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Abstract

Fault growth in the upper crust is mainly achieved by the accumulation of slip during earthquakes. Large faults with cumulative

displacements of kilometres experience hundreds of large magnitude earthquakes but the precise manner in which maximum earthquake size

evolves over millions of years is uncertain. To bridge the gap between faulting on earthquake (e.g. !100 ka) and geological (e.g. O1 Ma)

timescales we examine the Cape Egmont Fault in offshore New Zealand, using good quality seismic-reflection data tied to wells and seabed

bathymetry. Displacements on nine horizons, including the seabed, three horizons of 14–225 ka in age and five horizons of 5.3–1.6 Ma in

age, were mapped along the ca. 70 km length of the fault. These horizons record maximum displacements ranging from 6 to 2344 m and

suggest that this active fault commenced its latest phase of movement about 3.7 Ma ago. Displacement profiles for all horizons and inter-

horizon increments are of similar geometry, indicating an approximately constant fault length and fixed maximum displacement position

during growth. Fault length was established rapidly and inherited from an underlying Cretaceous structure with fault dimensions in the

overlying sequence mainly achieved by up-dip propagation. As the magnitude of earthquakes is proportional to their rupture length, the

maximum size of earthquakes on the fault remained constant for at least the last 3.2 Ma, with the distribution of slip along the fault during

these events approximately comparable. This contrasts with the maximum displacement rates which varied by an order of magnitude during

the last 3.7 Ma (0.18–2.8 mm/yr). Decreases in displacement rates were accompanied by proportional increases in the average earthquake

recurrence intervals (ca. 1.3–18 ka), and reflect regional changes in the rates of extension.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Large faults with cumulative displacements of a kilo-

metre or more mainly grow in the upper crust by the

accumulation of slip during large magnitude earthquakes

(e.g. Gilbert, 1884; Stein et al., 1988; Walsh and Watterson,

1988; Cowie and Scholz, 1992a). As coseismic slip is

small (e.g. !10 m) large cumulative fault displacements

(e.g.O1 km) typically accrue during hundreds or thousands

of earthquakes. Historical and paleoearthquake studies

reveal much about earthquake processes over periods up

to tens of thousands of years (e.g. Schwartz and Copper-

smith, 1984; Lindvall et al., 1989; Sieh et al., 1989;
0191-8141/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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Berryman and Beanland, 1991; Yeats et al., 1997), but few

data constrain earthquake behaviour over the active life of a

fault, which is often millions of years. The manner in which

displacement accrues on active faults during earthquakes can

vary significantly, a variability that is encapsulated in Fig. 1.

Studies of historical earthquakes and of inactive faults

show that both earthquake slip and finite displacement

increase with fault length (e.g. Elliott, 1976; Scholz, 1982;

Bonilla et al., 1984; Watterson, 1986; Walsh andWatterson,

1988; Marrett and Almendinger, 1991; Cowie and Scholz,

1992b; Gillespie et al., 1992; Dawers et al., 1993; Wells and

Coppersmith, 1994; Schlische et al., 1996). For inactive

fault systems these relationships are most often interpreted

to directly reflect fault growth, with repeated earthquakes on

a fault producing an increase in both cumulative displace-

ment and fault length (Fig. 1c–f). Increases in fault

dimensions are achieved by tip-line propagation (e.g.
Journal of Structural Geology 27 (2005) 327–342
www.elsevier.com/locate/jsg

http://www.elsevier.com/locate/jsg


Fig. 1. Schematic diagrams showing models for the accumulation of fault slip during repeated earthquakes. The six models show variants of the constant length

and increasing length fault growth models together with the characteristic and variable earthquake-slip models (see Schwartz and Coppersmith, 1984; Walsh

and Watterson, 1988; Scholz, 1990; Walsh et al., 2002). These models apply to faults with cumulative displacements that decrease from a centrally located

maximum and are end-members in a continuum. All of the models may include soft-linked fault segments (i.e. fault segments that form part of a single

kinematically coherent array).
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Walsh and Watterson, 1988; Cowie and Scholz, 1992a;

Gillespie et al., 1992), which may, in some instances, be

accompanied by linkage of initially isolated faults (e.g.

Trudgill and Cartwright, 1994; Cartwright et al., 1995;

McLeod et al., 2000). This fault growth model does not,

however, adequately account for the formation of some fault

arrays in which trace lengths were established rapidly

(within the first 10–20% of the period of faulting), and

growth for much of the duration of faulting was achieved by

increases of displacement with near constant fault lengths

(Morewood and Roberts, 1999; Meyer et al., 2002). This

type of growth is, however, consistent with an alternative

fault growth model (Walsh et al., 2002), hereafter referred to

as the constant fault-length model, in which growth is

accomplished by increasing cumulative displacement and

near constant fault lengths. The constant fault-length model

reconciles fault displacement and length-scaling relation-

ships on earthquake and geological time scales and is

consistent with self-similar coseismic-slip distributions

which suggest no discernible increase in fault length at

short time scales (e.g. Lindvall et al., 1989; Grant and Sieh,

1994).

The constant and increasing fault-length models are

illustrated in Fig. 1, where increases in fault length could be

achieved by tip-line propagation of a single fault (Fig. 1c

and d) and/or by linkage of multiple faults (Fig. 1e and f). It

is important to recognise that faults growing in association

with either the constant or increasing fault-length models

may, in detail, comprise an array of soft-linked and

kinematically coherent segments (Walsh and Watterson,
1987, 1991; Walsh et al., 2003). Such kinematically related

segments may be hard linked at depth and could all rupture

during a single earthquake. Therefore, the above models

cannot be discriminated on the basis of their small-scale

fault segmentation characteristics, which arise from seg-

mentation processes accompanying the localisation of

individual faults within rock volumes (e.g. Mandl, 1987;

Childs et al., 1995; Treagus and Lisle, 1997; Walsh et al.,

2003).

The models in Fig. 1 apply to faults with cumulative

displacements that decrease from a centrally located

maximum and are end-members in a continuum. In each

model, growth may be achieved by systematic accumulation

of earthquake slip throughout the life of a fault (Fig. 1a, c

and e) or alternatively by variable slip increments (Fig. 1b, d

and f). Which, if either, of the two basic fault-growth

models (i.e. constant or increasing fault-length) best

describes earthquake behaviour over millions of years has

not been resolved. The distinction between these models is,

however, critical, as progressive increases in fault length

require a progressive rise in the maximum earthquake

magnitude and, for constant slip rates, a decrease in

earthquake recurrence intervals. This contrasts with the

constant fault-length model for which constant slip rates can

arise from invariant earthquake maximum magnitude and

recurrence interval.

Limitations in our current understanding of how incre-

mental slip during individual earthquakes or earthquake

cycles accumulates to produce finite displacement arise

partly due to a lack of suitable data. The best fault data are
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most often from inactive fault arrays, such as are preserved

in the North Sea, which provide limited insight into the

earthquake faulting process. This contrasts with active fault

systems which can provide very useful constraints on

earthquake faulting, but often yield little information on

fault evolution over millions of years. For example, the

Wasatch Fault in western USA has experienced, at

individual sites, up to six large magnitude earthquakes

over the last 6–13 ka (Machette et al., 1992; McCalpin et al.,

1994); however, erosion on the upthrown side of the fault

has destroyed evidence of the long-term history of

displacement accumulation on the fault.

To address questions of how the accumulation of slip in

large magnitude earthquakes produces long-term (i.e.

hundreds of thousands to millions of years) fault growth

requires special data sets with active faulting at the ground

surface or seabed, preservation of syn-faulting horizons, age

control for displaced surfaces spanning a significant portion

of the life of a fault and good quality sub-surface data (e.g.

seismic reflection profiles or wells). The geological

conditions required to preserve the syn-faulting strata

necessary to elucidate fault-growth histories are not widely

reported in the literature and demand a delicate balance to

be maintained between the rates of sedimentation, erosion,

regional tectonic uplift and fault displacement. The Cape

Egmont Fault (CEF) in the Taranaki Graben, offshore New

Zealand, satisfies these requirements, with a seabed fault

scarp and eight displaced horizons ranging in age from

14 ka to 5.3 Ma BP, which can be mapped along the length

of the fault using seismic-reflection lines. Displacement of

these horizons constrains incremental fault growth for

periods of time during which the number of earthquakes

ranged from one or two to hundreds. They allow us to assess

the stability of the fault growth process and, in particular, to

estimate the stability of slip magnitude and the recurrence of

maximum magnitude earthquakes over timescales up to

millions of years.

We discuss this topic at a first-order level and consider only

those large magnitude earthquakes (OM6) that ruptured

significant portions of the CEF (total length 70 km) and that

could potentially be recorded in paleoseismic trenching

studies if this structure cropped out on land. These large

magnitude events may be sampled from earthquake popu-

lations that range from being Characteristic (uniform) to

Gutenberg–Richter (power-law) (Wesnousky, 1994). This

approach is acceptable even when earthquakes on a fault have

a Gutenberg–Richter relation, because although events with

large magnitudes represent a small proportion of the total

earthquakepopulation, theycontribute a significant proportion

(O80%) to the total slip on the fault (Nicol et al., 2004).
2. Geological background and data

The CEF is located in the offshore portion of the

Taranaki Basin up to 100 km west of the North Island of
New Zealand and within the continental crust of the

Australian Plate (Fig. 2). The fault is currently accommo-

dating normal displacement and south of Cape Egmont

defines the western margin of the Taranaki Graben, a zone

of backarc extension, which is driven by subduction of the

Pacific Plate along the Hikurangi margin, and extends for at

least 250 km in a north-northeast direction (Fig. 2). The

CEF is ca. 70 km long, dips ca. 60–708 to the east and varies

in strike from northeast (0358) to east-northeast (0658) with

changes in fault strike often occurring along fault branch

lines to synthetic splays (Figs. 3, 5 and 6). In addition to

these splays a number of antithetic faults occur in the

hanging wall of the main fault.

The CEF has a maximum throw on Pliocene–Pleistocene

horizons of about 2300 m and is the largest normal fault in

the Taranaki Graben at this latitude (Thrasher, 1990, 1991;

King and Thrasher, 1992, 1996; Nodder, 1993, 1994). The

remainder of normal faults in the graben have throws of

70–700 m on the base Pliocene horizon, dip both east and

west, and strike approximately parallel to the graben (Fig. 2;

Thrasher et al., 1995). Within the map area the largest of

these faults forms an antithetic to the main fault at its

northern end (Fig. 3) and transfers displacement further

northwards.

The Taranaki Basin has been subjected to two phases of

extension, during the Late Cretaceous (ca. 65–80 Ma) and

Pliocene–Recent (ca. 0–5 Ma), which on the CEF were

separated by contraction during the Late Miocene (ca. 5.5–

7.5 Ma: Thrasher, 1990, 1991; King and Thrasher, 1992,

1996). These phases of deformation are indicated by thick-

ness changes of Late Cretaceous, LateMiocene and Pliocene–

Pleistocene strata across the fault which are illustrated in Fig. 2

(cross-section B–B 0) and Fig. 4. We concentrate on the

latest period of extension. Post-Miocene faulting in the

Taranaki Graben accommodates 2–4% extension in an

approximate east–west direction on faults that are resolved

by seismic-reflection data (i.e. with throws down to about

30 m: Thrasher, 1991; King and Thrasher, 1996).

Historical seismicity in the Taranaki Graben indicates

active deformation in the crust (Robinson et al., 1976;

Reyners, 1989), while the seabed scarp along the CEF

confirms that this fault is active (van der Linden, 1971;

Nodder, 1993, 1994). In onshore New Zealand, the

formation of fault scarps usually requires large magnitude

earthquakes (Berryman and Beanland, 1991) and we infer

this also to be true of the CEF; this assumption is not a pre-

requisite for our analysis of fault displacements and growth.

TheCEF is resolved by good quality seismic-reflection and

seafloor bathymetric surveys covering a region 80 km long

and up to 35 kmwide (Figs. 3 and 7). These seismic data are of

three basic types; (i) 36 multi-channel oil industry seismic

lineswith amean spacing of 2 kmand recorded to 5 s two-way

travel time (TWTT; e.g. see Fig. 5), (ii) shallow (upper 300 ms

TWTT) single-channel seismic lines (e.g. Fig. 6) and

(iii) 3.5 kHz seismic lines which image faults and folds in

the upper 30 ms TWTT. The 20 single-channel and 3.5 kHz



Fig. 2. Maps showing the New Zealand plate boundary (inset map) and Pliocene–Pleistocene normal faulting in the Taranaki Graben (main map). Main map

modified from King and Thrasher (1996). Cross-sections A–A 0 (modified from Thrasher et al. (1995)) and B–B 0 (King and Thrasher, 1996; this study) across

the northern and southern ends of the graben (see map for location). Location of the Cape Egmont Fault (CEF) and Figs. 3 and 4 are indicated on the main map.

Inset map shows locations of active volcanoes (filled triangles), while the filled arrow shows the relative plate motion vector from DeMets et al. (1994).
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Fig. 3. Maps of the Cape Egmont Fault on the (a) 3.7 Ma and (b) Late Quaternary horizons. Thick line marking the fault trace on (b) indicates the approximate

location of the seabed scarp. Locations of seismic-reflection lines used in this study are shown (thin dashed lines). Locations of Figs. 5 and 6 indicated. See Fig.

2 for location.
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seismic data are principally from Nodder (1993, 1994) and

have a mean line spacing of 3.5 km (Fig. 3b).

Five Plio-Pleistocene horizons were interpreted within

the deep multi-channel data set (e.g. Fig. 5) and have ages of

approximately 5.3 Ma (base Pliocene and Opoitian NZ

stage), 3.7 Ma (base of Waipipian NZ stage), 3.2 Ma (base

of Mangapanian NZ stage), 2.6 Ma (base of Nukumaruan

NZ stage) and 1.6 Ma (base of the Castlecliffian NZ stage).

Ages for these interpreted horizons have been determined

by tying seismic reflectors to the Maui-2, Maui-4, Kiwa-1

and Tane-1 wells (Figs. 2 and 3). Biostratigraphic age

determinations are from well completion reports (Shell BP
Fig. 4. Regional cross-section across the Cape Egmont Fault modified from Thra

strata provides an indication of the fault displacement history. The fault experience

reverse movement in the Late Miocene.
Todd Services Ltd, 1970a,b, 1977, 1982) with modifications

from M. Crundwell (pers. comm., 2000) and are estimated

to be G5%. Within the Late Quaternary sequence, ages for

interpreted horizons were determined by correlations to the

oxygen isotope record based on radiocarbon dates and

nannofossil assemblages from piston cores and a 160 m

deep borehole; for location see Fig. 3b and for details of

stratigraphy refer to Nodder (1993, 1994). Displacement

data for three Late Quaternary horizons with estimated ages

of ca. 225 ka (oxygen isotope stage 7a), ca. 124 ka (oxygen

isotope stage 5e) and ca. 14 ka (oxygen isotope stage 2) are

utilized in this paper. Uncertainties on the ages of Late
sher et al. (1995). Changes in the thickness of the Cretaceous and younger

d normal displacement in the Late Cretaceous and Pliocene–Pleistocene and



Fig. 5. Example of a deep industry seismic profile (line 86ma-46) across the Cape Egmont Fault. (a) Uninterpreted and (b) interpreted sections shown (see text

for further discussion of interpretation). Location of the seismic line is shown on Fig. 3a. Vertical exaggeration is approximately !1.5 in the upper 2 s.
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Quaternary horizons could be of the order of G10–15%.

Seabed bathymetry reveals a fault scarp up to ca. 6 m in

height (Fig. 7). Although the age of the seabed scarp is

unknown, its presence suggests that fault displacement rates

exceeded differential sedimentation rates across the fault

(ca. 0.7–0.8 mm/yr) in the Late Holocene from which we

infer that the fault ruptured the seabed one or more times

during this time interval.
Fig. 6. Example of a single channel seismic-reflection profile for line EG 4

(modified from Nodder (1994)). (a) Uninterpreted line and (b) interpreted

seismic line. Refer to Nodder (1994) for the acquisition parameters and to

the text for further discussion of the interpretation. Location of the profile is

shown on Fig. 3b. Vertical exaggeration is approximately !20.
3. Comparison of short- and long-term fault growth

patterns

During the post-Miocene period, average long-term

sedimentation rates in the hanging wall of the CEF are

greater than fault displacement rates. This condition results

in the fault being blanketed by sediments, preserving its

displacement history as across-fault thickness changes of

syn-faulting sedimentary intervals. During the period of

fault activity successively older syn-faulting horizons have

progressively more displacement with the difference in

displacement between two horizons principally reflecting

the horizon ages and the fault-displacement rate (e.g.

Petersen et al., 1992; Childs et al., 1993, 1995, 2003).

Vertical displacements on the CEF, i.e. fault throws

(Figs. 8 and 9), were recorded as differences in TWTT



Fig. 7. Seabed scarp profiles along the length of fault (modified from

Nodder (1993)). Location of the profiles is shown on Fig. 3b.

A. Nicol et al. / Journal of Structural Geology 27 (2005) 327–342 333
between footwall and hanging wall horizon cutoffs and have

been converted to depth for the Pliocene–Early Pleistocene

sequence using an average for the velocity–depth curves

from the Maui-2 and Maui-4 wells (Shell BP Todd Oil

Services, 1970a,b). Displacements on Late Quaternary

horizons were determined using an average velocity of

1650 m/s, while the height of the seabed scarp was

estimated using a velocity of 1500 m/s for water (Nodder,

1993). Adjustments in our preferred velocity–depth model

could result in an error of up toG10% in throw for the 1.6–

5.3 Ma sequence. In addition, up to a further G5% may

arise due to errors in the horizon correlation and in the

locations of horizon cutoffs. Lastly, the displacements do

not incorporate decompaction of the growth sequence.

Compaction will have the effect of decreasing displace-

ments on all horizons by an amount that is no greater than
ca. 20% (Fault Analysis Group, unpublished work). Our

estimates of uncertainty for a variety of factors provide total

errors that may reach a maximum of C15% and K35% for

displacements of horizons in the Pliocene–Pleistocene

sequence. Based on data presented in Nodder (1993,

1994) we estimate uncertainties on displacements of

the Late Quaternary horizons to be of a similar order

(G20–30%), while local erosion of, and sedimentation

against, the seabed scarp mean that measurement of its

height is typically associated with errors of aboutG20–50%.

As uncertainties arising from depth conversion and decom-

paction are likely to have a similar impact for displacements

measured on the same horizon and from adjacent seismic

lines, the shapes of profiles in Fig. 9 are likely to be more

stable than would be suggested by the total maximum errors.

The displacement profiles in Figs. 8 and 9 display

aggregate throws for the main fault and its synthetic splays

(see Fig. 3 for locations of synthetic splays) plotted against

horizon age and distance along the fault, respectively. For

both Pliocene–Early Pleistocene horizons (Figs. 8a and 9a)

and Late Quaternary horizons (Figs. 8b and 9b), displace-

ments are aggregated because we are primarily concerned

with the first-order displacement relations and not the

segmentation within the fault zone. Vertical displacement

profiles of present-day throw on horizons of variable age

reflect incremental changes in displacement and constrain

the growth of the CEF since 5.3 Ma BP (Fig. 8a and b).

These profiles indicate that displacement rates varied in

time. Little or no displacement accrued between approxi-

mately 5.3 and 3.7 Ma, reflected in near-constant across-

fault thicknesses of strata for this time interval. Strata

deposited during the period 3.7–3.2 Ma BP show substantial

increases in the thickness from footwall to hanging wall,

consistent with up to about 1300 m of throw accruing on the

fault during this 0.5 Ma period of time. Therefore, the

present period of extension commenced at about 3.7 Ma and

was preceded by at least 1.5 Ma of tectonic quiescence.

Following 3.2 Ma the fault accumulated up to 1000 m of

displacement, with a maximum of 600 m accruing before

1.6 Ma and up to 85 m after 225 ka.

Displacement profiles in Fig. 9 utilise most of the data in

Fig. 8 and show systematic variations in throw along the

length of the fault for each of the dated horizons in the

growth sequence (i.e. 3.7, 3.2, 2.6 and 1.6 Ma; 225, 124 and

14 ka) and for the seabed scarp. The strike-parallel profiles

show a progressive reduction in maximum displacement

and average displacement gradients for decreasing horizon

age, with younger horizons recording less of the displace-

ment history. The long-term displacement profiles in Fig. 9a

are reminiscent of symmetrical bell-shaped or linear profiles

with centrally located maxima (between ca. 33 and 45 km

along the fault) separating parts of the fault with

approximately equal throw gradients (see Muraoka and

Kamata, 1983; Barnett et al., 1987; Walsh and Watterson,

1988; Peacock and Sanderson, 1991). Displacement profiles

for Late Quaternary horizons in Fig. 9b, although more



Fig. 8. (a) Vertical profiles of displacement versus horizon age for each deep seismic line crossing the Cape Egmont Fault (see Fig. 3a). (b) Vertical profiles of

displacement versus horizon age for Late Quaternary horizons and the seabed scarp measured on each seismic line on Fig. 3b. For the purposes of this plot the

seabed scarp has been assigned an age of 7 ka. (a) Shows the onset of deformation at about 3.7 Ma, with changes in rates of displacement through time. The

variable positions of displacement profiles for each seismic line are indicative of along-strike changes in displacement (see also lateral displacement profiles in

Fig. 9).
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variable than those in Fig. 9a, are also characterised by

displacements that increase to maxima at distances of 35–

40 km along the fault. Superimposed on these broad

displacement patterns, local fluctuations in displacement

can be observed. The most pronounced of these changes
Fig. 9. Lateral (along-strike) profiles of displacement for the Cape Egmont

Fault. Distance along the fault trace measured from the southern tip on the

base of the growth sequence (i.e. 3.7 Ma horizon). (a) Profiles for faulted

horizons dated at ca. 5.3, 3.7, 3.2, 2.6 and 1.6 Ma. (b) Profiles for faulted

horizons with estimated ages of ca. 225, 124 and 14 ka and for the seabed

scarp. See text for further explanation of the data.
occurs between 40 and 50 km along the fault, and coincides

with a prominent bend in the trace (Fig. 3). From the bend

northwards a component of displacement may have been

transferred away from the fault to unresolved ductile strains

and/or to antithetic faults in the hanging wall of the main

slip surface. This transfer of displacement persisted

throughout much of the last 3.7 Ma.

The two sets of profiles in Fig. 9a and b are compared

directly in Fig. 10a by normalising throw to the maximum

displacement for each profile. The normalised profiles in

Fig. 10a confirm that, to a first order, the along-strike

distribution of displacement is similar for each horizon and

independent of horizon age. Similarly, the incremental

throw profiles in Fig. 10b (see caption for derivation),

although more variable than the cumulative profiles (as

would be expected given that they were derived using two

profiles in Fig. 10a), also indicate a measure of stability in

the geometry of the displacement profiles. These plots show

that the location of the maximum displacement appears not

to have changed significantly over periods of time spanning

the last few earthquakes (i.e. last 10–14 ka) to the inception

of the present normal fault at 3.7 Ma. This stability requires

that the location of the basin centre in the hanging wall of

the fault also remained approximately fixed for the duration

of faulting, as has been described for the Lupa Fault in the

Rukwa Rift (Morley et al., 2000). Despite the broad stability

of displacements, Late Quaternary profiles are slightly more

asymmetric than those of the older horizons with higher

displacement gradients north of the throw maxima than to

the south. This slight change in the asymmetry of the

displacement profiles is attributed to the more distributed

nature of the fault zone to the north and to increased

associated measurement errors (see below).

Within the resolution of the data, the displacement



Fig. 11. Schematic diagram showing the distinction between along-strike

displacement profiles which show no lateral propagation (a) and those that

indicate lateral propagation (b). In both diagrams the areas labelled a–d

represent progressively younger increments of displacement. For diagram

(b) the fault nucleates at its centre and propagates at constant rates from this

point. Refer to text for further discussion of this figure.

Fig. 10. Normalised along-strike displacement profiles for the Cape Egmont

Fault. The profiles enable the displacement pattern on each horizon to be

compared directly and indicate that the shape of the profiles has not

changed significantly through time. (a) Profiles normalised to the maximum

displacement for each of the nine dated horizons using data in Fig. 9. (b)

Profiles normalised to the maximum displacement that accrued during the

increments of time between the dated horizons. Incremental displacements

were determined by calculating the difference in displacement between

adjacent horizons (e.g. displacement of 3.7 Ma horizon minus displacement

of 3.2 Ma horizon). Black lines and open circles show horizons 1.6–3.7 Ma

in age, while grey lines and open squares display horizons 14–225 ka in

age.
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profiles in Fig. 9 converge towards common points

approximately coincident with current fault-tip positions.

Fault tips are more difficult to locate using Late Quaternary

displacement profiles, particularly to the north, because of

difficulties in resolving small displacements. Nevertheless

the location at the southern tip of the fault appears to have

been stable in the Late Quaternary and is approximately

coincident with the long-term position of the tip, determined

from the deep multi-channel seismic data. Although the

position of the northern tip of the Late Quaternary fault trace

is less clear, the profiles for all horizons, except the seabed,

converge at a distance of 65–70 km along the fault (Fig. 9b).

The seabed fault scarp becomes sub-resolution at a distance

of about 60 km along the fault and therefore represents a

minimum fault length at the seafloor.

In a syn-faulting growth sequence, displacement profiles

for progressively younger horizons that converge towards a

common tip location indicate little or no fault propagation

(Fig. 11a), a feature that is consistent with the constant fault-
length model (Walsh et al., 2002). Conversely, for

propagating faults the intersection point of progressively

younger horizons would be expected to migrate away from

the maximum displacement (Fig. 11b; Childs et al., 1995,

2003). The profile geometries in Fig. 9 are consistent with

the generic model presented schematically in Fig. 11a,

supporting the conclusion that the tips of the CEF remained

approximately fixed with no fault propagation and constant

fault length since 3.2 Ma. This is not an isolated occurrence

and normal faults with stationary tip positions and no

propagation have been reported in other extensional basins

(Childs et al., 1995, 2003; Morewood and Roberts, 1999;

Poulimenos, 2000; Meyer et al., 2002). For the CEF

the maximum trace length in the Pliocene/Recent formed

in !0.5 Ma during which time 55% of the total displace-

ment accrued on the fault.

The reactivated nature of the CEF provides a physical

basis for the initial period of rapid lengthening of the fault

between 3.7 and 3.2 Ma. The cross-section presented in

Fig. 4 is typical of data along the length of the fault,

suggesting that the earliest recorded displacement on the

structure occurred during the Late Cretaceous, with

subsequent inversion and reactivation during the Late

Miocene. At the commencement of the latest period of

normal displacement the fault was probably no more than

500 m below the seabed and the post-Miocene faulting

appears to have reactivated the pre-existing structure along

its entire length. We therefore favour a model in which the

currently active fault occupies a zone of pre-existing crustal

heterogeneity, which has been observed or inferred for



Fig. 13. Plots showing the evolution of maximum displacement (a) and

maximum displacement rates (b) in the last 4 Ma. See text for explanation

of the derivation of the data.

Fig. 12. Log–log plot of maximum displacement vs. fault length for each of

the mapped horizons. Data are inferred to represent an upward growth

sequence (for further discussion see text and Walsh et al. (2002)). Shaded

area outlines the field of existing empirical data (Schlische et al., 1996),

while the average position of earthquake data is from Wells and

Coppersmith (1994).
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many fault systems, and within post-Miocene strata grew

mainly by up-dip propagation to establish its final length.

For such a model, up-dip propagation rates of as low as

1 km/Ma would be required to establish the entire length of

the CEF in 0.5 Ma. This value is at the lower end of lateral

propagation rates of !23 km/Ma reported in the literature

(e.g. Morewood and Roberts, 2002 and references therein;

Childs et al., 2003), and is significantly lower than the

70 km/Ma lateral propagation rate required to form the

present length of the CEF without upward propagation.

As the fault length (L) remained approximately fixed

from deposition of the 3.2 Ma horizon to the present, and

because the total displacement (D) progressively increased

during the life of the fault, the ratio of D to L increases from

10K4 to 3!10K2 with increasing horizon age (Fig. 12).

These data cover the range of expected ratios between single

earthquake ruptures (e.g. Wells and Coppersmith, 1994) and

inactive faults (e.g. Walsh and Watterson, 1988; Cowie and

Scholz, 1992b; Gillespie et al., 1992; Schlische et al., 1996).

The progressive change in D and L relations in Fig. 13 can

be considered a growth trend for that period of time over

which fault length remained near constant. Similar vertical

growth trends on D vs. L plots are proposed by Walsh et al.

(2002) in a new fault growth model and are consistent with

observations from normal faults in the Aegean (Morewood

and Roberts, 1999; Poulimenos, 2000) and Timor Sea

(Meyer et al., 2002). Near-constant fault lengths over

millions of years are also consistent with faults that appear

to show little or no increase in fault length between

successive earthquakes (e.g. Lindvall et al., 1989).

Late Quaternary displacements on the main fault

decrease adjacent to active synthetic splays that intersect

the main fault (Nodder, 1993, 1994). These displacement

lows are partly removed by aggregating displacement on the
splays with those on the main fault. Slight deficits that

remain may be accounted for by sub-resolution ductile

deformation between the splays and the main fault. The

aggregated displacement profiles for Late Quaternary

horizons and the seabed are more irregular than the long-

term profiles, particularly northeast of the maxima (compare

Fig. 9a and b) where displacement is accommodated on an

array of splays. To explain this greater irregularity one could

invoke earthquake-slip models in which zones of displace-

ment deficit over the Late Quaternary were regions of

surplus displacement prior to this time interval (e.g.

Contreras et al., 2000; Gupta and Scholz, 2000). We do

not, however, subscribe to this explanation, because there is

no clear antipathetic relationship between earlier and later

displacement profiles and because there are, as yet, no

independent grounds for suggesting that displacement

deficits of some tens of metres can be sustained on time

scales greater than 0.1 Ma. Instead we suggest that
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irregularities in the Late Quaternary profiles arise from

conversion of fault displacements to ductile strains, with bed

rotation and gentle folding between synthetic splays within

the relatively unconsolidated Late Quaternary sediments,

and from limitations in resolution and increased measure-

ment error (e.g. Pliocene–Pleistocene horizons %G15–

35% as opposed to %G50% for the seabed scarp).
4. Temporal changes in displacement rates

Displacement rates on normal faults within some

extensional basins have been shown to be approximately

constant over periods of a million years or greater (Nicol et

al., 1997). Approximately constant displacement rates can

be envisaged where faults reach their final length early in

the evolution of the system and regional strain rates are

constant. In circumstances where faults continue to grow in

length throughout their life and/or where some faults die

(Roberts et al., 2002), displacement rates on individual

faults may vary over millions of years. How often changes

in displacement rate mainly reflect variations in the

magnitudes of regional strain rate and how often they

arise from local evolution of a fault or fault array is

uncertain.

Incremental displacement rates can be determined if up-

dip throw gradients were approximately zero during each

increment of fault growth. In these circumstances accumu-

lation of throw over the period of time between deposition

of two sedimentary horizons is equal to the difference in

displacement on these horizons (Childs et al., 1993, 2003;

Clausen et al., 1994). Displacements on the CEF (Fig. 13a)

are used in conjunction with horizon ages to calculate

incremental displacement rates (Fig. 13b). We use maxi-

mum displacements on each horizon to calculate rates. It

would also be valid to use average displacements, although

our results and general conclusions are not influenced by

which of these measures are used. Based on our assessment

of the uncertainties associated with the measurement of

horizon displacements and ages, we suggest that uncertain-

ties on the incremental displacement rates may be as much

as about G50%. Displacement rates varied significantly

through time, with high values of ca. 0.7–2.8 mm/yr and ca.

0.4–1.1 mm/yr during 3.7–2.6 Ma and in the last ca. 100 ka,

respectively, separated by about 2.5 Ma when the rates were

ca. 0.1–0.2 mm/yr and generally low. These variations

range up to about an order of magnitude and, as they cannot

be entirely accounted for by uncertainties in the data, offer

insights into the faulting process.

High displacement rates observed on the CEF during the

Late Quaternary could, in part, reflect temporal clustering of

earthquakes, which has been observed over time-scales of

tens to hundreds of thousands of years (e.g. Wallace, 1987;

Coppersmith, 1989; Sieh et al., 1989; Grant and Sieh, 1994;

Marco et al., 1996). It seems unlikely, however, that the

dramatic adjustment in displacement rate between 2 and
3 Ma ago could be attributed to short-term changes in

earthquake clustering. Instead, these long-term changes in

fault behaviour could be due to: (i) transfer of displacement

from the CEF to other faults within the Taranaki Graben, as

suggested by Roberts et al. (2002) for Central Italy, or

(ii) graben-wide temporal fluctuations in strain rates.

Unequivocally discriminating between these models

requires displacement data for all faults within Taranaki

Graben over the last 3.7 Ma and such data are not currently

available. Strain rates on the Hikurangi subduction margin,

200 km to the east (Fig. 2) may, however, provide a basis for

the variable displacement rates on the CEF. Both shortening

along the subduction margin and back arc extension in

Taranaki Graben are driven by subduction of the Pacific

Plate beneath the overriding Australian Plate (e.g. Walcott,

1978). Analysis of reverse faults and folds along the

Hikurangi margin for the last 10 Ma indicates three time

intervals of relatively rapid shortening punctuated by

periods of slower shortening at 1–2.5 and 3.7–5 Ma

(Melhuish, 1990; Nicol et al., 1996, 2002; Beanland et al.,

1998). Temporal variations in rates of shortening along the

subduction margin and extension on the CEF are therefore

similar, from which we infer that the broad pattern of

changes in Fig. 13b principally reflects plate-boundary-wide

fluctuations in strain rates and not local migration of activity

between faults within the graben. As the relative plate

motion vector between the plates has remained approxi-

mately constant over the last ca. 6 Ma (DeMets et al., 1994;

Walcott, 1998), we suggest that periods of elevated strain

rates in the overriding plate result from an increase in the

degree to which the plates are locked, as would be expected

to arise from increased subduction of sediments or from the

onset of subduction of the Hikurangi Plateau (e.g. Davy,

1993; Beaumont et al., 1999).
5. Long-term earthquake-slip behaviour

The manner in which maximum magnitude and recur-

rence interval of earthquakes on an individual fault evolves

over millions of years is intimately linked to the growth of

the fault surface during this time. If the dimensions of a fault

surface increase throughout its life (e.g. Watterson, 1986;

Walsh and Watterson, 1988; Cowie and Scholz, 1992b;

Schlische et al., 1996), then following the well established

empirical relation between coseismic slip and fault rupture

length (e.g. Scholz, 1982; Wells and Coppersmith, 1994),

the maximum magnitude and slip for an earthquake that

ruptures the entire fault surface must also increase. In these

circumstances, the recurrence interval would have to

decrease if, for example, constant displacement rates were

to be maintained (e.g. Cowie and Scholz, 1992a; Walsh and

Watterson, 1992). Estimates can be made of the maximum

earthquake magnitude and average recurrence interval on a

fault at any point in time, if the rates of displacement and

tip-line propagation are constrained. While displacement
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rates of many active faults are known for the Late

Quaternary, information on fault propagation rates is

uncommon, and opportunities to characterise average

earthquake behaviour over periods of O100 ka are

extremely rare.

The displacement profiles in Figs. 9a and 10 suggest that

the fault reached its maximum length during the first 0.5 Ma

of growth after which time fault length remained approxi-

mately constant. Therefore, the maximum magnitudes and

slip for earthquakes that ruptured the entire trace length at

the seabed must also have been relatively constant. Using

the empirical magnitude–rupture length relations from

Wells and Coppersmith (1994), maximum earthquake

magnitudes for the fault would range from ca. 7.1 to 7.2

for each increment of fault growth, which are similar to

those estimated by Nodder (1994). Events of this magnitude

and rupture length (i.e. ca. 70 km) are, on average,

associated with maximum displacements at the surface of

ca. 3.5 m (using the ratio of slip to rupture length of 5!10K5

from Wells and Coppersmith (1994)); with about two and

four events of this size required to produce the observed

seabed scarp and 14 ka displacement profile, respectively.

In order to estimate the minimum number of earthquakes

that would be necessary to produce the reported along-strike

displacements, we compare the observed profiles for all

horizons in the growth sequence with models constructed by

linearly scaling displacements of the 14 ka horizon (Fig.

14). For the model, displacements on the 14 ka horizon were

either divided (seabed scarp) or multiplied (pre-14 ka

horizons) by an integer value (here referred to as the scaling

factor) in order to minimise the difference in mean

arithmetic displacement between the model and observed

profiles. The 14 ka horizon was used to construct the

models, as opposed to the seabed scarp, because this horizon

has lower errors on displacement values and because the

scarp may have been subject to modification by seabed

processes. Displacement profiles of the seabed scarp and

14 ka horizon are, however, comparable in shape (Fig. 14a)

and the following conclusions are not significantly influ-

enced by which of these two surfaces was chosen to model.

Given the extent to which this approach magnifies

displacement anomalies on the 14 ka horizon it was

expected that the model results would locally depart from

the observed profiles. In general terms, however, the

position of the maximum displacement and the fault tips

for the last few earthquakes, as represented by the 14 ka

horizon, are comparable with all other time increments.

These data are consistent with the maximum rupture length

and slip distribution for large earthquakes on the fault being

approximately constant suggesting that of the six models in

Fig. 1 the CEF is best represented by diagrams (a) or (b). In

the absence of slip data for individual earthquakes

throughout the growth of the fault we cannot, however,

discriminate between the characteristic-slip (Fig. 1a) and

variable-slip (Fig. 1b) earthquake models.

Given the changes in fault strike and the number of
splays intersecting the main slip surface of the CEF (Fig. 3)

and the irregularities in the displacement profiles (Fig. 9), it

remains possible that the fault was segmented and did not

rupture in its entirety during each large magnitude earth-

quake (Nodder, 1994). While the difference between

segmented and unsegmented earthquake models would be

significant for earthquake hazard assessment, it has less

impact on our analysis of slip accumulation. This is because

stress can be transferred from a given ruptured segment to

an adjacent segment resulting in sequential rupture of all

segments over periods of hundreds of years or less (e.g.

Stein et al., 1997). For such a model the period of time

between earthquakes on adjacent segments is short by

comparison with the time between earthquakes on each

segment. Therefore, the number of earthquakes estimated

using our approach can be thought of as the number of the

largest sized earthquakes, or the number of earthquake

cycles (where each segment ruptures once per cycle)

required to produce the observed slip. The number of

notional earthquakes required to produce the optimal match

between the scaled displacement on the 14 ka horizon and

the remaining seven profiles is simply the product of the

scaling factor and four (i.e. the number events with 3.5 m

maximum slip required to produce the maximum displace-

ment on the 14 ka surface). The number of earthquakes

ranges from 2 to 344 for the seabed scarp and 3.2 Ma

horizon, respectively (Figs. 14a–f and 15a). If, however, the

active fault occupied the pre-existing fault dimensions

instantaneously on a geological timescale, and the length

remained constant for the entire duration of deformation,

then 722 large magnitude earthquakes would be required

over the post-Miocene life (3.7 Ma) of the fault (Fig. 14g).

This large number of earthquakes is, however, a factor of 2–

10 lower than the number of slip events predicted for

increasing fault-length growth models constructed using the

present length and maximum displacement of the CEF (e.g.

Watterson, 1986; Walsh and Watterson, 1988; Cowie and

Scholz, 1992a). These models apply to faults that propa-

gated laterally, and radially, throughout growth, with

earthquake size increasing with fault length, and the extent

to which they differ from our estimated number of

earthquakes is a direct reflection of the rapid creation of

the final length of the CEF.

Perhaps of greater interest though is the temporal

variability in the number of large magnitude earthquakes

for each period of time, which can be expressed as a mean

recurrence interval (Fig. 15b). Mean earthquake recurrence

intervals in Fig. 15b were calculated by dividing the

minimum number of earthquakes for each increment of time

(Fig. 14) by its duration. Mean recurrence intervals vary

through time from ca. 1.3 to 18 ka and are, as would be

expected, diametrically opposed to fluctuations in displace-

ment rate. For example, displacement rates of ca. 2.8 (3.7–

3.2 Ma) and 0.2 mm/yr (2.6–1.6 Ma) were associated with

average recurrence intervals of ca. 1.3 and 18 ka, respect-

ively. This relation is a direct reflection of the fixed fault



Fig. 14. Modelled and observed displacement profiles constructed for the (a) seabed scarp, (b) 124 ka horizon, (c) 225 ka horizon, (d) 1.6 Ma horizon, (e)

2.6 Ma horizon, (f) 3.2 Ma horizon and (g) 3.7 Ma horizon. Models constructed by linear scaling of the 14 ka displacement profile. The minimum number of

earthquakes required to produce the model profiles is indicated in the right-hand corner of each graph. The number in brackets, below the minimum number of

earthquakes, is the scaling factor and indicates the integer value by which displacements on the 14 ka profile have been multiplied to produce the model profile.

For further discussion of the model profiles and explanation of the minimum number of earthquakes refer to the text.
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length and proportional earthquake maximum slip to rupture

length scaling, a feature which demands that increases in

displacement rates must result in a proportional decrease in

recurrence interval. As changes in displacement rates on the

CEF are driven by adjustments in regional strain rates, mean

recurrence intervals of earthquakes on the CEF will also

broadly reflect changes in regional strain rates (Nicol et al.,

2004). This conclusion is consistent with the suggestion

that, to a first order, changes in regional strain rates are

accommodated mainly by adjustments in fault displacement

rates and not by a change in the number of active faults

(Clausen et al., 1994; Nicol et al., 1997).
Fig. 15. Plots showing the evolution of the minimum number of

earthquakes (a) and the mean recurrence intervals (b) for each increment

of time between the formation of dated horizons. Refer to text for derivation

of plots.
6. Conclusions

The CEF is active and commenced its most recent phase

of displacement about 3.7 Ma ago. Strike-parallel displace-

ment profiles for seven syn-faulting horizons and the seabed

indicate that the location of the fault tips and maximum

displacement remained approximately stationary for at least

3.2 Ma during which time about half of the total displace-

ment accrued on the fault. Near-constant fault lengths in

post-Miocene strata were inherited from a pre-existing fault

and formed rapidly, primarily in response to up-dip

propagation of the fault surface. Consequently, as earth-

quake-rupture length scales with magnitude and slip, the

maximum earthquake slip and magnitude on the fault also

remained constant for at least 3.2 Ma. This stability

contrasts with displacement rates on the fault, which varied

by an order of magnitude (ca. 0.18–2.8 mm/yr), and were

associated with diametrically opposed and proportional

changes in earthquake recurrence intervals (ca. 1.3–18 ka).

Modifications to the displacement rates and recurrence

intervals resulted mainly from graben-wide changes in rates

of extension.
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