buckles are closer to the scarp base.
The aperture of hanging wall fissures typically increases
with the height of the fault scarp.

Along the Ohale fault, essentially vertical fissures occur
20e50 m from the scarp base on the hanging wall (Fig. 2).
These fissures strike subparallel to the fault scarp. They con-
verge towards the east end of the scarp but do not extend all
the way to it. The opening direction is approximately normal
to the strike of the fissures. In the area of Fig. 2, the maximum
cumulative opening across these fissures is a few tens of cen-
timeters. Profiles AeA 0 and BeB 0 show that the ground sur-
face is convex where intersected by the fissures.

3.6. Footwall fissures

Échelon footwall fissures are perhaps the most spectacular
characteristic of the Ohale fault (Fig. 2; see also Duffield,
1975). Pre-existing cooling cracks in the basalts control the
detailed trace geometry of fissures, giving them a zigzag ap-
pearance (Fig. 4c). They are markedly more abundant on the
footwall than on the hanging wall, and they also are much
wider. Some have apertures exceeding 2 m; we refer to them
as ‘gaping’ fissures (Fig. 4d). The footwall fissures typically
occur 20e30 m from the scarp base, and only where scarp
face is more than 1 m high. The gaping fissures are at least
20 m deep. Angular blocks collapsed from the fissure walls
choke the gaping fissures and prevent a direct measurement
of their true depth. The gaping fissures dip between 84 and
90�. The fissures are roughly perpendicular to the ground sur-
face of the footwall, which now slopes to the south at 3e10� in
the vicinity of the fissures, so northerly dips are more common
than southerly dips (Fig. 2). The fissures on Fig. 2 generally
step to the left and vary in trace length from a few centimeters
to more than 100 m. Overall, the fissure traces are linear or
curved, with the concave side facing the fault scarp (Fig. 2).
Long fissures appear to have formed through linkage of
smaller fissures, with linkage locations marked by abrupt
jogs and by fractures oblique to the main fissure trend. Tips
of unlinked fissure segments generally curve toward, or remain
parallel to, a neighboring tip.

The jagged walls allow points on opposing fissure walls to
be matched precisely with their original neighbors (e.g.
Fig. 4c). The relative displacement across the fissures is pri-
marily opening mode, but small amounts of strike-slip and
dip-slip do occur. Two attributes of the fracture walls demon-
strate that opening preceded or accompanied slip: (1) the walls
lack striations that would indicate the fissure walls slipped
while being in contact; and (2) the walls retain irregularities
that would have been broken if slip preceded opening. In
some places the geometry of the walls required that opening
and subsequent lateral slip preceded a partial closure.

We measured the relative displacements across the fissures
at about 100 spots, shown with arrows on Fig. 2. Arrows point
from the uplifted piercing points to the corresponding down-
dropped partners. Double arrowheads show spots with no de-
tected relative vertical displacement. The measurements, made
with a tape, compass, and Abney level, have errors of less than
a centimeter. The mean strike of individual fissures is 275�

(Fig. 5a). The mean horizontal component of relative displace-
ment is nearly due northesouth (Fig. 5b). About 91% of the
relative horizontal motion across individual fissures then is
due to opening, and w9% is due to left-lateral slip.

Fig. 6 shows a relative displacement profile along the fis-
sure system within the mapped area (Fig. 6). A smooth inter-
polation function fits data points along each fissure to
construct individual relative displacement profiles. Dip-slip

Fig. 5. Compass plots of (a) strikes of fissures in Fig. 2, and (b) the horizontal

component of relative displacements across the fissures. Weighted mean orien-

tations are shown as dashed lines (the weighting factor is the fissure length).

Plot radii are fissure length in (a) and relative displacement vector length, in

m, in (b). The number of measurements is N, and R is the length of the

weighted mean resultant in meters.
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Fig. 6. Components of cumulative relative displacement across measured fissures in Fig. 2. (a) Total opening, (b) cumulative dip-slip, and (c) cumulative strike-slip

relative displacement. Each component is projected onto a vertical plane parallel to the mean fracture strike (Fig. 5a). Positive dip-slip and positive strike-slip

represent north side up and right lateral shear, respectively.
and strike-slip components are obtained by projecting the rel-
ative-displacement vector data onto a vertical plane striking
275�; opening components are derived from projecting the
data normal to the mean strike plane. Data from overlapping
fissures are summed to create the cumulative distribution.
Gaps in the curves reflect the absence of measurements. Mea-
surements of fissures at the north end of profile DeD 0 are left
out of the cumulative calculations because those fissures link
to another fault trace north of the Ohale fault (Figs. 1 and 2).
Fig. 6 reveals that the opening components are about an order
of magnitude greater than the strike-slip and dip-slip compo-
nents. Opening tapers irregularly towards the east end of the
fault (Fig. 6a). Maximum amounts of opening coincide with
gaping fissures, and opening decreases as the relative abun-
dance of fissures decreases. The dip-slip component
(Fig. 6b) is w10% of the opening component. The south
side is usually down, the same as the fault (e.g. see the gaping
fissure at w50 m on Fig. 6). The strike-slip profile (Fig. 6c)
shows a small left-lateral component along most of the fis-
sures, consistent with Fig. 5. In contrast, the northesouth
mean opening direction yields a right-lateral component of
slip relative to the N70�E trace of the fissure system as a whole;
this is consistent with the general left-stepping pattern of fis-
sures at the east end of the fault.
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4. Mechanical analysis

To understand the origin and formation of the monoclines,
cavities, buckles, hanging wall fissures, and footwall fissures
that accompany normal fault propagation we conducted a se-
ries of two-dimensional analyses of faulting in a cross-section
perpendicular to fault strike. Our analyses first address an iso-
lated fault, treating conditions at the surface and at depth. Next
we consider the interaction of a fault and a footwall fissure,
and then the interaction of a primary fault with a smaller an-
tithetic fault. This section concludes with an analysis of the
factors affecting the displacements at the ground surface.
Three-dimensional issues such as the effect of fault tip-line
shape, the interaction between fault segments along strike,
and the échelon nature of the fissures along fault strike are out-
side the scope of this paper.

4.1. Solution method, boundary conditions,
and model parameters

For our analyses we employed a half-space version of the
plane strain displacement discontinuity code TWODD
(Crouch and Starfield, 1983). This code is widely used to cal-
culate stresses and displacement in bodies with fractures and
faults (e.g. Lin and Parmentier, 1988; Olson and Pollard,
1989; Bruhn and Schultz, 1996; Martel, 2000; Martel and
Muller, 2000). We treat the host rock here as a linear elastic,
isotropic, isothermal, homogeneous, semi-infinite continuum.
The appendix gives the two functions needed to convert
TWODD from an infinite body code to a code for examining
a half-space with a traction-free horizontal surface.

We idealize the Ohale fault as planar and fix its lower tip at
a constant depth but note that its actual down-dip geometry is
not known. A reasonable maximum down-dip extent for the
Ohale fault comes from considering the measurements of
Nicol et al. (1996). In their study of about 20 ‘vertically re-
stricted’ normal faults in sedimentary rock layers, they found
the faults exhibited a ratio of trace length to maximum down-
dip extent of 1.8e8.4. We expect volcanic layering would
have an effect analogous to sedimentary bedding and use
this ratio range. Given the Ohale fault trace length of 2 km,
the maximum down-dip extent of the fault would be
w1 km. If the Ohale fault and the much larger Kalanaokuaiki
fault to the south dip towards each other at 70�, they would in-
tersect at a down-dip extent of 1.03 km (analyses to come will
show that a dip (d) of 70� is reasonable based on mechanical
considerations and field observations).

The plane y¼0 describes the ground surface prior to fault-
ing, with y<0 below the surface. The x-axis is horizontal and
normal to fault strike. In most simulations the fault projects to
intersect the surface at x¼0, y¼0. Points at the surface where
x<0 are on the hanging wall, and points where x>0 are on the
footwall.

We model the fault as frictionless, as do Willemse et al.
(1996), Cooke and Pollard (1997), and Crider and Pollard
(1998). Since our model faults are frictionless and extend an
infinite distance along strike, slip across them will exceed
the slip across a real fault with the same down-dip extent.
The model thus yields a well-defined end-member of possible
fault behaviors useful for understanding fault propagation. Un-
less otherwise noted, we model faults exclusively as shear
fractures and require the fault walls to remain in contact dur-
ing slip. Our results are compatible with this: any opening
along the fault that might occur due to faulting-induced
stresses would be tiny relative to the slip and highly localized.
As we only model planar faults, we do not (and cannot) ac-
count for local openings along a fault associated with devia-
tions from planarity (e.g. Ferrill and Morris, 2001).

Defining simple, potentially realistic, and physically admis-
sible ambient (i.e. ‘far-field’) stresses for the Koae region is
problematic. The subaerial and submarine parts of the south
flank are free to move seaward (Swanson et al., 1976), whereas
the north slope of Kilauea is buttressed by Mauna Loa. The sit-
uation is also complicated by nearby normal faults of the Koae
and Hilina systems (Fig. 1) and a subhorizontal detachment
fault near the base of Kilauea (Owen et al., 1995). We consider
a simple range of distributions where the ambient normal
stresses vary linearly with depth:

sN
yy ¼ rgy

sN
xx ¼ Crgy

sN
xy ¼ 0

ð1Þ

where r is the bulk host rock density of 2300 kg/m3 (Kinoshita
et al., 1963), g is acceleration due to gravity (9.8 m/s2), and y
is vertical position ( y<0), and C is ratio between the ambient
horizontal normal stress (sN

xx ) and the ambient vertical normal
stress (sN

yy ). In our convention tensile stresses are positive, and
negative stresses are compressive. Martel and Muller (2000)
and Martel (2000) describe how non-uniform ambient stresses
such as these are accounted for using TWODD. The magni-
tude of the ambient shear stress parallel to the fault is then:

tN ¼ ð1�CÞrgysindcosd ð2Þ

where d is the fault dip. Slip on a fault with no shear strength is
permitted for 0�C<1 and our results can be used for that full
range. A reasonable range for C for Kilauea is 0 to 1/3, where
C¼0 for a laterally unconfined body, and C¼1/3 for a laterally
confined elastic body assuming a Poisson’s ratio of 0.25. Mea-
surements from sedimentary basins in the US (McGarr and
Gay, 1978) are consistent with values of C between 0.7 and
0.8, close to the theoretical limit of 0.85 for normal faulting,
assuming that laboratory values of friction apply (Engelder,
1993). The slip and the stress perturbations induced by slip
on our frictionless model fault scale with tN and hence with
1�C. By scaling certain of our plots by 1�C we can represent
either the faulting-induced displacements or the stress pertur-
bations for a range of ambient stress fields on a single plot.
Both tN and the fault slip decrease as (a) C increases from
zero towards one, and (b) as d increases from 45 to 90�.

We use a Young’s modulus E of 5 GPa to simulate the ba-
salt of the Koae region. This is the value Gudmundsson (2000)
favors for the uppermost few hundreds of meters of the rift
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zone in Iceland. Rubin and Pollard (1987) estimated that the in
situ shear modulus along Kilauea’s southwest zone is within
a factor of 2e3 of 3 GPa, yielding a corresponding Young’s
modulus range of 2.5e18.5 GPa assuming a Poisson’s ratio
of 0.25. Our value lies within this range. It lies at the low
end of the range of 5e50 GPa considered to reflect the
in situ modulus for a ‘‘good quality rock mass that contains
numerous weathered joints’’ (Schultz, 1993). In our two-
dimensional model, the internal stresses are independent of
E, but the displacements induced by faulting vary inversely
with it. For example, if Young’s modulus were reduced by
1/3, then the displacements would increase by 50% but the
stresses would be unchanged.

4.2. Analysis for the ground surface for an isolated fault

We first examine the horizontal (ux) and vertical (uy) dis-
placements, and the horizontal normal stress sxx stress at the
free surface for isolated planar faults with dips of 60 and
70�. The down dip extent of the lower tips of the faults in these
analyses is 1.03 km.

Fig. 7 shows the horizontal displacements, vertical dis-
placements, and horizontal stress normal to the fault strike
at the surface for an isolated fault with a dip of 60�. Note
that the displacements increase sharply once the fault breaks
the surface. The vertical displacements (Fig. 7b) show that
for a ‘blind’ fault tip below the ground surface, the model
produces a monoclinal flexure, and the maximum slope on
the monocline increases as the upper fault tip approaches the
surface. The peak horizontal tensile stress lies close to x¼0.
Other test results, not shown here, reveal that as the fault
dip decreases below 60� the peak horizontal tensile stress
lies on the hanging wall. The most pronounced fissures for
fault dips of 60� or less would tend to open on the hanging
wall rather than the footwall, contrary to field observations.
A fault dip less than 60� is therefore unlikely to account for
the field observations.

Fig. 8 shows results for an isolated fault with a dip of 70�.
The displacements are slightly less than for the case of a 60�

dip (Fig. 7) owing to the lower ambient fault-parallel shear
stress (Eq. (2)). Again, the vertical displacements (Fig. 8b) re-
veal a monocline if the upper tip of the fault is below the sur-
face. For a surface-breaking model fault, the monocline
disappears, the hanging wall surface becomes relatively planar
and dips toward the fault trace, and the footwall surface dips
away from the fault trace. Of the hanging wall profiles in
Fig. 3, only AeA 0, which has the fewest fissures, resembles
the model prediction for a surface-breaking fault. We infer
that the key discrepancies between the profile shapes on the
footwall of the Ohale fault (Fig. 3) and the model profile shape
for surface-breaking faults in Fig. 8 are largely because our
model for Fig. 8 has no fissures on the footwall and does
not account for irrecoverable, non-elastic deformation, includ-
ing fracturing and bedding plane slip. The modeled throw
Fig. 7. Model displacements and stresses at the surface for a normal fault dipping 60�, with the upper tip at various distances down dip from the surface: 300, 100,

10, and 0 m. (a) Horizontal displacement. (b) Vertical displacement. (c) Horizontal stress perpendicular to fault strike (tension is positive). See Section 4.1 for

a description of the parameter C.
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Fig. 8. Model displacements and stresses at the surface for a normal fault dipping 70�, with the upper tip at various distances down dip from the surface. (a) Hor-

izontal displacement. (b) Vertical displacement. (c) Horizontal stress perpendicular to fault strike (tension is positive).
across the fault is w1/3 of what is observed, a point we will
return to subsequently.

The horizontal stress (Fig. 8c) shows peaks of tensile and
compressive stress on the footwall and hanging wall, respec-
tively, as the fault approaches the surface. These results are
consistent with the presence of pronounced fissures on the
footwall and buckles on the hanging wall. The tensile and
compressive stress peaks shift towards x¼0 m and become
more pronounced as the fault tip approaches the surface.
This suggests that footwall fissures open progressively closer
towards a fault scarp as a scarp develops, and that the buckles
at the base of the scarp form as the fault tip nears the surface.
The peak horizontal tensile stress in Fig. 8c is w90 MPa for
a fault tip depth of 10 m and C¼0, well above the stress of
18 MPa required to propagate a pre-existing cooling fracture
a millimeter long through basalt with a fracture toughness of
w1 MPa/m1/2 (Atkinson and Meredith, 1987). The peak com-
pressive stress on the hanging wall is w30 MPa (at
xz�10 m) for a fault tip depth of 10 m. To see if these
stresses are great enough to cause buckling, we solve for the
minimum force per unit plate breadth (Pc) required for buck-
ling a thin, linear elastic plate (Turcotte and Schubert, 1982,
eqs. 3-73 and 3-95):

Pc ¼
p2Eh3

12L2ð1� n2Þ ð3Þ
The length (L) and thickness (h) of the plate are set to 3 m
and 0.3 m, respectively (see Fig. 4b). A plate 1 m deep with
these parameters would require approximately 13 MN to
buckle. Dividing the buckling force by the cross-sectional
area of the plate end yields the minimum buckling stress (sb):

sb ¼
13 MN

0:3 m2
y43 MPa ð4Þ

The calculated compressive stress of 30 MPa is about 30%
less than 43 MPa. For the model parameters used, the fault tip
would need to be close to the surface (within w10 m) to cause
buckles like those observed along the Ohale fault. In our two-
dimensional analysis the compressive stress parallel to the
fault strike will also be increased, albeit not as much as per-
pendicular to the fault trace. Local conditions might allow
for buckles with axes that are not just parallel to the fault trace,
and some of these are observed (Fig. 2). The modeling results
also indicate that footwall fissures are likely to form before
hanging wall buckles. This is consistent with two observa-
tions: (a) footwall fissures occur on monoclines whether or
not buckles are present, and (b) buckles only occur where fis-
sures are present.

The model results for a fault growing toward the surface are
qualitatively consistent with three recurring surface relations
along the Ohale fault and other Koae faults: monoclines along
the fault traces; fissures on the footwalls, and buckles on the
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hanging walls. Two lines of evidence indicate that these char-
acteristics are not accounted for by a two-dimensional fault
that grows down from the surface. First, scarps occur for all
faults, and no monoclines are produced (Fig. 9b). Second,
mild compressive horizontal stresses at the surface are pre-
dicted on both sides of the fault near the fault trace
(Fig. 9c); this condition would not allow a fissure to open on
the footwall and might be inadequate for buckling. We there-
fore conclude that the faults grew up towards the surface rather
than down from it.

4.3. Analysis of the subsurface for an isolated fault

To further address the development of structures along the
Ohale fault, we calculate stress fields in the upper 300 m of the
subsurface. The effect of fault slip on pre-existing horizontal
flow boundaries and on vertical fractures is of interest, so we
consider the horizontal stress field (sxx), vertical stress field
(syy), and the orientation of the most compressive stress
(s2). If sxx or syy is tensile, then opening is expected across
weak flow boundaries or pre-existing vertical cooling frac-
tures, respectively. If both stresses are tensile, then fractures
of all orientations could open. The trajectories of the most
compressive stress serve as a proxy for the orientation of
cracks that might open.

Fig. 10 shows the horizontal stress field and most com-
pressive stress trajectories for a fault dipping 70�. The
ambient horizontal stress field is one of no lateral confine-
ment (C¼0).

For a deep blind upper fault tip (Fig. 10a), tensile stresses,
shown in gray, prevail on the footwall above the fault tip; they
are concentrated at the surface on the footwall and above the
fault tip on the hanging wall. This indicates that the footwall
fissures would nucleate at the surface and could propagate
down to about the level of the upper fault tip. The fissures
could extend more than 100 m down from the surface.

As the fault approaches the surface (Fig. 10b and c), the
tensile field shrinks in size, but the tensile stress concentra-
tions increase both at the surface and near the fault tip itself,
with the tip actually becoming enveloped in a ‘tensile stress
cloud’. These are effects of the interaction between the fault
and the surface, for analogous effects do not occur for a fault
in an infinite medium (Pollard and Segall, 1987). For example,
the fault of Fig. 10c develops a tension as high as 1.5 MPa
across the upper 3 m of the fault tip if sN

xx ¼ 0 (i.e. C¼0).
This could cause the upper 3 m of the fault tip to open by
about a millimeter, about two orders of magnitude less than
the slip there (a few decimeters). Such an opening over such
a short length of the fault would have a negligible effect on
surrounding structures and on fault propagation. As C in-
creases, the slip and the slip-induced tension decrease,
whereas the ambient compressive stress across the fault in-
creases, so the opening will be less than a millimeter for
C>0. This finding supports our use of a boundary condition
Fig. 9. Model displacements and stresses at the surface for a normal fault dipping 70�, with the upper tip at the surface and the lower tip at various distances down

dip from the surface: 300, 100, 10, and 0 m. (a) Horizontal displacement. (b) Vertical displacement. (c) Horizontal stress perpendicular to fault strike (tension is

positive).
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Fig. 10. Cross-sections showing the horizontal stress magnitude for a normal fault dipping 70�, with the upper tip at various distances down-dip from the surface:

(a) 300 m; (b) 100 m; (c) 10 m; (d) 0 m. The ambient horizontal stress is zero (i.e. C¼0). Tick marks are perpendicular to the direction of greatest tensile stress and

show the dips of potential fractures. Regions in gray mark areas of horizontal tension. Regions in white mark areas of horizontal compression.
whereby the fault walls stay in contact in our study of fault
propagation.

As the fault approaches the surface (Fig. 10), the compres-
sive stress maximum at the surface shifts along the hanging
wall towards x¼0 and increases in magnitude reflecting an in-
creased tendency for buckling. Trajectories of s2 are nearly
vertical in regions of tension on the footwall, horizontal at
the top of the hanging wall, and dip 45e90� in the direction
of fault dip in the region of tension on the hanging wall.
The conditions favor vertical fractures in the footwall, pro-
mote horizontal buckling in the hanging wall above the fault
tip, and allow normal faulting in the hanging wall near the
fault tip. The trajectories of s2 at the surface of the footwall
are nearly vertical in Fig. 10b but are inclined in Fig. 10c.
This means that after footwall fissures open they might subse-
quently slip as the fault tip propagates towards the surface.

For a fault that breaks the surface (Fig. 10d), the horizontal
stresses become compressive. This model prediction is appar-
ently at odds with the presence of open footwall fissures adja-
cent to faults that break the surface (i.e. scarps). We suggest
that the footwall fissures, especially the gaping fissures, re-
main open due to propping by boulders that have fallen
from the fissure walls.

Fig. 11 shows the vertical stress field, which can be used to
infer where either horizontal flow boundaries or horizons of
vesicles might split. Close to the upper tip of a deep blind fault
(Fig. 11a), a tensile stress concentration develops on the
hanging wall. A horizontal tensile stress concentration also oc-
curs there (Fig. 10a), so pre-existing cracks of any orientation
could open there and create a cavity. As the fault tip ap-
proaches the surface (Fig. 11c), so does the region of vertical
tension, with a field of weak vertical tension developing near
the surface of the footwall. The results thus suggest that the
cavities nucleate at depth on the hanging wall, and grow
with the fault tip as the tip propagates toward the surface.
When the fault tip reaches the surface (Fig. 11d), the vertical
stresses become compressive, so in a perfectly elastic material
no voids would remain open for a fault that breaches the
ground surface. We infer that non-elastic effects, such as frac-
turing and stoping of blocks from cavity walls, plays a role in
keeping the cavities open as well as in helping them to form in
the first place.

4.4. Fault and fissure analysis

In light of our previous results, we now examine a fault
with a neighboring fissure. The fissure is represented as a ver-
tical traction-free crack at x¼þ26 m that extends from the
ground surface to 150 m depth. In the absence of a fault, the
ambient stresses do not permit vertical cracks to open or
slip; any relative displacement across the fissure reflects stress
perturbations caused by fault slip.

Model displacements at the surface for the fault-fissure sys-
tem show the fissure both opens and slips (Fig. 12). If the fault
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Fig. 11. Cross-sections showing the vertical stress magnitude stress for a normal fault dipping 70� with the upper tip at various distances down dip from the surface:

(a) 300 m; (b) 100 m; (c) 10 m; (d) 0 m. The ambient horizontal stress is zero (i.e. C¼0). Tick marks are perpendicular to the direction of greatest tensile stress and

show the dips of potential fractures. Regions in gray mark areas of vertical tension. Regions in white mark areas of vertical compression.
does not break the surface, then the horizontal displacements
at x¼þ27 m are more positive than those at x¼þ25 m
(Fig. 12a), and the fissure opens. In contrast, if the fault breaks
the surface (Fig. 12a, thin solid line), then the model predicts
that the fissure walls would interpenetrate. This supports our
interpretation that fallen blocks from the fissure walls help
prop the fissures open. The predicted dip-slip across the fissure
(Fig. 12b) is about an order of magnitude less than the amount
of opening. This is consistent with our observations (Fig. 6).
The predicted sense of dip-slip across the fissure depends on
the fault tip depth. For fault tips at depths of 300 and
100 m, the wall of the fissure near the fault drops down, but
the reverse occurs for tips at depths of 10 and 0 m. Both senses
of slip are observed, with the former sense of slip occurring
primarily on the widest fissures and the reverse on the nar-
rower ones (Figs. 2 and 6). The inability of the fissures to close
might explain why the sense of dip-slip generally does not re-
verse when the fault breaks the surface. For a fault tip at
a down-dip depth of 10 m, the predicted fissure opening is
w0.7 m, about 1/3 the maximum amount observed. This is
about the same as the ratio of predicted fault throw at the sur-
face to the observed throw. We return to this point shortly. Fi-
nally, a comparison of Figs. 8b and 12b shows that the fissure
does not materially affect the throw of the fault at the surface.

The footwall fissure also affects sxx at the surface. For
a fault tip at a down-dip depth of 10 m (Fig. 12c), the peak
compressive stress on the hanging wall is 44 MPa, w40%
greater than the level if the footwall fissure is absent
(Fig. 8c). The opening of the footwall fissures thus contributes
to the tendency for buckling at the scarp base. A tensile stress
concentration remains on the footwall between the fissure and
the fault trace, so the opening of one fissure does not preclude
the opening of others. If the fault does break the surface, then
a broad but weak horizontal tension is predicted at the surface
of the hanging wall (Fig. 12c, thin solid line). This broad ten-
sile stress distribution is unlikely to account for the observed
concentration of fissures on the hanging wall.

4.5. Master fault, fissure, and antithetic fault

The analyses presented so far do not account for the fissures
on the hanging wall, indicating that our model is incomplete.
Observations of the Koae faults show that the hanging wall fis-
sures increase in length and aperture as the fault scarp height
increases, suggesting that the fissures form late in the fault
growth process. We consider now whether these fissures might
be due to antithetic faulting. Our analyses are prompted in part
by clay model experiments that show antithetic faults develop-
ing on the hanging wall near the tip of a laboratory-scale
normal fault as it propagates towards the surface (Withjack
et al., 1990).

Fig. 13 shows the displacements and horizontal stresses at
the surface for a faultefissure system with three elements:
a blind master fault that dips 70�, with an upper tip 5 m
down-dip from the surface; a vertical footwall fissure 150 m
deep at x¼26 m; and a blind antithetic fault that dips 70�
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(a)

(b)

(c)

Fig. 12. Displacements and stresses at the surface for a two-component model with a normal fault dipping 70� and a vertical fissure. The curves show results for

normal faults with the upper tip at various distances down dip from the surface: 300, 100, 10, and 0 m. (a) Horizontal displacement. (b) Vertical displacement. (c)

Horizontal stress perpendicular to fault strike (tension is positive). The minor peaks in stress values near the fissure are artifacts of the numerical modeling.
and intersects the main fault at a down-dip distance of 50 m.
All elements are free of shear tractions, and the fissure and an-
tithetic fault are free of normal tractions too. Fig. 13 shows test
results for antithetic faults of four lengths: 10, 20, 30, and
40 m. The displacements resemble those for a blind master
fault with an upper tip 10 m down-dip from the surface
(Fig. 12), but the stresses differ. As the antithetic fault be-
comes longer and its upper tip approaches the surface, a ten-
sion develops on the surface of the hanging wall of the
master fault (Fig. 13c). This could explain the presence of
the fine fissures we document on the hanging wall of the Ohale
fault (Fig. 2).

4.6. Surface displacements

The observed surface throw across the Ohale fault and the
observed footwall fissure apertures exceed the model predic-
tions by a factor of w3, assuming C¼0. The model displace-
ments cannot be increased by decreasing the shear strength of
the fault, for that is already zero. We consider four other sce-
narios that might permit the model to match the observed slip:
(1) extending the Ohale fault down-dip more than a kilometer;
(2) increasing the ambient horizontal tensile stresses; (3) ac-
counting for interaction of the Ohale fault with the Kalanao-
kuaiki fault; and (4) lowering the elastic modulus. We rule
out scenario (1) for two reasons: (a) if the Ohale fault extended
further down-dip it would have to cross the much longer
Kalanaokuaiki fault (assuming both had a dip of 70�); and
(b) the ratio of the trace length of the Ohale fault to its
down-dip extent would drop below 2, so the fault shape would
be inconsistent with the findings of Nicol et al. (1996).
Scenario (2) conflicts with the observation that the fissures
near the Ohale fault are not propagating. For a fissure 100 m
long not to propagate in rock with a fracture toughness of
1 MPa/m1/2, the ambient tensile stress normal to the fissure
could not exceed 0.1 MPa. This level is too small to produce
the observed scarp heights, so scenario (2) is rejected. To
test scenario (3) we modeled the Ohale fault as antithetic to
a master Kalanaokuaiki fault, with the faults extending
down-dip from the surface at 70� and intersecting. Again,
the faults are modeled as supporting no shear tractions and
their walls stay in contact. Fig. 14 shows the model slip on
both faults for master faults of different down-dip extent.
The slip on a frictionless master fault with a down-dip extent
greater than 3 km exceeds 20 m (Fig. 14a), the approximate
height of the Kalanaokuaiki fault (Duffield, 1975). For a master
fault extent between 1.2 and 4 km, the model slip on the Ohale
fault at the surface exceeds 3 m (Fig. 14b), the approximate
amount for an isolated model fault (Fig. 8b). The peak slip
at the surface, 6.4 m, occurs for a master fault extent of
1.2e1.6 km, but this is still w30% less than observed value.
So although fault interaction can substantially enhance slip, in-
teraction by itself appears insufficient to account for the obser-
vations. For scenario (4) to be viable, the modulus of the rock
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Fig. 13. Displacements and stresses at the surface for a three-component model with a blind master normal fault dipping 70�, a vertical fissure, and a blind an-

tithetic normal fault. The inset in (b) shows the geometry of these features. Calculations are for the upper tip of the antithetic fault at various down-dip extents: 10,

20, 30, and 40 m. The upper tip of the master fault is 5 m down-dip from the surface. (a) Horizontal displacement. (b) Vertical displacement. (c) Horizontal stress

perpendicular to fault strike (tension is positive). The minor peaks in stress values near the fissure are artifacts of the numerical modeling. The inset in (b) shows the

geometry of the faults and fissures.
would need to decrease by a factor of 3 from its current model
level of 5 GPa if the fault were frictionless, and by more if the
fault exhibits frictional resistance to slip. Some combination
involving an in situ Young’s modulus below 5 GPa and fault
interaction seems likely to account for the observations.

5. Model for fault propagation along-dip

Based on our field observations of the Ohale fault and our
mechanical analyses, we infer the following growth process
for a fault that propagates up towards the surface in basalt
(Fig. 15):

1. With slip at depth (Fig. 15a), monoclinal flexing of the sur-
face begins and pre-existing cooling joints preferentially
open on the footwall where horizontal tensile stresses
are highest. Cavities begin to nucleate on the hanging
wall side of the fault tip when the near-tip stress perturba-
tion overcomes the ambient vertical compressive stress.

2. As the fault continues to propagate upwards (Fig. 15b), the
monocline steepens, fissures on the footwall widen and
deepen, and the hanging wall cavity near the fault tip
grows. Based on our observations, the widest footwall
fissures are at least 20 m deep, and our modeling indicates
they could be at least several tens of meters deep.

3. As the fault and fissure overlap at depth (Fig. 15c), horizon-
tal compressive stresses develop in the footwall, but debris
that has fallen into the fissure prevents the closure that
would otherwise occur as the fault tip approaches the sur-
face. Opening of the fissure increases the compressive
stress on the hanging wall near the scarp base, enhancing
the tendency for buckling there. Horizontal flow boundaries
and vesicle horizons delaminate above the fault tip cavity
such that the monocline becomes a monoclinal bridge.

4. As the fault breaches the surface (Fig. 15d), the monoclinal
bridge collapses into the underlying cavity, leaving the scarp
strewn with broken debris. The rock between the fault and
the fissure tilts away from the fissure and subsides slightly.

5. As slip increases, the central limb of the monocline (if it
still exists) steepens, and antithetic faulting and fracturing
in the subsurface of the hanging wall develops, resulting in
fissures on the surface (Fig. 15e). Antithetic faulting could
also occur in the stage of Fig. 15d.

6. The footwall fissure becomes linked to the fault, transfer-
ring the monocline (if it still exists) to the hanging wall of
the fault (Fig. 15f).
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Fig. 14. Slip along an antithetic fault that dips 70� and a master fault that dips 70�, for master fault down-dip extents of 1200e4800 m. The antithetic fault extends

1025 m down-dip from the ground surface to the master fault. The ambient horizontal normal stress is zero (i.e. C¼0). (a) Slip along the antithetic fault. (b) Slip

along the master fault. (c) Geometry of the antithetic fault and (upper part of) the master fault.
Features analogous to those described here occur in exper-
imental models of normal faults in clay and have been inferred
in sedimentary rocks in seismic cross sections (Withjack et al.,
1990). Bruhn et al. (1994) also described abundant steeply dip-
ping opening-mode fractures near the surface in the footwalls
of normal faults in granitic rock. Our results could shed light
on how damage zones (Caine et al., 1996) develop along many
normal faults, and not just those in basalt.

6. Discussion

Our concept of how the faults breach the surface is generally
consistent with the ideas of Macdonald (1957), Duffield (1975),
and Peacock and Parfitt (2002) in that it involves the breaching
of a fractured monocline. Our work indicates that the gaping fis-
sures are initially distinct from the faults, although as faulting
progresses the fissures begin to become incorporated in a normal
fault system, as noted by Duffield (1975) and by Peacock and
Parfitt (2002). These gaping fissures could open even if the
underlying fault does not open as it slips. We also find that
although the buckling is primarily due to the upward propaga-
tion of the fault, opening of the footwall fissures promotes the
formation of hanging wall buckles, and that the opening of cav-
ities and the stoping of blocks from the walls of the fissures play
a key role in the way the system develop; neither Macdonald
(1957), Duffield (1975), nor Peacock and Parfitt (2002) identi-
fied these processes.
The process of Fig. 15 differs from that proposed by Grant
and Kattenhorn (2004) in their study of Icelandic normal faults
with scarps more than 10 m tall. They document faults with
a vertical scarp along an open gaping fissure at the upper hinge
line of a monocline. They considered these scarps to form as
a vertical opening mode fracture propagated up to the surface
from the tip of a blind normal fault. The process of Fig. 15,
however, in which a fissure propagates down from the surface
and eventually links with a normal fault at depth, could also
yield a fault scarp with the Icelandic attributes. The Kalanao-
kuaiki fault, the largest fault in the Koae fault system, has
characteristics common to both the Ohale fault (e.g. gaping
fissures near the top of the scarp, buckles near the fault scarp
base, cavities along the scarp, and fissures on the hanging
walls) and the Icelandic faults (e.g. gaping fissures near the
upper hinge of a monocline). The common elements suggest
that a common process is at work. An examination of small
scarps in Iceland could test whether our model is applicable
there.

Our two-dimensional analyses indicate that the observed
footwall fissures, hanging wall buckles, scarp cavities, and
monoclines are consistent with normal faults that grow up to-
wards the surface and inconsistent with normal faults that
grow down from the surface, but are they diagnostic of upward
growth? In their three-dimensional analyses of normal faults
that breach the surface, Crider and Pollard (1998) considered
semi-elliptical faults with a concave up tip line. Such a shape
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is common for opening cracks that nucleate at a surface
(Broek, 1982). Subsequent elastic analyses by Kaven (2004)
show that monoclinal flexures should develop at the surface
past the trace ends of such a semi-elliptical fault. This raises
the question of whether fissures such as those along the Ohale
fault might have developed by the downward growth of
a semi-elliptical normal fault that is also propagating laterally
and cutting earlier-formed, fractured fault-end monoclines. We
contend that this is unlikely. Our two-dimensional analyses
show that normal faults that extend down from the surface
would tend to close footwall fissures, so if the Ohale fissures
were formed near the fault trace end, they should tend to
have maximum apertures near the fault trace end and to be-
come progressively closed towards the fault trace center. Our
field observations show, however, that the footwall fissures in-
crease in number and aperture from the east end of the fault
trace towards its center (Fig. 2). We conclude that systems

Fig. 15. Conceptual model of the propagation of a normal fault to the surface.

The figure does not show effects of resurfacing by lava flows. Stages (a)e(d)

occur along the Ohale fault, and stages (e) and (f) are inferred based on obser-

vations along the Kalanaokuaiki fault. (a) Slip at depth yields a broad flexure

of the surface, opening of pre-existing cooling cracks at the surface, and open-

ing of fractures near the fault tip. (b) As the fault tip propagates towards the

surface, cavities open on the hanging wall near the fault tip, and surface fis-

sures widen and deepen. (c) The cavity has grown such that a monoclinal

bridge forms. Stoped blocks from the walls of the fissure lodge in the fissure.

A buckle begins to develop on the hanging wall near the base of the scarp. (d)

The fault breaches the surface and the monoclinal bridge collapses. The fissure

remains open owing to the stoped blocks and now accommodates a small

amount of dip-slip. (e) If the monoclinal bridge does not collapse, the central

limb of the monocline becomes progressively steeper. (f) The gaping fissure

links with the fault, transferring the monocline (if still present) to the fault

footwall.
of normal faults and footwall fissures with characteristics
like those of the Ohale fault are diagnostic of normal faults
that have grown up towards the surface.

Non-elastic deformation has several mechanical conse-
quences. For example, the opening of fissures on the footwall
enhances the compressive stress on the hanging wall near the
eventual fault trace and enhances the tendency for buckling
there. The opening of fissures and cavities, and their subse-
quent choking by debris, prevents a complete elastic rebound
once a fault breeches the surface. Non-elastic deformation ex-
plains why the height of a scarp is less, and in some cases
much less, than the total vertical separation of the ground sur-
face across a fault. Lin and Parmentier (1988) suggested that
near-fault deformation known as ‘fault drag’ might be associ-
ated with a fault tip stress concentration. We interpret the flex-
ure of the ground surface on the footwall of the Ohale fault
and the associated fractures as non-elastic deformation of
this sort.

The non-elastic deformation also can play a key role in
fault hydrology. In particular, the fissures, cavities, and scarp
rubble contain a loose assortment of large talus blocks and
can develop high hydraulic conductivities parallel to fault
strike. The hydraulic conductivities of features such as these
probably would are more like that of gravel (Kg) than dense
basalt (Kdb) or ‘fractured, weathered, or brecciated basalt’
(Kbb), where Kg¼10�3e100 m/s, Kdb¼10�11e10�8 m/s, and
Kbb¼10�9e10�5 m/s (Freeze and Cherry, 1979). The gravel
values are consistent with bulk hydraulic conductivities as
high as 3�10�2 m/s in a ‘zone of potential tension cracks’
in basalt at the Idaho Engineering and Environmental Labora-
tory (Kuntz et al., 2002). The effect of the fissures can be
looked at another way. For laminar flow though an open frac-
ture, the volumetric flow rate varies as the cube of fracture ap-
erture (e.g. Gudmundsson, 2000), so an open fracture with an
aperture of 2 m permits a volumetric flow rate eight billion
times greater than a fracture with an aperture of 1 mm. Fur-
thermore, the cavities, scarp rubble, and fissures can maintain
a high hydraulic conductivity even if subsequently overrun by
lava. For example, in some places lava flowed against fault
scarp rubble and solidified against it, leaving cavernous voids
amidst the rubble unfilled. We also have observed lava flows
on Mauna Loa that extend across open fissures, rather than
flowing into them. Some of these ‘bridged’ fissures have aper-
tures of several centimeters. Whelan et al. (2002) also docu-
ment this phenomenon in basalts of the Snake River Plain.
These findings collectively indicate that non-elastic deforma-
tion along normal fault scarps could have an enormous hydro-
logic impact.

Footwall fissures and hanging wall buckles develop in allu-
vium during historic earthquakes along normal faults (e.g.
Gianella and Callaghan, 1934; Crone et al., 1987) but appar-
ently are rare. The occurrence of these features demonstrates
that they can form in a single earthquake where a fault rup-
tures up to the surface, but their scarcity suggests that alluvium
does not lend itself to either their formation or preservation.
The mechanical character of the surface thus greatly influ-
ences the type of structures that can be preserved.
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Planetary geologists might use our findings in several ways.
For example, the abundance of footwall fractures along normal
faults could be used to distinguish basaltic ejecta from in situ
basalt flows. Aligned pit craters on Mars considered to form in
granular materials above dilatant normal faults (Ferrill et al.,
2004; Wyrick et al., 2004) might instead develop above foot-
wall fissures. MOLA topographic data, which reflect whether
Martian grabens are underlain by dikes (Schultz et al.,
2004), could also be used to infer whether Martian faults prop-
agated down from a basaltic bedrock surface or up to it (e.g.
Fig. 8a). Since planetary geologists use surface throw distribu-
tions to infer how faults grow (e.g. Schultz, 1997), they should
be aware that the surface throw along faults with incipient
scarps can exceed the scarp height by a factor of three. Our re-
sults also bear on the hydrogeology along Martian normal
fault systems as well as those on Earth (e.g. Wyrick et al.,
2004).

7. Conclusions

Pronounced non-elastic deformation accompanies the prop-
agation of normal faults to the surface in basalt on Kilauea
volcano. Scarps of the Koae fault system consistently display
locally breached monoclines underlain by prominent cavities.
Deep gaping fissures on the footwall, finer fissures on the
hanging wall, and buckles at the scarp base parallel the fault
trace. The monoclines indicate that the faults propagated up
towards the surface rather than down from it. Two-dimen-
sional elastic boundary element analyses for planar blind nor-
mal faults with dips greater than 60� yield a tensile stress
concentration at the surface of the footwall, where gaping fis-
sures occur, and a compressive stress concentration on the
hanging wall at the scarp base, where buckles occur. The sur-
ficial tensile stress concentration indicates that the footfall fis-
sures grow down from the surface. A stronger tensile stress
concentration develops in the subsurface near the tip of a blind
fault on the hanging wall. We infer from this that the cavities
initiate at depth near the fault tip and propagate with it up to-
wards the surface. The hanging wall fissures can open in re-
sponse to slip on a blind antithetic fault with an upper tip
near the surface. Stoped blocks derived from walls of footwall
fissures help prop the fissures open as a normal fault breaches
the surface. The footwall fissures link with the faults as the
scarps grow. Fissures, cavities, and scarp rubble provide
highly conductive hydraulic pathways along such a normal
fault system. We find that information on small scarps is useful
in understanding how faults propagate to the surface and for
understanding how large scarps form, because many features
formed early in scarp development are later overprinted or
destroyed.
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Appendix A. Functions for a half-space solution

Solution of the shear and normal displacement discontinu-
ities across boundary elements in a semi-infinite elastic contin-
uum requires modification of the COEFF subroutine in the
infinite body code TWODD (Crouch and Starfield, 1983). CO-
EFF calculates the stresses and displacement perturbations (or
influence coefficients) induced at observation points by unit
shear and normal displacement discontinuities along the
boundary elements. The half-space version of COEFF requires
nine functions to calculate the influence coefficients as op-
posed to seven functions for the full-space version. The two
extra functions are derived from partial derivatives of the sixth
and seventh influence functions of Crouch and Starfield
(1983):

F8ðx; yÞ ¼ vF6

vy
¼ vF7

vx

F9ðx; yÞ ¼ vF7

vy

ðA:1Þ

The sixth and seventh influence functions are:

F6ðx; yÞ ¼ 1

4pð1� vÞ

�
ðx� aÞ2� y2

ððx� aÞ2þ y2Þ2
� ðxþ aÞ2 � y2

ððxþ aÞ2 þ y2Þ2
�

F7ðx; yÞ ¼ 2y

4pð1� vÞ

�
ðx� aÞ

ððx� aÞ2þ y2Þ2
� ðxþ aÞ
ððxþ aÞ2 þ y2Þ2

�

ðA:2Þ
These equations yield F8 and F9:

F8ðx; yÞ ¼ 2y

4pð1� vÞ

�
y2� 3ðx� aÞ2

ððx� aÞ2þ y2Þ3
� y2� 3ðxþ aÞ2

ððxþ aÞ2þ y2Þ3
�

ðA:3Þ

F9ðx; yÞ ¼ 2

4pð1� vÞ

�
ðx� aÞððx� aÞ2� 3y2Þ
ððx� aÞ2þ y2Þ3

� ðxþ aÞððxþ aÞ2� 3y2Þ
ððxþ aÞ2þ y2Þ3

�
ðA:4Þ
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