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EXECUTIVE SUMMARY

This structural analysis of the Cape Egmont Fault (CEF) is based on five transverse transects and one

longitudinal transect (Plates 1-6), constructed from interpreted, depth-converted composite seismic lines,

traced within the area of the Opunake-Maui-merge 3D seismic survey, with additional extension into areas

covered by the 2D seismic surveys P95 and HZTA (Fig. 1).

The structural analyses comprise (1) balancing tests on the geometric admissibility of the proposed

interpretation of seismic data (Plate 7); (2) progressive restoration with decompaction and back-stripping

(Plates 8-13) for units bounded (from top to bottom) by: top Pliocene, base Pliocene, top Sw, top Moki, top

Taimana, top Eocene, base Turi and top Paleocene (Fig. 5); (3) analysis of the vertical mobility of the

hangingwall and footwall block of the CEF during accumulation of displacement (Plates 16-18); (4) Allan

diagrams of the along-strike variation of displacement on the CEF (Plate 19).

The structural reconstructions validate the geometric interpretation of the seismic data, and provide a

robust reconstruction of tectonic movements on the CEF and related fault splays consequent to its early

inception as a syn-rift normal fault, followed by mid-late Miocene compressional reactivation during phases of

regional shortening, and renewal of normal down-faulting during the Pliocene, with increasing rates of

extension in the mid-late Pliocene.

The geometry and timing of deformation constrained by the progressive restorations corroborate the

regional sequence of tectonic events, but demonstrate that the style of deformation and the amount of finite

displacement vary substantially for the northern and southern segments of the CEF (i.e. north and south of

transect T03).

The principal results of the structural analyses (synthesized in Plate 20) are:

1. The CEF master fault inherited from the stages of Late Cretaceous rifting cannot be

recognized north of transect T03, and it is likely that the deflection of the CEF southern

segment from NE-SW to ENE-WSW orientation at the latitude of transect T04 reflects an

original geometry of en échelon syn-rift faults.

2. Compressional reactivation of the CEF in mid-late Miocene was possible only where the

fault was already established in the previous phases, (i.e. areas crossed by transects T05,

T04 and T03). The mechanical buttress effect created by the juxtaposition of the rigid

basement block to the west against thick syn-rift deposits to the east is possibly the cause

of early localisation of shortening along the CEF.

3. Reversal of movement on the CEF and associated fold-propagation folds were obliterated

by the latest superposition of normal down-throw with a vertical displacement up to 2.3 km
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in the southern transects. However, the shortening signature persists in the thickness

decrease of the syn-compressional units in the CEF hangingwall and in the opposite tilting

direction between units that were already deposited before the shortening and units

deposited and deformed in the latest extensional events.

4. The faults attributed to the CEF system in transects T02 and T01 started growing in the mid

Miocene, do not record significant components of localised shortening, and accrued their

displacement only during the latest extensional episodes. The proposed interpretation is

that these fault segments propagated at a later stages, possibly by propagation of pre-

existing basement faults that did not reach the surface during the syn-rift stages. The

different timing and kinematics of CEF in T01 and T02 is reflected by the different fault

geometry, finite displacement, and deformation style within the hangingwall block.

5. Both the footwall and hangingwall blocks of the CEF record a similar long-term history of

basin-scale post-rift subsidence, with no relevant displacement other than that acquired

during syn-rift extension. This pattern was interrupted by onset of compressional inversion

on the CEF since the mid Miocene (of an amount unable to alter the regional subsidence

trend), followed by a late Miocene uplift related to basin-scale dynamics and tentatively

interpreted as a delayed basin-scale response to shortening. In contrast with the older

phases, the fast accumulation of extensional down-faulting on the CEF in the mid-late

Pliocene is constrained by the divergent differential behavior between the hangingwall and

footwall blocks and by higher gradients of vertical mobility.

6. Allan diagrams that measure along-strike variation in throw along the CEF from transect T01

to T05 clearly display the history of reconstructed movements, providing an image of the

strong lateral inhomogeneity of the fault system, and quantifying the amounts of localised

movement accommodated by the CEF during the sequence of tectonic phases from the

Miocene to the present-day.

7. The progressive deformation and displacement of the package of shale-dominated, low

competence and low permeability units interposed between the top Moki and base Turi

horizons can be traced in the stages of progressive restoration. The sealing of the

underlying source-reservoir system provided by these units maintained substantial integrity

during the Miocene shortening, but was severely breached in the post base Pliocene down-

faulting events. Thus, the juxtaposition of permeable vs. impermeable units in the

hangingwall and footwall blocks of the CEF during the mid-late Pliocene and Pleistocene

extension phases has an important effect on the across-strike and along-strike permeability
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on the CEF. Permeability may also be affected by the thickness and lithology of fault gouges

and cataclastic fault rocks along the CEF, but the actual presence, thickness and character

of these rocks are unknown.

8. 2D restorations only capture components of movement in the plane of the selected

transects, and are unable to detect or quantify movements out of the plane (e.g. strike-slip

components and detachments). The possibility of transport away from the plane of the

transects during the late Pliocene and Pleistocene phases is hinted at by the north

component of flexure detected in the longitudinal transect T06 and by problems of area

balance in the immediate hangingwall of the CEF in the late extensional phases, with the

presence of an open gap that requires volume transfer away from the plane of the

transects. It is possible that large-scale movements in the basin have driven detachments

of the uppermost units above the top Taimana/base Turi low-competence package.
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1.INTRODUCTION

This study has been commissioned by Todd Energy, with the aim of providing a structural analysis

and 2D retro-deformation along a set of geo-seismic sections that capture the deformation history

of the Cape Egmont Fault in PEP 53374 (Opunake). Major goals of this study are to: (1) decipher

(and quantify wherever possible) along-strike variations in geometry and finite deformation

(contraction and extension) of the hangingwall units; (2) establish the timing and development of

movement onthe master fault and associatedfaultsplays and their displacement history; (3) define

the uplift and subsidence of marker horizons consequent to the change in fault kinematics from the

syn-rift inheritance to the late Miocene contraction and the mid-late Pliocene to present extension.

A corollary of this study is a preliminary assessment of progressive offset and juxtapositions of units

withcontrasting lithology andpermeability, assisting in the evaluationof migration pathways across

the Cape Egmont Fault (CEF).

The performed analysis consists in 2D progressive retro-deformation of marker horizons, with

back-stripping and decompaction of the restored units along six representative geo-seismic cross

sections (five transverse and one longitudinal).

Geological interpretations, structural modeling, retro-deformation, back-stripping and

decompaction (in 2D) were carried out using MOVE 2013 (Midland Valley,

http://www.mve.com) under consulting licence to TerraGeoLogica. The extent of the

study area and the traces of the 2D geo-seismic transects are shown in Fig. 1.

Specific focus of the retro-deformation is on:

 Providing a validation of the interpretation of the geo-seismic transects.

 Defining the progressive kinematic history along the CEF and associated fault splays.

 Estimating plausible deformation mechanisms, accumulation of displacement, and

history of vertical mobility through time.

 Assessing structural variations along the CEF, with emphasis on location of zones of large

finite displacement.
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This Report and the accompanying Plates, Tables, Appendix and Digital Enclosure (in *mve file

format, readable with the free software “MOVE Viewer”, downloadable from Midland Valley,

http://www.mve.com) describe the methods of the study, the principal results and the

interpretations based on available data. Possible future analyses needed for an improved

understanding the structural evolution are also indicated.

Major achievements of this study are:

(1) Demonstration of the feasibility of retro-deformation in 2D and general validation

of the structural geometry derived from Todd Energy’s interpretations, with a

number of inconsistencies that can be related to the specific sequence of

deformation on the CEF, components of movement out of the plane of the 2D

transects, and perhaps some uncertainties in the interpretation of the seismic data

in the immediate hangingwall of the CEF.

(2) Definition of the structural setting of the CEF and associated fault splays and

inferences on their growth history (both laterally and vertically) through time.

(3) Reconstruction of the geometry consequent to an unusually complex sequence of

superposed deformation events along the CEF (from normal to reverse and back

to normal), with appraisal of displacement history of units with contrasting

lithology.

(4) Reconstruction of the spatial and chronological relationships between fault segments of

different age. Appraisal of the along-strike variations of displacement along the CEF.

(5) Reconstruction of the vertical mobility of faulted blocks across the CEF.
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The statements and opinions provided in this report are given in good faith, and in the belief that

all efforts were made to rigorously analyse and correctly interpret all data supplied by Todd

Energy.

The author believes that the conclusions reached in this study give a sound interpretation of the

structural evolution of the CEF within the tectonic context of the Taranaki Basin, but - given the 3D

complexity of the fault system - the 2D reconstruction cannot entirely capture the lateral

geometric variations and the interconnections between different fault sets consequent to

progressive fault growth.

Acquisition of new data and analyses of 3D models may result in the refinement and/or

modification of the interpretations reached so far.
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Figure 1 - Location map of the geo-seismic transect in the study area (data provided by S. Greaves).
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2. BIBLIOGRAPHIC SYNTHESIS OF THE STRUCTURAL SETTING OF THE CAPE EGMONT FAULT IN THE
TARANAKI BASIN

The regional tectonics of the Taranaki Basin has been reviewed by different authors (e.g.

King & Thrasher, 1996; Giba et al, 2010; 2012) and has been synthesised in a previous report

recently prepared by the author for Todd Energy (Ghisetti, 2013). The principal structural

features relevant to this project are outlined below, with particular regard to the Cape

Egmont Fault (CEF).

2.1 Regional tectonic setting of the Taranaki Basin

The study area is located at the western boundary of the Taranaki graben (Fig. 2),

controlled by systems of en échelon N-S to NE-SW normal faults dipping 600-700 E. The

master faults are accompanied by sets of synthetic (E-dipping) and antithetic (W-

dipping) fault splays. Some faults are active at present (Nicol et al., 2005), and

accommodate rifting within the Australian continental plate, driven by subduction (and

possibly roll-back) of the Pacific plate along the Hikurangi margin.

Regional evidence points to southward migration of normal faulting, and both southward

and eastward migration of andesitic volcanism in the back-arc region from the late Tertiary

(c. 16 Ma) to the present-day (Fig. 2).

The sedimentary record and the tectonic signature of the Taranaki Basin are consistent

with three major episodes of deformation: (1) Late Cretaceous to Paleocene (c. 84-55

Ma) extension; (2) Eocene to present (c. 40-0 Ma) shortening; (3) Late Miocene to

present (c. 12-0 Ma) extension (King & Thrasher, 1996; Giba et al., 2010). Episodes (2)

and (3) partly overlap in time, but contemporaneous shortening and extension affected

different regions of the basin (with shortening in the eastern and southern parts and

extension in the northern parts).
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Figure 2 – Regional tectonic map of the Taranaki Basin, interpreted as a retro-arc basin
behind the Pacific-Australia convergent margin. The Cape Egmont Fault (CEF) and
associated deformation zone in the study area is enclosed within the red rectangle. Outlines
of mid Miocene-recent andesitic volcanoes in grey. Note that additional volcanoes not
shown within the red rectangle have been interpreted from seismic data, as shown in Fig.
4. Active normal faults in bold. Reproduced from Giba et al. (2010). Cross sections A-A’ to
C-C’ are in Giba et al. (2010) and not reproduced here.
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(1) The oldest known extensional phases, consequent to continental rifting and breakup of the

Gondwana margin, imparted a strong – and still dominant - crustal signature, dominated by

northerly trending faults bounding a system of en échelon horsts and grabens. These faults

underwent persistent Tertiary reactivation in different tectonic regimes and within regionally

rotating stress fields. Syn-sedimentary fault growth is recorded by the distribution of sedimentary

depocentres in the hangingwalls of the normal faults.

(2) Tertiary shortening is regionally relevant in the Taranaki Basin, resulting from Pacific-Australia

plate convergence and subduction at the Hikurangi margin (King, 2000). Significant amounts of

shortening are recorded along the Taranaki fault system and associated footwall splays, and on a

number of inherited normal faults (including the CEF), which were compressionally reactivated as

high-angle reverse faults.

(3) Late Miocene to present extension is connected to clockwise rotation of the North Island,

possibly related to roll-back of the subducting Pacific plate (or to continental collision at the

southern tip of the Hikurangi margin, Wallace et al., 2004; Nicol et al., 2007; Giba et al., 2010).

Extension is associated with emplacement of a suite of andesitic volcanoes (starting at c. 16 Ma).

The distribution and chemistry of the volcanic products support their relationship with the

subducting Pacific plate, but their location in areas of the Taranaki Basin that were persistently

extended over time suggests that ascent of magmas is facilitated by deep rooted normal faults.

These late extensional episodes are recorded by renewal of activity on the CEF as a normal fault at

high slip rates.

The transition from shortening to extension within the Taranaki Basin started at about 15-12 Ma (mid

Miocene) in the northern regions, but becomes progressively younger to the south. The diachronous

mechanisms are compatible with a rotation model originally proposed by King and Thrasher (1996) and

slightly modified by Giba et al. (2010) (Fig. 3). The clockwise rotations relative to the western “stable”

platform are estimated to be of c. 0.2°/Myr in the last 5 Ma. Block rotation is apparently revealed by the

overall change in orientation of the normal faults that possess N-S trends in the western regions and

display a fanning to NE-SW trends in the north-eastern part of the Taranaki Basin.
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Figure 3 – Block rotation
model for the late Miocene-
Recent structural evolution of
the Taranaki Basin proposed
by Giba et al. (2010) and
modified from King &
Thrasher (1996). The model
invokes a southward
migration of the location of
the rotation axis, with N-S
younger age of the transition
from areas in extension to
areas in shortening.

However, the change in orientation from N-S to NE-SW trends implies an amount of rotation larger than

expected from the estimated rotation rates, and is also in conflict with the present day orientation of the

maximum horizontal axis of extension within the Taranaki Basin. In fact, existing data (Giba et al., 2012;

Townend et al., 2012) indicate a dominant NW-SE extension direction, implying that the newly-formed

faults in this regime are the ones trending NE-SW, and that N-S faults are inherited structures that could

be reactivated with oblique components. However, it is worth remembering that most data used for

constraining the present day stress field come from onshore measurements.

2.2 Structural geometry and kinematics of the Cape Egmont Fault

The CEF bounds the western margin of the Taranaki graben relative to the western uplifted margin,

generally referred to as the “stable platform”. The CEF is c. 70 km long, dips 60°-70° E in the upper 5 km

and displays a marked kink in itsorientation, with a central segment trending ENE (065°) and the northern

and southern segments trending NE (035°). A large number of synthetic and antithetic splays defining a

NNE-fanning horse tail geometry radiates from the region of deflection, at the intersection between the

central and the northern segments (Fig. 4).
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Figure 4 –Geometry of the Cape Egmont Fault and associated fault splays at the intersection with top Eocene.
Reproduced from Pogo New Zealand (2007).

The initial development of the CEF occurred at an earlier stage in the evolution of the Taranaki Basin,

given that the fault (or at least its southern segment) is a major bounding structure of the Late Cretaceous

syn-rift units against the structural high of the western platform. Reactivation of the inherited fault has

occurred repeatedly through time, with a phase of compressional (positive) inversion in mid to late

Miocene, followed by the phase of extensional (negative) inversion that is still active at present.

At present the CEF is one of the largest and most active normal faults in the whole Taranaki Basin. Finite

normal throw on the Pliocene and Pleistocene units is ≤ 2.3 km.  Extension and down-throw of the 

hangingwall block were concomitant with load-induced subsidence of the western platform (Beggs,
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1990). Incremental fault growth analysed by Nicol et al. (2005) is consistent with normal separation being

accrued since 5.3 Ma, with an increase in displacement rates since 3.7 Ma. Up to 85 m of throw

accumulated in the last 225 ka, and there is a seabed fault scarp at the upper fault tip (up to 6 m high,

displacing 8-9 kyrs horizons according to Nodder, 1993). Incremental displacement is likely to result from

repeated seismic activity.

Historical seismic activity in the region of the CEF is moderate. The largest recorded event was the

November 5, 1974, ML 6.0 Opunake earthquake. Fault kinematics inferred from the focal mechanism

(Webb & Anderson, 1998) is consistent with right-lateral strike-slip movements on high-angle N-S faults

at c. 12 km depth, a mechanism that is not evident from the geometry and finite deformation of the

Taranaki Basin faults during the Quaternary.

3. DATA USED FOR THE ANALYSIS

All relevant input data used for the structural analysis have been supplied by Todd Energy, through

H. F. Mingard and S. Greaves.

Selection of the traces of the seismo-geological transects (see Fig. 1 for their traces) and of the

horizons used for 2D restorations was made together with H. F. Mingard and S. Greaves.

The input data used for the structural project are:

1. Litho-stratigraphic and chrono-stratigraphic framework. Fig. 5 shows the position of the

seismo-stratigraphic horizons identified in the geo-seismic transects in relation to the regional

chrono-stratigraphy adaptedfromTransect12 inKing etal. (1999), andreproducedinthePetroleum

Basin Explorer Database (http:// http://data.gns.cri.nz/pbe). Fig. 5 also provides the age of horizons

in relation to the New Zealand chrono-stratigraphy. Additional data are the estimate of paleo-

bathymetric depth of deposition (supplied by H. F. Mingard), and the average lithology of units,

expressed in terms of percentage of shale and sands (carbonate content for the units is generally

negligible, except for the Taimana formation, which is a calcareous mudstone).
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From base to top the identified markers are (Fig. 5):

Top basement (red)

In some transects markers horizons have been traced within the syn-rift units to highlight

syn-rift fault migration (green dashed lines)

K90-top Cretaceous (syn-rift) (musk green)

T10-top Paleocene (olive green)

T30-base Turi (forest green)

T40-top Eocene (pink)

T58-top Taimana (light blue)

Top Moki (yellow)

In some transects markers horizons have been traced within the Miocene (brown dashed

lines)

Top Sw (orange)

T87-base Pliocene (dark blue)

In some transects markers horizons have been traced within the Pliocene units to highlight

the geometry of clinoforms downlapping west onto base Pliocene (black dashed lines)

T90-top Pliocene (light green)

sea bottom (grey)

In all sections the package between top Moki and base Turi is marked as a low-competence

package (package “B”, with dominant shale lithology, identified by colour shading in Fig. 5),

interposed between an upper package (package “A” with mixed components of sandstone

and shales) and a lower package (package “C”, with dominant sands). Package B plays an

important role in terms of permeability contrast and deformation style and occupies a key

stratigraphic position at the boundary between the post-rift phases and the compressional

stages.

2. SEGY of six, depth-converted cross sections chosen as representative of structural

variations in the study area, and relative interpretation of seismo-stratigraphic horizons and

faults (Plates 1-6). The depth converted SEGYs of the transects have been supplied by S.
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Greaves. The reprocessed 3D survey covers only a limited area in the hangingwall region

of the CEF (Fig. 1). For this reason the southernmost transects incorporate parts of the 2D

surveys, in order to include regional features that would be omitted by considering data of

the 3D survey only. However, transect traces in the 3D survey can be selected at an

adequate orientation sub-parallel to the direction of tectonic transport (i.e. at c. 90° from

the CEF fault trace). In contrast, the suitable 2D lines that can be merged with the 3D survey

in the southern part of the study area were shot along E-W orientation, i.e. oblique to the

transport direction. The result is a dog-legged trace for transects T04 and T05, with the E-

W portion of these transects capturing only a component of the tectonic movements.

The selected transects incorporate the following seismic lines:

T01: P95-416-GS
T02: P95 428-GS plus western continuation into the region of the 3D survey
T03: P95 436-GS plus western continuation into the region of the 3D survey
T04: composite, dog-legged transect tied to Maui-3 incorporating the 2D line HZTA-140-GS
(oriented E-W)
T05: composite, dog-legged transect tied to Ruru-1A incorporating the 2D line HZTA-132-
GS (oriented E-W)
T06: Longitudinal line in the footwall of the CEF, tied to Maui-2

3. Parameters needed for the Sclater & Christie (1989) decompaction function used by

MOVE have been compiled and analysed by H. F. Mingard. They are: porosity at surface

(f) and the coefficient of change of porosity with depth (c) for shales and sandstones.

Data are from the wells Rahi 1, Takapou 1 and Tui 1 in the Taranaki Basin. For mixed

lithologies the adopted values (Fig. 5) are calculated from the estimated percentage of

shale and sandstones in each unit and are consistent with a regional compilation of data

from wells in the Taranaki Basin (see section 5.3 for a description).
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4. CONSTRUCTION OF GEO-SEISMIC CROSS SECTIONS FOR STRUCTURAL ANALYSIS

The geo-seismic transects (see Fig. 1 for their location) are shown in Plates 1-6. Color coding of horizons is the

same as in Fig. 5. Note that all transects are displayed with no vertical exaggeration (V:H = 1:1).

The faults in the transects are identified as:

CEF: Cape Egmont Fault

AS: Antithetic fault splay of the CEF (i.e. faults in the CEF hangingwall dipping west)

SS: Synthetic fault splay of the CEF (i.e. faults in the CEF hangingwall dipping east)

CEF-fw: Synthetic fault splay in the footwall of the CEF

SR: Syn-rift Fault

INF: Inverted Normal Fault

The faults have been assigned a progressive number and faults that can be easily traced from one

transect to another have been given the same number. Where connections are uncertain or there is

no clear evidence for faults continuing across transects new progressive numbers are assigned. A

better identification needs a 3D model.

The principal geometric and structural features observed in the present day state of deformation are briefly

summarized below.

4.1 Transect T01

Orientation WNW-ESE, Length 25.3 km.

In this transect there is not a clear master fault for the CEF system. Displacement is partitioned among

five sub-parallel faults with dip angles diminishing from c. 60° to c.30° from top Pliocene downward.

The apparent fault rotation is accommodated within the low-competence package B (e.g. rooting of

the shallow-dipping faults AS1, SS7, SS8 within the low-competence package B).

Fault SR2 can be interpreted as inherited from the syn-rift stages, but at present displays a small

reverse throw in the top Cretaceous and does not propagate upwards across package B.
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Rotations within package A are associated with development of a detachment fold above the syn-rift

fault SR2, which affects the base of Pliocene as well. Above the detachment fold all separations are

normal.

The top Pliocene horizon lies unconformably above the tilted intra-Pliocene markers.

It is possible that there is a volcanic edifice at 17.5 to 19.5 km that intrudes within the Pliocene.

West of the CEF-fw1 unconformable relations of base Pliocene above westward tilted intra Miocene

markers possibly date the incipient stage of footwall uplift associated with propagation and activity

of the CEF fault system.

4.2 Transect T02

Orientation WNW-ESE. Length 31.9 km.

In contrast with transect T01, in this transect the CEF master fault is well-developed, and

characterized by relevant displacement of the whole sequence, with development of a set of

antithetic, hangingwall faults. These antithetic splays possess low angle dips of 15°-20° in package B

and ramp up at higher dip angles of 50°-70° within package A.

Evidence for the role of detachment played by package B is given by the change in dip and the rooting

of the antithetic fault splays of the CEF within this package. The geometry of the antithetic fault

splays suggests a “domino” style rotational component of eastward-rotating blocks, decoupled above

package B. This rotation appears to change the dip direction of the intra-Pliocene marker beds

(interpreted as original clinoforms) downlapping to the west at the eastern margin of this transect to

east-dipping in the faulted wedge between the CEF and AS22.

The largest components of rotation affect mid-late Pliocene marker beds and date the major episode

of faulting on the CEF and its associated splays at this stage. The top Pliocene horizon lies

unconformably above the tilted intra-Pliocene marker beds.
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In this transect the CEF master fault is relatively straight, with an average dip angle of c. 60° (i.e. the

expected angle for a newly-propagating normal fault)

In this transect deformation of the CEF footwall is minor, and mostly restricted to development of a

footwall normal fault (CEF-fw1, likely to merge with the CEF master fault within the basement), and

by the presence of a number of W-dipping normal faults with minor separation at the NW margin of

the section. A westward tilting component consistent with footwall uplift caused by normal faulting

is marked by tilted intra-Miocene marker beds truncated by the overlying base Pliocene (local

unconformable relationships).

In this transect there is an inherited syn-rift fault (SR2), which bounds a package of Cretaceous syn-

rift deposits, but this package does not appear to extend into the CEF hangingwall. Thus, there is no

obvious constraint to interpret the CEF as an inherited fault established in the early episodes of

extension. However, it is conceivable that some inherited basement faults were not necessarily

breaking to the surface during the syn-rift episodes.

4.3 Transect T03

Orientation WNW-ESE, Length 30.6 km.

In this transect, as in transect T02, the CEF master fault is well developed, with a relatively straight

down-dip trace, but the dip angle is lower than in T02, c. 52°. The fault propagates across the whole

sequence with no significant dip deflection within package B. As in T02 there is no clear evidence of

syn-rift deposits being bounded by the present CEF.

A syn-rift graben is bounded by faults SR3 and SR4 and the onlapping geometry of the intra

Cretaceous marker beds suggest a younging of the syn-rift faults from SR4 to SR2. Thus, it is possible

that the CEF was present at the time of rifting as an intra-basement, low displacement fault.
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In the hangingwall of the CEF there is a set of well-developed antithetic splays, but – in contrast with

T02 – the splays do not detach within package B, and propagate down into the basement. These

splays have low dip angles of 30°-40° in the sequence beneath the base Pliocene and ramp up at

higher dip angles within the Pliocene units.

As observed in T02 the intra-Pliocene marker beds dip west in the eastern part of this transect. These

marker beds may be interpreted as original clinoforms, given their downlap geometry above the base

Pliocene and the topset relationship of the top Pliocene. These clinoforms appear to be back-tilted

to the east in the wedge bounded by the CEF and AS14. However, in this section it is not possible to

interpret the antithetic splays as a set of domino rotating faults, because they do not detach within

package B.

There is the possibility of an original clinoform geometry for the E-dipping, intra-Pliocene marker

beds, sourced by the CEF footwall and infilling the structural low in the CEF hangingwall. However,

the geometry of the rotation is repeated by all beds beneath the Pliocene markers, and the rotation

is clearly confined within the fault-bounded wedge. If tectonic rotations caused the present geometry

of the intra-Pliocene markers, they occurred immediately before deposition of the top Pliocene

horizon.

4.4 Transect T04

This transect has a dog-legged trace, with WNW-ESE orientation from 0 to 20.5 km and E-W

orientation from 20.5 to 54.65 km. Only the WNW-ESE part is nearly normal to the expected direction

of tectonic movement within this transect. Thus, the E-W part does not capture entirely the total

amount of tectonic deformation. However, inclusion of this part of the transect takes advantage of

the structural imaging provided by the 2D seismics and is important to date the stages of

compressional inversion of the inherited syn-rift faults.

In this transect the CEF master fault propagated upwards from an inherited syn-rift segment that

bounds a sequence of Late Cretaceous units. However, the fault is composed by segments with a
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change of dip angles from 60° (0 to 3 km depth), to 30° (3 to 3.7 km), 50° (3.7 to 5 km) and 40° (from

5 km downwards). The deflection in dip angle is not connected to the position of package B in the

present configuration, but appears to be related to the position of the basement footwall cutoff. This

suggests that the change in dip angle at 3.7 km occurred at the tip point of the syn-rift fault, during

its up-section propagation in the later reactivation stages.

The inherited syn-rift fault INF1 shows a typical geometry of compressional inversion, with

development of a hangingwall harpoon fold in the top Cretaceous units, and with development of a

trishear fault-propagation fold in the top Eocene and top Taimana beds. Amplitude of folding

decreases in top Moki and top Sw. This dates the timing of compressional inversion in this eastern

part of the basin as syn to immediately post Top Taimana. There is no preserved clear structure of

compressional inversion on the CEF.

The hangingwall panel of the CEF shows a different geometry relative to Transect T03. The W-dipping

intra Pliocene clinoforms are not back-tilted, but there is the development of a well-marked intra-

Pliocene depocentre, with increase in thickness of the units. Between the base Pliocene and top

Taimana the beds in the immediate hangingwall of CEF do not display significant rotations. Minor

rotations affect the units between top Taimana and base Turi. No well-developed sets of antithetic

fault splays in the CEF hangingwall are present, and deformation in the footwall is negligible.

4.5 Transect T05

This transect has a dog-legged trace, with NW-SE orientation from 0 to 10.7 km and E-W orientation

from 10.7 to 57 km. Only the WNW-ESE part is nearly normal to the expected direction of tectonic

movement within this transect. Thus, the E-W part does not capture entirely the total amount of

tectonic deformation. However, this part of the transect takes advantage of the structural imaging

provided by the 2D seismic surveys, and is important to date the stages of compressional inversion

of the inherited syn-rift faults.
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In this transect the syn-rift inheritance of the CEF and its compressional reactivation are quite

apparent, and mimicked by the geometry of the W-dipping conjugate fault INF1. It is important to

note that INF1 -contrary to the CEF- has not been reactivated as a normal fault after its compressional

inversion, and thus preserves the bed geometry that was likely to have been created on the CEF

during compression. This geometry has been largely obliterated by the latest episodes of normal

faulting.

At about 30 km there is a regional high of the top basement that is likely to be related to the inherited

syn-rift geometry between two distinct depocentres on the CEF and INF1, with thinning of the syn-

rift sequence above this high. The hinge area above the basement high is also the locus of localised

tilting during compressional inversion, with development of normal faults which do not propagate

from package C upwards.

The hangingwall panel of the CEF in this transect is again different from what observed in the other

transects, especially for the presence of a rollover geometry of the Pliocene units which increases the

components of westward rotation of the intra-Pliocene marker beds. This geometry contrasts

markedly with the almost sub-horizontal attitude of top Sw and the normal drag geometry of top

Moki, with resulting discordant relationships and marked changes in thickness. Note also that this is

the only transect where the top Pliocene marker is faulted by the CEF.

The antithetic fault splays have minor components of vertical separation (mostly accommodating the

westward tilt of base Pliocene) and appear to be detached within package B, with the exception of

AS6.

The dip angle of the CEF varies with depth, with average angles of c. 70° from 0 to 2.5 km of depth,

47° from 2.5 to c. 4 km and 50°-60° from 4 to 8 km. The change in dip angles is possibly correlated

with the upward propagation of the syn-rift fault across package B and upwards.
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4.6 Transect T06

This is a longitudinal transect in the footwall of the CEF, oriented NE-SW, and 47.1 km long. This

transect passes through Maui 2, and intersects all the other transverse transects T01 to T05.

The only relevant deformation is a distinct NE tilting away from an axis of rotation at c. 24 km, i.e.

between transects T04 and T03. The deformation within T06 affects the footwall of the CEF, but is

probably driven by large-scale, regional components within the Taranaki Basin.

5. GENERALITIES ON RESTORATION PROCEDURES IN 2D

Restorations of the 2D transects have been performed using the algorithms and tools of MOVE 2013

(Midland Valley, http://www.mve.com), which incorporate all restoration techniques elaborated by

structural geologists working with field examples and experimental analogues (see Groshong, 2006).

The aim of the restorations is to provide validation of the proposed structural interpretation, and to

perform a progressive retro-deformation and back-stripping from the present-day to the syn-rift stages,

in order to reconstruct the geometry of faults and units during accumulation of deformation, and analyse

the history of preogressive displacement on the CEF.

Retro-deformation in 2D assumes that the whole deformation lies within the plane of the cross section, i.e.

it cannot account for relevant components of strike-slip faulting, and/or transport direction out from the

section. This requires that the orientation of the cross sections is parallel to the transport direction. As

discussed before, transects T01 to T03 and the western parts of transects T04 and T05 are suitably oriented

relative to the CEF, though the variations in the master fault trend and the presence of fault splays at an
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oblique angle to the master faultmakes it impossible to choose an orientation perpendicular to all structures.

Also, the assumption requires pure dip-slip mechanisms on the faults (during the whole history of their

evolution) and – as discussed in the previous section- there is the possibility of unconstrained components

of strike-slip motion (i.e. out of the plane of the transects). The chosen solution is a compromise, meaning

that some components of deformations are not accounted in the restoration, even under the assumption of

pure dip-slip mechanisms on the faults.

5.1 Linear Balancing

Structural validation by restoration and balancing ensures that the structural geometries are permissible, but

this does not necessarily mean that they are true. Alternative restorable solutions may also exist. In contrast,

it is unlikely that a section that cannot be geometrically and kinematically restored is correct, and alternative

interpretations should be considered.

In order to perform a complete balancing of bed length (in 2D), cross sections should be drawn with their

extremities in regions where the “regional datum” is undeformed (i.e. ideally from foreland to foreland in a

fold-and-thrust belt and across the passive margins within a rift). In all other cases retro-deformation is

possible, but balancing may not be complete.

Linear balancing of transects T01 to T05 is shown in Plate 7. No balancing is required for T06, given the very

small deformation. Balancing is performed in MOVE by reconstructing the geometry of the horizons after

removal of separation on faults, and unfolding using an algorithm that preserves bed length.

The results of the balancing test are generally satisfactory, and show that variations in linear length of

individual horizons are limited, implying that the geometry depicted in thegeo-seismic transect is permissible.

However, though each transect shows some differences in the relative length of individual horizons, there is

also a general systematic trend in all transects, with the units between top Paleocene and top Taimana of
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similar length, and with the strongest variations shown by top Moki and top Sw (the shortest horizons) and

base Pliocene and top Pliocene (the longest horizons).

It is possible that these variations arise from the accumulation of deformation with time during deposition of

some units (e.g. extensional growth faulting during thePliocene), and also from the superposition of the latest

extension phases onto previously formed contractional structures. It is also possible that late extension is not

entirely transmitted down-section as a consequence of layer-parallel detachments. However, given the

complex deformation sequence in the region and the variability in geometry between transects it would be

premature to drive any inference from the balancing test, especially considering that progressive restoration

and back-stripping provide better constraints on the time sequence of deformation.

5.2 Algorithms of retro-deformation

Retro-deformation can be performed on faults and folds wherever deformation operates by

mechanisms of rigid rotation, translation, layer-parallel slip, simple shear (vertical or inclined), fault-

parallel flow, trishear and/or a combination of different mechanisms (Figs. 6. 7, 8, 9, 10, 11, 12).

Figure 6- Basic kinematic models for deformation. (Reproduced from Groshong , 2006).
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Figure 7 - Restoration of faulted hangingwall horizon relative to its original “regional” position using
mechanisms of vertical simple shear. The net displacement accounted by restoration is parallel to the solid
arrows. D is the horizontal distance from the footwall cutoff, HWC is the hangingwall cutoff of the faulted
horizon. (Reproduced from Groshong, 2006).

Figure 8-Restoration of faulted hangingwall horizon relative to its original “regional” position using
mechanisms of oblique simple shear. t is the distance between reference bed and fault, measured along
shear direction .  is the angle of shear. D is block displacement. FWC and HWC are the footwall and
hangingwall cutoff of the faulted horizon. The shear angle must be chosen, and is normally set parallel
to the second order fault trend, i.e. antithetic to the master fault, or equal to the Coulomb failure angle
of 300 to the maximum compressive stress direction. Angles can be varied to achieve the best
restoration. (Reproduced from Groshong, 2006).
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Figure 9-Restoration of faulted hangingwall horizon relative to its original “regional” position using
mechanisms of fault parallel shear. d is the slip separation on fault, W is the distance between lines used for
restoration. (Reproduced from Groshong, 2006).

Figure 10 -General features of trishear deformation (i.e. folding in a triangular domain of shear) in beds
above a propagating normal fault tip. ATB: active trishear boundary; ITP: inactive trishear boundary, FW:

footwall; HW: hangingwall, 1: hangingwall apical angle; 2: footwall apical angle. (Reproduced from Guohai
& Groshong, 2006).



33

Figure 11-Effect of different ratios of propagation of a normal fault tip relative to fault slip (p/s ratio) on the trishear
geometry and on strain in the trishear zone. Fault sip is 600; p/s ratios are 0.0; 2.0 and 4.0 for (a), (b) and (c), respectively.
The line within the strain ellipses is the maximum extension direction. Other captions as in Fig. 15. (Reproduced from
Guo hai & Groshong , 2006).
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Figure 12-Modes of reverse fault nucleation and propagation with development of fold propagation folds in a trishear
zone. The amount of slip, fault dip and trishear angle are the same for the three examples, but nucleation style and
propagation/slip ratio (p/s) vary. (Reproduced from Allmendinger & Shaw, 2000).

MOVE 2013 incorporates all these mechanisms, and input conditions can be varied in order to

test a number of alternative deformation mechanisms and parameters. Retro-deformation of

ductile structures (and or structures where there is a volumetric loss, such as cleavage and

pressure solution) is not accounted for.

5.3 Decompaction and back-stripping

Retro-deformation is performed backwards, progressively restoring units to their original depositional setting

at depth of deposition (‘regional” datum), by reversing the displacements that formed the structures, while

testing the applicability and suitability of deformation mechanisms and parameters to obtain the best retro-

deformed configuration. Complete restoration of individual horizons is achieved when (i) folding, tectonic
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tilting and fault offsets are removed; (ii) individual horizons are translated back to their paleo-bathymetric

position; and, (iii) the units bounded by the horizons are decompacted to their original depositional thickness.

After restoration to its paleo-bathymetric datum, each unit is removed from the section by back-stripping,

involving decompaction. The removal of any given unit restores the thickness and geometry of the underlying

units in their decompacted state in each retro-deformed stage. In cases of progressive deformation and syn-

sedimentary fault growth the back-stripping of the youngest units does not necessarily remove deformation

and fault displacement in the older units, allowing for the definition of the sequential deformation history.

Restoration with back-stripping provides a rigorous test of the validity of the interpretation. Sea level changes

should also be incorporated in the reconstruction, but considering the uncertainties in the absolute sea-level

fluctuations with time and the negligible effects on the restorations, this parameter has not been incorporated

in the reconstructions.

Once the components of vertical mobility imposed by folding and faulting and by sediment weight are

removed, the remaining effects of subsidence define the component of tectonic movements in the basin

(Allen & Allen, 2005). Magnitude and geometry of the flexural subsidence depend on the flexural rigidity of

the underlying lithospheric plate and on the magnitude and spatial distribution of the applied load. A full geo-

history analysis should therefore incorporate isostatic effects (Airy or flexural isostasy). These components

have not been considered in the present analysis, given that a number of parameters needed for the

calculation (e.g. flexural rigidity, mantle density) are not constrained, and the present study is focused on the

kinematics of the CEF in a spatially limited region rather than investigating the regional evolution of the

Taranaki Basin.

The decompaction workflow applied during back-stripping models the effects of rock volume changes due to

porosity loss with increasing burial depth according to the Sclater & Christie (1980) function:

where:

f= present-day porosity at depth
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f0= porosity at surface
c= porosity-depth coefficient (rate of porosity change with depth in km-1)
y = depth (in m)

Many compilations based on different data sets are available in the literature, with average

values for shales and sandstones in the North Sea listed below (Allen & Allen, 2005).

Lithology Surface porosity (f0) c (km-1)

Shale 0.63 0.51

Sandstone 0.49 0.27

Shaly Sandstone 0.256 0.39

Calculations of surface porosity and depth coefficients for specific rock units in a given region

require the knowledge of porosity measured at different depth in different wells. Porosity decay

is assumed to be exponential and a best fit curve can be calculated from the data. The values of

porosity a zero depth (f0) can then be predicted and c can be calculated from the gradient of the

exponential curve.

A compilation of these data from the wells Rahi 1, Takapou 1 and Tui 1 in the Taranaki Basin,

prepared by H. F. Mingard, has been used for this project, and is illustrated in Fig.13.

The following description of the methodology used is a contribution from H. F. Mingard.

An initial review looked at sonic logs from nine wells in the Maui and adjacent Western Platform

area, since this is the most widely available porosity log. This found a very similar overall

porosity-depth trend in all wells down to top Turi, below which the onset of overpressure and

the range of lithologies (from Maui sands to Turi shale) produced a wide spread of values. The

onset of overpressure has been widely used as a calibration point to show the degree of recent

uplift and, as expected, the Maui wells show uplift compared to the western platform wells.
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The decompaction method applied in the MOVE software uses end-member compaction curves

(sand, shale) and estimates of lithological mixes for each interval, from which intermediate

curves were calculated. GR is not a consistently good lithology indicator, particularly in the

Kapuni Group, nor is the sonic curve a consistent tool for porosity estimation through the section

(Adams, 1998). The combination of density porosity and neutron-density separation as a shale

indicator was therefore the only reliable set of curves for the work. The scarcity of neutron-

density curves run over a wide depth range severely restricted the number of wells which could

be used to derive parameters. However, given the initial review of the sonic logs, the three wells

used (Tui-1, Takapou-1 and Rahi-1) were felt to be representative.

The petrophysical methodology used was based on techniques used by Adams (1998). However,

given time constraints and the large uncertainties in other aspects of the decompaction

calculations (use of an empirical function, estimation of percentage lithologies) a somewhat

simplified approach was taken.

The density tool was used to estimate porosities using the following transform:

PhiD= (GD-RHOB)/(GD-RHOmf)

where:

PhiD = density porosity expressed as a fraction of bulk volume

GD = Grain Density (2.69 g/cm3 for Miocene formations and 2.65 g/cm3 for Eocene and older

other units).

RHOB= wireline log measured density in g/cm3

RHOmf= 1.05 g/cm3

The shale and sand fractions were defined from the “relative porosity difference” (RPD) value:

RPD = (NeuSS – PhiD)/PhiD

where:

NeuSS = Neutron porosity corrected to sandstone units

PhiD = density porosity as noted above
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Graphs of density porosity vs depth were plotted for sand-rich (RPD<0.5) and shale-rich

(RPD>0.8) lithologies and compared with curves created using the Sclater & Christie (1980)

function by adjusting the values of fo and c until a reasonable fit was obtained. Plots using

current burial depth and maximum burial depth (i.e. corrected to align top Turi overpressure)

were used in the comparison.

These data constrain the following input parameters for the Sclater & Christie (1980) function:

Lithology Surface porosity (f0) c (km-1)

Shale 0.65 0.7

Sandstone 0.45 0.22

Note that for mixed lithologies, the average surface porosity f0 and depth coefficient c are

calculated from the input parameters using the relative percentages of sandstone and shale. The

calculated values for each unit (based on average lithology) are listed in Fig. 5.
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Figure 13 – Porosity vs.depth relationships from density logs (compiled by H. F. Mingard). See text for details.
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6. RESTORATION OF THE 2D TRANSECTS

The progressive restoration stages for the 5 transverse transects T01-T05 and the longitudinal

transect T06 are shown in Plates 8-13, respectively. Note that these transects are not all shown

at the same scale. All figures are shown with no vertical exaggeration (V:H = 1:1).

Each retro-deformation stage (from R1 to R8) reconstructs the restored geometry of a given horizon

after: (1) decompaction of the overlying units (starting with decompaction of the Quaternary

sediments from sea bottom to top Pliocene); (2) removal of fault separation (and/or folding) across

the horizon; and, (3) restoration to the paleo-depth of deposition. The process is iterated for each

unit bounded by the mapped horizons. Thus, each restoration stage reconstructs (in a time backward

sequence) the geometry and thickness of units (sediment back-stripping) and the sequence of

displacement accumulation on faults (fault displacement back-stripping). This reconstruction

provides the progressive fault displacement kinematics (for vertical components of displacement in

the plane of the section) from present-day (stage R0) to the post syn-rift stages (decompaction of the

Paleocene units above the top Cretaceous horizon in stage R8). If the back-stripping of fault

displacement removes all separation along an individual fault, the fault is not shown in the other

(older) stages. Thus, restoration also provides an estimate of age of faulting.

The intermediate stages between decompaction and back-stripping of a given units and restoration of the

underlying horizon to its final paleo-bathymetric datum by removal of faulting and folding are generally not

shown in Plates 8-13 (with the exception of the stage R1b in Plates 8-12, stage R5a in Plate 11 and stage R3a

in Plate 12). All intermediate stages are recorded in the enclosed digital files (Digital Enclosure) and described

in Appendix 1.

In Plates 8-13 the interval top Moki to base Turi is marked with a colour shade, to highlight the

position and progressive displacement of these shale-rich, impermeable units consequent to

deformation.
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The deformation mechanisms used for restoration include: (1) rigid translation and rotation; (2)

oblique simple shear (with shear direction for the CEF imposed by the antithetic fault splays) (3)

trishear for fault propagation folds above fault tips (both normal and reverse); (4) flexural slip

unfolding. A detailed log of the procedures used for restoration is provided in Appendix 1.

The comparative geometry and the interpretations resulting from restoration of the six cross sections

are provided in the following tables.

Table I LATE CRETACEOUS SYN-RIFT GEOMETRY AND FAULT INHERITANCE

Transect T01 The only fault with proven syn-rift inheritance is SR2, dipping 63°E, with vertical
displacement of top basement of c. 1135 m. The fault tip does not offset the top
Paleocene, but there is an increase in thickness of the Paleocene units in the fault
hangingwall. No evidence for the presence of the CEF as an already established fault
cutting the top basement during syn-rift.

Transect T02 The only fault with proven syn-rift inheritance is SR2, dipping ≤50° E, with vertical
separation of top basement of c. 720 m. The fault tip does not offset the top Paleocene
and there is no evidence for fault activity at later stages. No evidence for the presence
of the CEF as an already established fault cutting the top basement during syn-rift.

Transect T03 The restored geometry of the syn-rift shows a more complex setting than in T01 and
T02, with conjugate faults dipping 50°-70° E and W, bounding a graben with
cumulative vertical separation of top basement of c. 1850 m, and infilled with a thick
(up to 2.5 km) syn-rift sequence. The syn-rift sequence thins to the west and is not
traced in the hangingwall of the CEF in the original interpretation. Restoration
suggests a likely presence of a localised depocentre in the hangingwall of CEF, which
thus may have existed as a fault cutting the top basement during the syn-rift stages.

Transect T04 The reconstructed syn-rift geometry shows a 33.5 km wide graben bounded to the
west by the CEF, dipping 44° E and to the east by INF1, dipping c. 50° W. Vertical
separation of top basement on the CEF is c. 500 m, and 270 m on INF1. Maximum
thickness of syn-rift units is c. 1800 m. The presence of syn-rift deposits in the
footwall of INF1 suggests that INF1 is not a basin-bounding master fault. CEF appears
to be the master fault at the western boundary.

Transect T05 The syn-rift geometry is dominated by large displacement on the CEF, dipping c. 50°
E, with total vertical separation in top basement of c. 3250 m. INF is a conjugate fault,
dipping c. 50° E, but with a reconstructed geometry of top basement that does not
imply relevant displacement on this fault. This reconstruction shows clearly (as in
T04) that INF is not a basin-bounding master fault, whereas CEF appears to be the
master fault at the western boundary.

Transect 06 Stable rift shoulder west of the CEF master fault.
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Table II MID TO LATE MIOCENE SHORTENING AND COMPRESSIONAL INVERSION

Transect T01 No evidence for relevant components of shortening in this transect, except for mild
post Moki folding localized above SR2, with reversal of the normal component in the
top syn-rift and mild folding in the overlying cover sequence.

Transect T02 Minor shortening in the interval post top Taimana post top Moki, west of SR2, with
asymmetric folding in a panel that will become the hangingwall of the future CEF.
This setting suggests that CEF started propagating post Top Moki in this transect.

Transect T03 Likely reactivation in compressional inversion of the syn-rift inherited CEF in the
interval post top Taimana pre top Moki. The largest reverse separation reconstructed
during restoration is of c. 400 m on base Turi and top Eocene, with an asymmetric
fault-propagation fold in top Taimana, controlling a change in thickness of Taimana
from 350 m in the hangingwall (east) to > 600 in footwall (west). Note that this
thickening has opposite polarity to the thickening in the CEF hangingwall (east) in the
underlying units. Reverse separation diminishes for top Paleocene (c. 300 m) and is
nil at top basement. This variation can be explained by closure of pre-existing normal
separation in the syn-rift.

Transect T04 Reactivation in compressional inversion of the syn-rift inherited CEF in the interval
post top Taimana to post top Moki. The largest reverse separation reconstructed
during restoration is of c. 400-500 m for top Eocene, base Turi and top Paleocene.
Top Cretaceous has a reverse component above top Paleocene, whereas separation
is nihil on top basement. Along the INF1 compressional inversion can be dated to the
interval post top Taimana pre top Moki, with vertical component of the reverse
separation of c. 100-200 m for the top basement and the syn-rift units and
development of a fault propagation fold in the post rift units.

Transect T05 Reactivation in compressional inversion of the syn-rift inherited INF1 in the interval
post Taimana pre top Moki, and of the syn-rift inherited CEF in the interval post top
Moki to post top Sw, i.e. younger to the west. Along the CEF compressional inversion
is marked by a significant change in thickness of units between top Moki and base
Pliocene in the CEF hangingwall relative to the footwall. This is the youngest stage of
compressional inversion on the CEF in the study area. Thus, restorations give support
to a younger age of compressional inversion from transect T03 to T05 (i.e. from north
to south), and also from east to west, at least in this transect. Vertical components
of reverse separation along the CEF are of the order of 300 m for top Sw and
underlying beds. Separation remains normal on top basement given the small
amount of reconstructed reverse movement in relation to the syn-rift displacement .
For the INF1 reverse separation is of c. 200-300 m, from top Taimana to top
basement, in agreement with a small normal separation on top basement during syn-
rift.

Transect T06 No evidence of significant contraction along longitudinal direction.
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Table III PLIOCENE TO PRESENT-DAY EXTENSION

Transect T01 Faults belonging to the CEF system appear to grow and propagate up-section post top Sw,

with a major stage of development from post Sw to post base Pliocene. No offset of top

Pliocene. There is not a clearly identified master fault. Components of westward rotation of

tilted blocks detached above low competence package B (shaded) may be related to igneous

intrusions and volcanic edfices.

Transect T02 There is a clear change in fault geometry relative to T01, with a well-established CEF master

fault, and associated set of hangingwall antithetic fault splays, that were not present in T01 .

Restorations suggest initial growth and propagation of CEF during deposition of the Sw units,

possibly after accrual of small components of vertical reverse separation (<100 m) that was

annihilated by the superposed normal movement after deposition of top Sw.

Formation of antithetic splays was synchronous with the accumulation of vertical displacement

on base Pliocene along the CEF and the sub-parallel footwall fault CEF-fw1. In the hangingwall

of the CEF all beds are rotated and tilted to the east; this rotation is likely imposed by

movement on the antithetic splays. In the present-day geo-seismic transect (Plate 2) rotation

is traced by the counter-tilting of the W-prograding clinoforms within the Pliocene units,

downlapping above the base Pliocene. Clinoforms are back-tilted to the east in the CEF

hangingwall, but the amount of rotation diminishes upsection for the clinoforms immediately

beneath the top Pliocene. This geometry suggests that the largest component of vertical

displacement on the CEF occurred in the latest Pliocene. Finite cumulative horizontal extension

on base Pliocene is higher (c. 1.5 km) relative to top Taimana (c. 400 m) and top Paleocene

(c. 300 m).

Transect T03 Displacement was accommodated on the CEF master fault and on several antithetic splays that

propagate down to the basement. Restorations suggest the change in fault movement from

reverse to normal during deposition of Moki, with annihilation of the previously accrued reverse

separation completed after deposition of top Moki. Development of most antithetic splays was

synchronous with the accumulation of vertical displacement on base Pliocene on the CEF. In

the hangingwall of the CEF units from top Sw to top Paleocene are rotated c. 10° E, base

Pliocene is rotated c. 5° E and top Pliocene c. 3° E. In the present-day geo-seismic transect

(Plate 3), the most recent rotations are traced by the counter-tilting of the W-prograding

clinoforms that can be traced within the Pliocene units, downlapping above the base Pliocene.

Clinoforms are back-tilted to the east in the CEF hangingwall, but the amount of rotation

diminishes upsection for the clinoforms beneath the top Pliocene. This geometry suggests

that the largest component of vertical displacement on CEF occurred in the late Pliocene.

Finite cumulative horizontal extension on base Pliocene and top Taimana is c. 2 km and c. 1.3

on top Paleocene, i.e. higher than in T02. The lesser components of extension on Top Taimana

on the CEF master fault are balanced by larger components on the antithetic splays.
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Transect T04 Antithetic fault splays in the hangingwall of the CEF are less numerous than in T02 and T03,

though net vertical separation on the CEF is larger. Restorations suggest the change in fault

movement from reverse to normal during deposition of Sw, with annihilation of the previously

accrued reverse separation completed after deposition of top Sw. Formation of most antithetic

splays was synchronous with the accumulation of vertical displacement on base Pliocene on

the CEF. Rotation of beds in the fault hangingwall is negligible (except for the c. 3° W dip of

Top Taimana and top Eocene), thus being much less pronounced than in T03. This difference

is well evident in the negligible rotation of the intra-Pliocene, W-dipping clinoforms

downlapping above the base Pliocene. The largest component of vertical displacement is post

base Pliocene and appears to be marked in the present geo-seismic section by an intra (mid?)

Pliocene depocentre. Finite cumulative horizontal extension on base Pliocene is c. 1.8 km, c.

3 km on top Taimana and c. 2.4 km on top Paleocene. The larger extension measured on top

Taimana is caused by the same amount of vertical separation on a fault segment with lower

dip angle.

Transect T05 The geometry of faulted beds in the hangingwall of the CEF is distinctly different than in the

other transects, with no tilting in the top Paleocene-top Taimana units, east-tilting <10° in top

Moki and top Sw and pronounced westward “rollover” rotation (c. 15°) of the base Pliocene

towards the CEF. Restorations suggest the change in fault movement from reverse to normal

during deposition of the Pliocene units, and show that the discordant tilting of beds in the CEF

hangingwall marks the transition from reverse drag to normal drag at the shifting from reverse

to normal movements. In the present-day transect (Plate 5) all the intra-Pliocene clinoforms

show the same rollover tilting of the base Pliocene, but amount of tilting diminishes upward

in the late Pliocene. This geometry suggests that the largest components of normal separation

were accrued in the mid to late Pliocene. Formation of most antithetic splays was synchronous

with the accumulation of displacement on base Pliocene on the CEF. Finite cumulative

horizontal extension on the base Pliocene is c. 0.8 km, c. 1.3 km on top Taimana and c. 1 km

on top Paleocene. The larger extension on top Taimana is largely consequent to the lower

fault dip angle.

Transect T06 The principal tectonic movement recorded along longitudinal direction is post Sw to post base

Pliocene NE-directed tilting, with a rotation axis between transects T04 and T03. This event

is synchronous with the accumulation of the largest components of vertical displacement on

the extensionally reactivated CEF.
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7. DISPLACEMENT ACCUMULATION ON THE CAPE EGMONT FAULT AND VERTICAL MOBILITY OF THE

HANGINGWALLAND FOOTWALL BLOCKS RECONSTRUCTED FROM DECOMPACTION AND RESTORATION

7.1 Vertical mobility of hangingwall and footwall blocks measured for sequential stages of decompaction
in transects T01-T05

The stages of progressive restoration and decompaction allow reconstruction of the history of vertical

mobility in the hangingwall and footwall block of the CEF, during a time interval from 55 M.Y. (top

Paleocene) to the Present. Plates 14-18 show the relative change in vertical elevation of selected markers

horizons (top basement, base Turi, top Sw, base Pliocene) measured at the position of their hangingwall

and footwall cutoffs along the CEF, for transects T01 to T05.

For each restoration stage the elevation of the hangingwall and footwall cutoffs across the CEF has been

measured on a given horizon after decompaction of the overlying unit. This removes eventual effects of

displacement decrease caused by subsequent compaction by sediment burial. However, these effects

change with depth and time, as a function of the age of fault movement in relation to deposition and burial

of units. The variations caused by compaction are estimated to be of the order of 20% on average (Taylor

et al., 2008); thus they can be significant during the accrual of displacement on the Pliocene units, but

generally minor in the other cases.

In Plates 14-18 the elevation of the hangingwall and footwall cutoffs for base Pliocene, top Sw, base Turi

and top basement have been measured across the CEF in the present-day geometry (stage 0 in the

horizontal axis of the diagram) and for stages R1 to R8 of the restoration (note that measures along the CEF

are only possible for stages 0 to R3 and 0 to R4 in transects T01 and T02, respectively).

It is important to note that the absolute values of elevation of the hangingwall and footwall cutoffs have

uncertainties of several tens of metres, given that in many restorations there is a gap along the CEF fault

surface, and considering the uncertainties in the restoration and decompaction parameters.
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For the sake of clarity, the elevation of the hangingwall and footwall cutoffs for each displaced horizon in

the transects has been plotted in two separate, paired diagrams in Plates 14-18. The throw variations are

directly compared in Plates 19 (see discussion in section 7.2). Different kinematics are identified by symbols

differentiating normal separation (hangingwall cutoff deeper than footwall cutoff), reverse separation

(hangingwall cutoff shallower than footwall cutoff) and null separation (no displacement of the horizon).

Measurements relative to transects T01 and T02 show that the propagation of the CEF in these transects is

post top Sw. In transects T03, T04 and T05 the CEF is present since the syn-rift stages, with subsequent

superposition of shortening and re-activation in extension over time.

A number of important trends are shown by the displacement measurements.

For transects T03 to T05 (which record the longest history of displacement on the CEF) the elevation

gradients of the hangingwall and footwall blocks for the older stages are generally similar, and reflect the

effects of regional, passive margin subsidence superposed onto components of vertical separation that

were acquired during the syn-rift stages (no components of separation measured for base Turi).

With the exception of transect T05, the components of regional subsidence are not inverted by

compressional reactivation on the CEF, resulting in acquisition of reverse components measured at stage

R4 for transect T03, R5 to R4 for transect T04 and R2 for transect T05.

A relevant change in the elevation of both the hangingwall and footwall blocks occurred between stages R3

and R2 (i.e. between restoration of base Pliocene and restoration of top Sw), and observed for transects

T02 to T05. This change is indicated by relative uplift, followed by subsidence post R2. Note that: (1) both

the hangingwall and footwall blocks show similar behavior; and, (2) net reverse displacement on the CEF

(i.e.uplift of the hangingwall relative to the footwall) occurred before stage R3 in transects T03 and T04 and

was immediately followed by normal displacement. Thus it is unlikely that the relative uplift detected

between stages R3 and R2 in transects T02 to T05 is related to activity of the CEF. The change in movement

polarity between stages R3 and R2 is substantially imposed by the shallowing up of inferred depositional

paleo-bathymetry from top Sw (depositional depth c. -1200 m) to base Pliocene (depositional depth c. -100
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m), i.e. a change in depth that cannot be recovered by decompaction and requires a vertical shift upwards

in the restorations. The paleo-bathymetric differences appear to be of a magnitude larger than possible

uncertainties in the estimates, but a complete assessment of the validity of the reconstruction would

require a regional assessment of conterminous regions. A tentative explanation (requiring validation by

further analysis) is that the small magnitude of compressional inversion of the CEF was unable to alter basin-

scale trends, and that the components of uplift detected for both hangingwall and footwall blocks between

stages R3 and R2 reflect regional dynamic processes which are not chronologically synchronous with

movements on the CEF.

Post R2, the displacement gradient measured for transects T02 to T05 is higher in the hangingwall block

than in the footwall block, and records localised, fast accumulation of normal displacement along the

southern segments of the CEF.

7.2 Along-strike variations of vertical separation (throw) along the CEF

Plate 19 shows the components of vertical separation between hangingwall cutoff andfootwall cutoff along

the CEF, measured for transects T01 to T05 (i.e. from north to south) for top basement, base Turi, top Sw

and base Pliocene, that provide significant markers of progressive displacement. The diagrams in Plate 19

A, B, C and D show the progressive accumulation of displacement on the horizons for restoration stages R3

(top Sw restored), R2 (base Pliocene restored), R1 (top Pliocene restored) and Present. For this reason stage

R3 (Plate 19 A) has no displacement on Sw, and stage R2 (Plate 19B) no displacement on base Pliocene.

Note also that there is no measurement along T01 in stage R3 because the CEF was not present in this

transect at that time. The position of transects in the horizontal axis is spaced according to their distance.

As already mentioned, the absolute values of elevation of the hangingwall and footwall cutoffs have

uncertainties of several tens of metres. Given the significant spacing between transects, Plate 19 provides

simplified Allan diagrams for the CEF, which capture the compressional inversion of stage R3 (with reverse

separation of base Turi in T05) and the rapid accumulation of vertical separation between stages R2 and R1

(as discussed for Plates 14-18).
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In terms of along-strike variations of displacement, Plate 19 clearly illustrates the different deformation

between transects T01-T02 and T04-T05, with T03 transitional between the two groups. This different

geometry can be identified in the stage R3 of compressional inversion, and is especially evident in the much

larger throw in T04 and T05 relative to T01 and T02 in stage R1 and in the magnitude of present-day

displacement.

The normal separation of T4 is larger than that of T5 at base Turi and top Sw and this difference can be

partly attributed to the fact that compressional inversion along T5 was of greater magnitude. Thus, the

amount of previously acquired reverse throw has to be subtracted from the normal separation accrued in

stages R2 to R1.

8. PRINCIPAL RESULTS OF THIS STUDY

The progressive 2 D restoration with decompaction and back-stripping for five transverse transects across

the Cape Egmont Fault (CEF) and one longitudinal transect in its footwall addresses and elucidates the

following issues:

(1) Geometric feasibility of the proposed interpretation of seismic data along geo-seismic, depth

converted transect.

(2) Definition of the structural setting of the CEF in terms of fault propagation, accumulation of

displacement and kinematics during a complex sequence of basin-wide regional events (Late

Cretaceous extension, passive margin subsidence, Miocene shortening and renewal of extension

in the Plio-Pleistocene).

(3) Definition of structural variations of the CEF and associated fault splays, and deformations in the

hangingwall block.

(4) Definition of the variation in vertical mobility through time of the hangingwall and footwall blocks

of the CEF and of the along-strike variations in geometry, kinematics and finite deformation along

the CEF.
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(5) Preliminary assessment of the displacement history of units with contrasting permeability across

the CEF.

The results of these analyses are robust, within the obvious limitations of a 2D approach in a region of

complex structural evolution in space and time. Note also that the resolution and quality of the seismic

data is often inadequate to constrain the geometry of the horizons in the immediate hangingwall of the

fault, and that the E-W orientation of the 2D seismic lines used for integrating the spatial coverage of the

3D survey is not adequate to capture the totality of movement in the direction of tectonic transport

(inferred to be at 90° from the strike of the CEF, i.e. c. WNW-ESE).

The principal results and interpretations of this study are listed below.

8.1 Geometric admissibility of the proposed interpretation

For this project, the assemblage of seismic data from the 3D and 2D surveys (tied to wells Maui-2, Maui-3

and Ruru-1A), the interpretation of the position of markers horizons in relation to the major faults, and the

depth conversions needed for the construction of geological transects that preserve the real dip of

horizons and faults and the true thickness of units have been provided by S. Greaves.

The geo-seismic sections assembled for this study and depicting the present-day deformation within the

study area are shown in Plates 1-6 for transects T01-T06. In order to analyse the deformation history of

the CEF in the regional setting it has been decided to extend T04 and T05 farther east, though the available

surveys require the assemblage of dog-legged transects which are not ideal for restoration.

The geometry depicted by the geo-seismic transects clearly shows a strong variation in structural style

from north (T01) to south (T05), especially for what concerns: (1) dip angle of the CEF master fault; (2)

geometry and number of the hangingwall fault splays; (3) geometry of beds in the CEF hangingwall panel,

with discordant dip direction of units within the same transect and different styles of rotation of units away
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from the fault or into the fault in different transects; (4) amount of finite displacement on the CEF and

associated fault splays. Notably, there is not a clearly developed master fault belonging to the CEF in

transect T01.

This setting is indicative of a strongly inhomogeneous tectonic style along different segments of the CEF,

which may result from a combination of factors (e.g. tectonic imprint from early deformation phases,

lateral propagation of fault tips during growth of the CEF, presence of detachment horizons with transport

away from the plane of the section, strike-slip components along and across the CEF).

However, it could be argued that some of the least constrained interpretations of seismic data do not

correctly depict the geometry of deformation. In order to test whether the proposed interpretation of the

seismic data is geometrically permissible, a balancing test has been performed for transects T01-T05 (Plate

7). Given that the transects do not extend in between two stable margins a complete balance cannot be

expected, but strong differences in linear length of the horizons would signal interpretive problems. The

results of the balancing test are good, and validate the interpretation as geometrically permissible.

However, it is clear that though linear balancing of units between top Paleocene and top Taimana is rather

good, top Moki and Top Sw are generally the shortest horizons, and base Pliocene and top Pliocene

generally the longest. These differences are small and do not require significant changes in the

interpretations. In fact, these length differences may result from the history of progressive deformation,

with extension of the lower units in the latest phases unable to entirely recover previously accumulated

components of shortening, and/or the presence of layer-parallel detachments. However, variations are

not systematic within each transect and these issues are addressed by the progressive restoration

workflow, rather than by the balancing test.
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8.2 Deformation history of the CEF

Iterative retro-deformations, with decompaction and back-stripping from the present-day to the end of

the Late Cretaceous rifting provide a reconstruction of the geometry of units in relation to their bounding

faults, and sequentially remove the progressive accumulation of displacement on faults according to their

kinematics (only normal or reverse components of vertical separation are accounted for in the 2D

transects).

Thus, the restoration workflow (performed with Midland Valley’s MOVE v. 2013) reconstructs the

variations in depositional thickness, shortening/extension of units, the age of fault inception and the

progressive accumulation of fault displacement through time.

The most significant stages of progressive restoration for transects T01-T06 are shown in Plates 8-13, and

synthetically compared in Tables I, II and III. The full iterative workflow (inclusive of decompaction with

back-stripping, progressive removal of deformation caused by faulting and folding, and restoration to the

paleo-depositional depth for each horizon) is provided in the Digital Enclosure (in *mve format, readable

with the free software Move Viewer, http://www.mve.com) and is described in Appendix 1.

The restorations of transects T01 to T06 are able to reproduce and validate the history of progressive

deformation regionally known for the Taranaki Basin, with: (1) Late Cretaceous rifting, (2) Miocene

shortening, and (3) Pliocene and Quaternary extension. However, it is important to note that the

deformation history recorded by different segments of the CEF shows local complexities which reflect the

geometry of the inherited syn-rift faults, the diachronous sequence of events from north to south (and

possibly from east to west), and the interaction between local movements of the hangingwall and footwall

blocks of the CEF and the far-field mobility of the Taranaki basin imposed by lithospheric driving forces.
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The most significant results of the restorations for transects T01 to T06 are summarised in Plate 20, and

listed below:

(1) The inherited, syn-rift CEF is clearly documented in the southern transects T05 and T04, inferred

for transect T03, and not documented for the northernmost transects T02 and T01. Proof of

inheritance is the presence of Late Cretaceous syn-rift deposits in the hangingwall of the CEF

master fault. This setting suggests a deflection to the ESE of the principal master fault bounding

the syn-rift basin at the latitude of transect T04 (probably associated with en échelon stepping of

the syn-rift faults, and propagation of transfer faults linking different fault segments). In this

interpretation the northern segments of the CEF in transects T02 and T01 started their

development at a later stage, possibly by upward propagation of intra-basement faults that did

not propagate to the surface during the syn-rift stages. An important implication of this setting is

that in transects T05, T04 and T03 the syn-rift inheritance imposes a sharp mechanical

discontinuity between the hangingwall block of CEF (hosting thick sequences of syn-rift sediments)

and the rigid basement buttress of its footwall. In contrast, in transects T01 and T02 propagation

of CEF occurred within a more homogeneous basement block blanketed by post rift sequences.

(2) Evidence for localised shortening is absent to minor for transects T01 and T02, but shortening with

compressional reactivation of CEF is documented for transects T03, T04 and T05. Obviously, there

was no possibility of reactivating the CEF in compression in transects T01 and T02, given that there

was no syn-rift CEF in those transects. The presence of mechanical buttressing of basement

juxtaposed against mechanically weaker sediments may play a key role in localising shortening

along the CEF rather than distributing shortening all across the basin. Similar behaviour can be

seen for the other inherited syn-rift normal fault (e.g. W-dipping INF1) present in transects T04 and

T05. Thus, the absence of inherited mechanical discontinuities in T01 and T02 results in minor and

distributed shortening within the units, at least in the relatively short distance covered by the

transects. It is important to note that the inception of reverse movements on the compressionally

reactivated CEF is post top Taimana (i.e. mid Miocene) for transects T03 and T04 and post top Moki

(mid-late Miocene) for transects T05 (Plate 20). Age of compressional reactivation of INF1 is post

top Taimana-pre top Moki in transect T05, and possibly T04. This implies: (i) age of inversion in the
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transects is mid to late Miocene and thus older than the late Miocene shortening phase regionally

defined in large regions of the Taranaki Basin, and (ii) compressional inversion appears to be

younger from north to south and from east to west. Migration of shortening from east to west

during the compressional phases can be reconciled with models of shortening migration towards

the foreland, represented by the regions of the western platform. The geometry of the

compressionally inverted CEF reconstructed for transects T04 and T05 in restoration stages R5 to

R3 is similar to the geometry of compressional inversion preserved on INF1, and can also be

compared to the geometry of other compressionally inverted structure like those preserved at

Kupe (Fig. 14), Kapuni and in the Tarata thrust belt. In the case of the CEF the most significant

difference is that the structures created by compressional inversion were obliterated by the

superposed stages of intense Plio-Pleistocene extension, and therefore the typical indicators of

inversion (e.g. harpoon folds, fault propagation folding, decrease in reverse displacement with

depth) are largely undetectable. In contrast, these indicators are still preserved along those faults

(e.g. INF1) that have not experienced late extension. However, the reconstruction shows that a

significant marker of mid-late Miocene shortening is the thickness decrease from the hangingwall

to the footwall block within Taimana in transect T03 and between top Moki and base Pliocene in

transect T05. These variations are opposite to the general increase of unit thickness in the

hangingwall block relative to the footwall block during the extensional phases. Another strong

indicator is the E-tilting of units in the hangingwall block during compressional inversion (see

transects T04 and T05), which becomes counter-tilted to the west by subsequent superposition of

normal faulting in T05, resulting in the discordant geometry of horizons dip direction in the CEF

hangingwall.
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Figure 14. Regional geo-seismic transect (reproduced from Crown Mineral, Block Offer 2012
Datapack, http://www.nzpam.govt.nz), contrasting the structural setting in the hangingwall of the
CEF (SE of Maui-B) with the structure of compressional inversion preserved at Kupe. Note the
development of fault-propagation folding in the Miocene units (orange) above the inherited syn-rift
fault reactivated as a reverse fault. This geometry is very similar to what reconstructed for the CEF in
transects T04 and T05 for restoration stages R5 to R3.

(3) The final stages of deformation involve normal faulting and extension, recorded by propagation of

newly-formed segments of the CEF in transects T01 and T02, extensional (negative) reactivation

of the reverse CEF in transects T03, T04 and T05, and a marked NE-directed component of tilting

in the longitudinal transect T06. The shift from shortening to renewed extension along the CEF

occurred in a time interval from post top Moki to base Pliocene, and appears to become younger

from transect T03 to transect T05 (Plate 20). The younger age of the transition from compression

to extension from north to south recorded for transects T03 to T05 is in broad agreement with the

mechanisms of clockwise rotation relative to the stable western platform, as originally suggested

by King and Thrasher (1996) and recently corroborated by Giba et al. (2010). Propagation of the

newly-generated segments of the CEF in transects T01 and T02 appears to have started in mid

Miocene, but it is difficult to establish whether the initial propagation was actually triggered by
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shortening, because of the relatively minor components of deformation. Restorations show the

increase in deformation intensity during the Pliocene, with the largest accumulation of normal

displacement on the CEF in the mid to late Pliocene (especially evident for T03, T04 and T05). This

is in agreement with previous studies, which date the increase in extension rates since 3.7 M.Y.

(Nicol et al., 2005). The strongest evidence of a late Pliocene stage of faulting is provided by the

geometry of intra-Pliocene clinoforms traced in the geo-seismic transects (Plates 1-5). The

interpretation of mildly W-dipping intra-Pliocene horizons as clinoforms is corroborated by their

down-lapping geometry above the base Pliocene and by the topset geometry of the top Pliocene

in the eastern parts of the transects, i.e. away from the CEF. Thepresence of clinoforms prograding

towards a Pliocene depocentre in the hangingwall of CEF is indicative of syn-sedimentary growth

faulting with a net change in depositional depth from east to west driven by hangingwall

subsidence increasing towards the CEF. However, the geometry of the hangingwall beds in

transects T03, T04 and T05 shows that the original clinoforms are back-tilted in the immediate

hangingwall of CEF, with the amount of tilting diminishing for the uppermost Pliocene units, with

development of a local hangingwall unconformity. This setting implies initial slow rates movement

of hangingwall subsidence, followed by a rapid late-stage faulting coeval with formation of most

antithetic splays, resulting in back-tilting of the prograding clinoforms, and of their bounding

horizons (base and top Pliocene).

The deformation historyrecorded by theCEF is complex. Many availablestudies focus oncompressional

(positive inversion) of extensional faults or extensional (negative) inversion of compressional faults (e.g.

Buchanan & McClay, 1991; Chadwick & Smith, 1988; Tavarnelli, 1999), but the author has not found any

study specifically addressing the complete cycle of deformation recorded for the CEF.

Persistent reactivation within the same fault zone during different deformation phases (characterised by

changes in tectonic regimes and associated syn-kinematic rotations) suggests mechanical weakness of

the CEF, which could be caused by clay-rich gouge zones, fluid overpressures and/or juxtaposition of low-

competence units in the hangingwall against a more rigid buttress block in the footwall. The present

study does not address these isssues, but it is important to note that the presence of thick belts of

cataclastic fault zones is suggested by the impossibility of maintaining continuity of the hangingwall and
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footwall blocks of the CEF during many stages of restoration. These space problems require the

development of cataclastic flow in brecciated fault rocks and gouges within the fault zone, and may affect

the across-fault circulation of fluids.

8.3 Geometry of the CEF and associated fault splays and deformation of the hangingwall block

The deformation history constrained by the progressive restorations sheds some light on a number of

peculiar geometric characteristic of the CEF:

(1) The orientation deflection of the CEF in its central segment may reflect the junction between a

southern, syn-rift inherited well-developed fault zone, and a northern fault segment that propagated

in later stages at the eastern boundary of the western platform, possibly by reactivation of deep-

seated basement faults that did not accumulate large components of displacement during the syn-

rift phases

(2) The shallower fault dip angle (≤ 30°) which characterize segments of the CEF master fault at depths of 

c. 4-5 km contrasts with the generally higher dips (c. 60°) of the fault in the near surface. This change

appears to be correlated to the position of the basement fault cutoff in the fault footwall. Given that

the footwall block is more stable than the hangingwall block, this cutoff approximatively marks the

position of the fault tip at the end of the syn-rift stages. Thus, the dip changes may be interpreted as

reflecting the upward growth of the fault tip during the subsequent stages of fault propagation in a

reverse regime, followed by fault propagation within the Pliocene sequence in the renewed normal

regime.

(3) The number, spacing, dip angle, down-section penetration and displacement of the antithetic splays

in the hangingwall of the CEF change substantially from transect T02 to transect T05 (no antithetic

splays are present in the immediate hanging wall of the CEF in T01). All restorations suggest that the

antithetic fault splays formed during the late stages of Pliocene down-faulting, and that movements
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on the W-dipping secondary faults accommodated components of rotation of the hangingwall block.

However, each transect displays a rather distinct rotation pattern relative to the others, with: (i) E-

tilting of all units in transect T02; (ii) E-tilting decreasing from the lower to the upper units in Transect

T03; (iii) sub-horizontal attitude of all beds beneath top Sw and gentle, upward decreasing W-tilting

of intra-Pliocene clinoforms in transect T04; and, (iv) E-tilting of the lowest units, followed by sub-

horizontal attitude of the top Taimana-topSw units and pronounced, rollover W-tilting of the Pliocene

clinoforms, decreasing upwards to top Pliocene in Transect T05. The contrasts between bed tilting

are also associated with differences in the geometry of the antithetic fault splays, but not in their age

of development. In many available studies (e.g. White et al., 1986; Withjiack et al., 1995) rotation of

beds in the fault hangingwall are modeled in terms of geometry of the fault plane and its progressive

rooting into detachment horizons (listric fault). However, none of these models can be applied to the

CEF, because there are no relevant differences in the fault dip angle that can explain the distinct

rotation patterns in the transects. Also, the tilting pattern (except for the rollover rotation in the

Pliocene units) is not what expected for listric geometries, and beds in the fault hangingwall from the

deepest to the shallowest units display discordant attitudes. The only possible explanation is that the

reconstructed geometry of hangingwall rotation consequent to compressional inversion was

followed by counter rotation during the superposed extensional phases. Thus, variations between

transects reflect the differences in the intensity of Miocene compressional inversion and Pliocene to

Quaternary extensional down-faulting between the transects, as already discussed in section 8.2.

8.4 Vertical mobility of the hangingwall and footwall blocks of the CEF and along-strike variations in

throw along the CEF

A corollary of the restoration workflow is the possibility of quantifying the progressive accumulation of

vertical displacement (throw) on the CEF, traced by the elevation of hangingwall and footwall cutoffs of

individual horizons through time. The measurements (Plates 14-18) refer to selected, representative key

markers (top basement, base Turi, top Sw, base Pliocene) that record the history of displacement on the

CEF along transects T05 to T05. Cutoff measurements were made for each stage of decompaction of the
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back-stripped units, thus removing the potential effects of displacement loss consequent to volumetric

compaction (Taylor et al., 2008). The most significant results of these meaurements are:

(1) Vertical displacement of the hangingwall and footwall block are generally similar, but diverge in

the youngest stages (from displacement of base Pliocene to present-day), as a consequence of

increasing rates of downfaulting in the hangingwall block.

(2) Both footwall and hangingwall blocks record a long-term history of post-rift passive margin

subsidence, with no displacement accrued on the CEF, except for what was acquired during the

syn-rift stages. This setting was interrupted by the re-activation of CEF with reverse movements

(in transects T03 to T05), but the amount of reverse displacement was generally low and unable

to alter the basin-scale subsidence pattern. With the exception of transect T05, reverse

reactivation of the CEF occurred prior to a short-lived pulse of uplift in the late Miocene (between

stages R2 and R3), recorded by both the hangingwall and footwall blocks. Uplift is dictated by the

relevant shallowing in deposition depth from top Sw (-1200 m) to base Pliocene (-100 m), and can

be ascribed to regional dynamics. It is unclear whether uplift younger than the earlier localisation

of compressional reactivation detected for the CEF results from a delayed basin-scale response to

shortening, and whether early localisation of compressional inversion on the southern segments

of the CEF was triggered by the buttressing effects of the western platform. In the latest stages of

normal reactivation of the CEF the high rates of extensional downfaulting result in larger gradients

of hangingwall subsidence relative to the footwall in transects T03 to T05.

(3) Allan diagrams that measure the along strike variations in throw measured along the CEF from

transect T01 (north) to transect T05 (south) from present-day to mid Miocene (post top Sw) are

shown in Plate 19, and summarise: (1) geometric and kinematic differences in fault development

for transects T01 and T02 relative to transects T03,T04 and T05; (ii) variations in finite normal

displacement consequent to the late superposition of normal separation on the compressionally

reactivated CEF, especially evident for transects T05 relative to transect T04, and (iii) the sudden

increase (post base Pliocene) of hangingwall down-throw in transects T04 and T05. These

diagrams provide a clear image of the strong lateral dishomogeneity of the fault system resulting
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from its early syn-rift inheritance, lateral propagation of the fault tips with time, and varying

amount of movement accommodated by the master fault during the sequence of tectonic phases

from Miocene to present-day.

8.5 Juxtaposition of units with contrasting lithology and permeability along the CEF

The lithological variations within the sequence displaced by the CEF are summarized in Fig. 5. The

lithostratigraphy within the basin is characterized by an interval from base Turi to intra Moki dominated

by shales (package B), interposed between a lower package (package C, containing the Late Cretaceous

source rocks and the Maui F, D and C reservoirs) with dominant sandstones and an upper package

(package A) with mixed sands/shale lithology. These lithological variations impart a strong mechanical

and permeability layering dominated by the low competence-low permeability units of package B

(marked by colour shading in Plates 1-6 and 8-13). Some of the structures identified in the transects

appear to be detached within package B (e.g. detachment fold above SR2 in T01, antithetic fault splays

of the CEF in T02) and some of the inherited faults do not to propagate across it. This setting suggests

that deformation of low displacement structures is transferred within package B to ductile mechanisms

and layer-parallel movements. The possibility of package A being detached above package B out of the

plane of the transects during the Plio-Pleistocene phases of extension cannot be assessed in this 2D

study, but is hinted by the NE component of tilting of transect T06 coeval with these phases (Plate 20)

and by the gap along the CEF shown in the restorations (e.g. Plates 9, 10, 11, 12) in the youngest stages.

The area missing in the 2D reconstructions represents a volume of material that is lacking, and must be

transferred out of the section. The position of the gap in the immediate hangingwall of the CEF is

consistent with the presence of cataclastic fault rocks and gouges that may be redistributed along

undulations of the fault surface, especially considering the long history of reactivation of the CEF and the

possibility that the compressional and extensional segments of the fault do not have identical

trajectories.

The 2D restorations (Plates 8-13) do not specifically address the displacement variations of units with

contrasting permeability along the CEF, but provide a qualitative evaluation of the relative position and

displacement of package B in time. These reconstructions show that the seal of package B is continuous
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and largely unbreached during the Miocene compressional stages, but is severely faulted post base

Pliocene, of an amount that creates conditions for juxtaposition of permeable vs impermeable units

across the CEF. Thus, likelihood of fluid migration across and along the CEF increases in stages R2 and R1

of the restorations, but the role of local sealing provided by clayey fault gouges or increased permeability

controlled by high-porosity cataclastic rocks is unknown.

9. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The 2D restorations presented in this study validate the interpretation of seismic data, provide a

consistent and robust reconstruction of the progressive deformation history of the CEF in the

tectonic setting of the Taranaki Basin, and constrain the history of fault kinematics and

displacement accumulation.

The structural reconstructions generally corroborate the age, mechanisms and diachronous space

migration of tectonic events in the Taranaki Basin, but also suggest that there may be diachronous

time lapses between movement on individual structures (like the CEF) relative to basin-scale

regional events.

The goals identified at the start of this project have all been achieved, but the 2D reconstructions

reveal: (i) a marked complexity of the CEF fault system and associated structures both in space and

time; (ii) the possibility of components of movement out of the plane of the sections; and, (iii) strong

structural differences between the southern and northern segments of the CEF. The spacing and

discontinuous nature of analyses performed in 2D cannot entirely capture this complexity,

especially in the most critical area, located in the proximity of transect T03.

A 3D analysis of horizons and faults, with reconstruction of geometry, 3D restoration of movement,

and strain analyses in regions of interest for exploration is thus recommended.

Another issue that has not been covered in this study is the role and influence of volcanic edifice in

the structural evolution. The presence of volcanic edifices in the study area is only hinted in transect
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T01, but previous analyses of the Parihaka fault system (Ghisetti, 2013) have shown the strong

impact of volcano-tectonic effects on the vertical and lateral mobility within the basin.
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APPENDIX 1

NOTES ON RESTORATION PROCEDURES FOR TRANSECTS T01 TO T06

(the following notes refer to the stages enclosed in the MOVE digital files).
The symbol * denotes a restoration stage that is shown in Plates 8-13.

All decompaction has been performed using the Sclater&Christie (1980) function, with parameters f0 and c
defined in the text (section 5.3) and in Fig. 5.

Unless otherwise stated unfolding and restorations to paleo-bathymetry are performed by mechanisms of
flexural slip.
Removal of fault displacement has been tested with various mechanisms (e.g. fault-parallel flow, simple
shear, oblique shear, trishear). Unless otherwise stated the preferred mechanism is simple shear. For the
CEF the shear direction is chosen parallel to the antithetic fault splays.

TRANSECT T01

T01.
Present-day state of the transect

T01_R0_seabottom_D
Decompaction of Quaternary sediments

T01_R1a_top Pliocene_R*
No significant faulting needs to be removed from top Pliocene and the horizon is restored to its
paleogeographic depth of -50m after decompaction of the topmost units below sea bed.
Note that the restoration does not remove the unconformable relationships of top Pliocene above intra-
Pliocene marker beds in the hanging wall of SS8, implying that bed rotation is post base Pliocene and pre
top Pliocene.

T01_R1b_top Pliocene_D*
This stage illustrates the geometry of base Pliocene after decompaction of the Pliocene growth sequence.
It shows that the base Pliocene is well below its regional datum (-100 m), implying relevant components of
down-faulting, Note that vertical foundering connected to E-dipping faults increases from NW to SE, with
the largest foundering above the detached fold.

T01_R2a_base Pliocene_R1
Removal of faulting on base Pliocene This restoration closes all faults from 10 to 25 km (with the exception
of the syn-rift fault SR2). Note that the only remaining faults are CEF and CEF-fw1.
Movement of the base Pliocene in the CEF hanging wall is restored with mechanisms of simple shear, with
shear angle of 50° and vertical separation of 450 m.

T01_R2b_base Pliocene_R2*
Restores thebase Pliocene to its regional datum after restoration in flexural slip to paleo-depth of -100 m.
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T01_R2c_base Pliocene_D
Decompaction of base Pliocene. Note that top Sw restores close to its datum.

T01_R3a_top Sw_R1
Reconstruction of top Sw after removal of minor residual displacement on CEF and CEF-fw1 (simple shear
on CEF with 300 m of slip).

T01_R3b_top Sw_R2*
This stage shows reconstruction of top Sw restored in flexural slip to paleo-depth of -1200 m.
All faults have now disappeared, with the only exception of SR2. This implies a late propagation of new
normal faults belonging to the CEF system in the region of this northernmost transect.

T01_R3c_top Sw_D
Decompaction of top Sw. Top Moki is an elevation of c. -1500m, i.e. lower than the supposed regional
datum.

T01_R4a_top Moki_R*
This stage shows reconstruction of top Moki after unfolding (flexural slip) to its depositional datum of -1200
m. Localised folding of top Moki and underlying horizons can be connected to mild compressional inversion
above SR2. At this stage the reverse component on RS2 is restored in simple shear (shear angle 50°) with
separation of -700 m.

T01_R4b_top Moki_D
Decompaction of top Moki

T01_R5a_top Taimana_R*
This stage shows reconstruction of top Taimana after unfolding to its paleo-bathymetric depth of -800 m.
At this stage the reconstruction shows a rather undeformed post-rift geometry that is also shown in all the
other following stages.

T01_R5b_top Taimana_D
Decompaction of top Taimana.

T01_R6a_top Eocene_R*
This stage shows reconstruction of top Eocene after restoration to its paleo-bathymetry of -100 m.

T01_R6b_top Eocene_D
Decompaction of top Eocene.

T01_R7a_base Turi_R*
This stage shows reconstruction of base Turi after restoration to its paleo-bathymetry of -50 m.

T01_R7b_base Turi_D
Decompaction of base Turi

T01_R8a_top Paleocene_R*
This stage shows reconstruction of top Paleocene after restoration to its paleo-bathymetry of -10 m.
This reconstruction shows the post-rift geometry controlled by SR2.
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Note that at this stage the top basement is below sea level (~ -300 m), suggesting a tectonically driven post-
rift foundering that cannot be restored by structures present in this section.

TRANSECT T02

T02
Present-day state
T02_R0_seabottom_D
Decompaction of Quaternary

T02_R1a_top Pliocene_R*
In this stage top Pliocene is restored at its paleo-bathymetry (-50 m) after removal of minor components of
deflection and separation on the CEF and antithetic splays.
This stage reconstructs the maximum displacement on base Pliocene consequent on movements of the CEF.
Horizontal extension along the CEF is:
650 m on base Pliocene
404 m on top Taimana
293 m on top Paleocene
Cumulative extension on the antithetic splays of CEF is:
794 m on base Pliocene
(splays do not propagate into top Taimana and top Paleocene)

T02_R1b_top Pliocene_D*
This stage is obtained after decompaction of the Pliocene units and shows the depocentral geometry
created by faulting coeval with deposition of the Pliocene sequence. Note that the reconstruction shows a
space problem in the hanging wall of CEF, which requires a wide fault zone.

T02_R2a_base Pliocene_R1a
This stage shows the restoration of base Pliocene after removal of separation on the antithetic splays (by
translation and rotation of beds in domino style mechanism). Formation of the antithetic splays is clearly
related to movement of the CEF, and all fault splays propagated during this stage.

T02_R2a_base Pliocene_R1b
Removal of separation on the CEF in simple shear. After removal of separation of the faults the base Pliocene
is close to its regional.

T02_R2b_base Pliocene_R2*
Restoration of base Pliocene to its paleo-bathymetry of -100 m.

T02_R2c_base Pliocene_D
Decompaction of base Pliocene.

T02_R3a_top Sw_R1
Closure of vertical separation of top Sw on the CEF and its related footwall faults. Closure of separation of
Sw on the footwall faults removes all separation in the beds below. Geometry of bed separation along the
CEF at this stage is ambiguous. Top Moki suggests a geometry of normal drag and all horizons in the
hangingwall are slightly higher than in the footwall. The separation is well within the errors of the
reconstruction.
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T02_R3b_top Sw_R2*
This stage shows the restoration of top Sw to its paleo-bathymetry of -1200 m.

T02_R3c_top Sw_D
Decompaction of top Sw.

T02_R4a_top Moki_R*
This stage shows the geometry of top Moki after restoration to its paleo-bathymetry of -1200 m.
This reconstruction suggests a mild compressional inversion in the top Taimana and top Eocene horizons
which is more marked in the hanging wall of the future CEF (previous stage).

T02_R4b_top Moki_D*
Decompaction of top Moki.

T02_R5a_top Taimana_R*
This stage reconstructs the geometry of top Taimana after restoration to its paleo-bathymetry of -800 m.
The bed geometry above SR2 is reconstructed using mechanisms of trishear, with trishear angle of 150°,
propagation/slip ratio of 3 and slip of -300 m.
This reconstruction shows the setting at post rift stage with a general thickening of the sequences to the
ESE.

T02_R5b_top Taimana_D
Decompaction of top Taimana. After decompaction top Eocene is at c. -1100 m.

T02_R6a_top Eocene R*
This stage reconstructs the geometry of top Eocene and restoration to the paleo-bathymetry of -100 m. This
requires a vertical shift larger than the thickness of the Taimana units (c. 400 m). Deepening of the basin
from this stage to the previous one is likely to be driven regionally.

T02_R6b_top Eocene_D
Decompaction of top Eocene.

T02_R7a_base Turi R*
This stage reconstructs the geometry of base Turi after restoration to its paleo-bathymetry of -50 m.

T02_R7b_base Turi D
Decompaction of base Turi.

T02_R8a_top Paleocene_R*
This stage reconstructs the geometry of top Paleocene after restoration to its paleo-bathymetry of -10 m.
This stage shows the reconstruction of the post-rift geometry in this transect. Note that top basement in
SR2 footwall is a ~ 300 m b.s.l., requiring a vertical foundering probably imposed by rifting.

T02_R8b_top Paleocene_D
Decompaction of top Paleocene.
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TRANSECT T03

T03
Present-day state

T03_R0_seabottom_D
Decompaction of Quaternary units

T03_R1a_top Pliocene_R*
In this stage top Pliocene is restored to its paleo-bathymetry (-50 m) after removal of minor components of
deflection and separation on the CEF and antithetic splays.
This stage reconstructs the maximum displacement on base Pliocene consequent on movements of the CEF.
Horizontal extension along the CEF is:
1117 m on base Pliocene
925 m on top Taimana
727 m on top Paleocene

Cumulative extension on the antithetic splays of CEF is:
971 m on base Pliocene
1236 m on top Taimana
605 m on top Paleocene

T03_R1b_top Pliocene_D*
This stage is obtained after decompaction of the Pliocene units and shows the geometry created by strong
components of vertical separation on the CEF and hanging wall splays. It also shows the space problems in
the immediate hanging wall of the CEF.

T03_R2b_base Pliocene_R1a
This stage shows the restoration of base Pliocene after removal of separation on the antithetic splays (by
translation and rotation of beds).

T03_R2b_base Pliocene_R1b
Removal of separation on the CEF. Formation of the antithetic splays is clearly related to movement of CEF,
and most fault splays (except AS18 and 19) propagated during this stage. After removal of separation of the
faults base Pliocene is close to its regional

T03_R2b_base Pliocene_R2*
Restoration of base Pliocene to its paleo-bathymetry of -100 m.

T03_R2c_base Pliocene_D*
Decompaction of base Pliocene.

T03_R3a_top Sw_R*
This stage reconstructs the geometry of top Sw after restoration to its paleo-bathymetry of -1200 m.
Note the normal separation on CEF for all beds.

T03_R3b_top Sw_D
Decompaction of top Sw.
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T03_R4a_top Moki_R1
This stage reconstructs the geometry of top Moki after closure of vertical separation on the CEF (simple
shear).

T03_R4b_top Moki_R2*
Restoration of top Moki to its paleo-bathymetry of -1200 m.
Note that at this stage there is a reconstruction of components of reverse movement on the CEF in all beds,
with back-tilting accommodated by normal separation on AS18.
T03_R4c_top Moki_D
Decompaction of top Moki.

T03_R5a_top Taimana_R1a*
Reconstruction of the geometry in the hangingwall of the CEF

T03_R5a Top Taimana_R1b
The geometry of reverse separation is restored on the CEF by trishear mechanisms that reconstruct the
propagation of the fault after folding of beds. This reconstruction has been performed using parameters of
trishear angle 120°, slip/propagation ratio 6 and restored slip of -500 m and reconstructs the geometry of
an inherited normal fault (syn-rift) with overlying post-rift units before compressional inversion. This
reconstruction dates compressional inversion on CEF in this transect as post Taimana, and shows the change
in elevation of top Taimana in the hanging wall of CEF as related to compressional uplift.

T03_R5b_top Taimana_R2*
This stage reconstructs top Taimana at its paleo-bathymetry of -800 m.
This stage re-creates an almost undeformed setting in the Oligocene basin above the syn-rift

T03_R5c_top Taimana_D
Decompaction of top Taimana.

T03_R6a_top Eocene_R*
This stage reconstructs the geometry of top Eocene after restoration at its paleo-bathymetry of -100. As
already observed for T02 this requires a net vertical shifting from -1000 (position of top Eocene after
decompaction of top Taimana) to -100, larger than the 400 m of thickness of the Taimana units.

T03-R6b_top Eocene_D
Decompaction of top Eocene.

T03_R7a_base Turi_R*
This stage reconstructs the geometry of base Turi after restoration to its paleo-bathymetry of -50 m.

T03_R7a_base Turi_D
Decompaction of base Turi.

T03_R8a_top Paleocene_R*
This stage reconstructs the geometry of top Paleocene after to its paleo-bathymetry of -10 m. This
restoration reconstructs the conditions at the end of rifting and suggests that there is the possibility of syn-
rift deposits being localised in a depocentre along the CEF.
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T03_R8b_top Paleocene_D
Decompation of top Paleocene

T03_R8b_top Paleocene_D_scenario2*
This reconstruction shows the possible syn-rift geometry with the reconstructed extent of the top
Cretaceous in the hanging wall of the CEF, making the CEF a fault already established during the syn-rift
stages.

TRANSECT T04

T04
Present-day transect.This transect has a dog-legged trace, with change in orientation from NW-SE to E-W at
the dog-leg intersection. In order to disclose the progressive deformation history at the basin’s scale
restoration is accomplished for the two parts of the section, simultaneously, but after splitting the transect
into two parts, to avoid geometric problems resulting from the different orientation relative to the transport
direction (supposedly perpendicular to the orientation of the NW-SE part and oblique to the orientation of
the E-W part).

T04_R0_seabottom_D
Decompaction of Quaternary units.

T04_R1a_top Pliocene_R*
In this stage top Pliocene is restored at its paleo-bathymetry (-50 m) after removal of normal drag
components above the CEF. This stage reconstructs the depocentral geometry in the hanging wall of the
CEF created by rotational components of displacement of the base Pliocene, with minor accommodation by
antithetic fault splays.
Horizontal extension along CEF is:
1679 m on base Pliocene
2734 m on top Taimana
2341 m on top Paleocene
Cumulative extension on the antithetic splays of CEF is:
127 m on base Pliocene
228 m on top Taimana
74 m on top Paleocene

T04_R1b_top Pliocene_D*
This stage is obtained after decompaction of the Pliocene units and shows the depocentral geometry
created by faulting coeval with deposition of the Pliocene sequence. Note that the reconstruction shows a
space problem in the hanging wall of CEF, which requires a wide fault zone.

T04_R2a_base Pliocene_R1a
This stage shows the restoration of base Pliocene after removal of separation on the antithetic splays (by
translation and rotation of beds).

T04_R2a_base Pliocene_R1b
Restoration of displacement on the CEF. Formation of the antithetic splays is clearly related to movement
of CEF, and most fault splays (except AS11) propagated during this stage. After removal of separation of the
fault, the base Pliocene is close to its regional.
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T04_R2b_base Pliocene_R2*
Restoration of the base Pliocene to its paleo-bathymetry of -100 m.At this stage CEF retains components of
normal separation across the sequence.

T04_R2c_base Pliocene_D
Decompaction of base Pliocene.

T04_R3a_top Sw_R*
This stage reconstructs the geometry of top Sw after closure of vertical separation on the CEF and
restoration to its paleo-bathymetry of -1200 m.
Note that normal separation on CEF diminishes from top Moki downwards.

T04_R3b_top Sw_D
Decompaction of top Sw.

T04_R4a top Moki_R1
Restoration of displacement on the CEF in simple shear.

T04_R4b top Moki_R2*
This stage shows the geometry of top Moki after restoration to its paleo-bathymetry of -1200 m.
This reconstruction gives a geometry indicative of compressional inversion on CEF with neutral displacement
on basement, reverse separation on top Paleocene, and mild deformation on top Taimana

T04_R4c top Moki_D
Decompaction of top Moki.

T04_R5a_top Taimana_R1a*
Reconstruction of compressional inversion stage.

T04_R5a_top Taimana_R1b_trishear
The geometry of reverse separation is restored on CEF by trishear mechanisms that reconstruct the upward
propagation of the fault. This reconstruction has been performed using parameters of trishear angle 140°,
slip/propagation ratio 2 and restored slip of -700m and reconstructs the geometry of an inherited normal
fault (syn-rift) with overlying post-rift units before compressional inversion. Similar mechanisms are applied
to INF1 with parameters of trishear angle 120°, propagation/slip ratio 5, and separation -1000m. This
reconstruction shows a relatively undisturbed post-rift geometry in the basin and dates compressional
inversion post top Taimana.

T04_R5b_top Taimana_R2*
This stage reconstructs top Taimana to its paleo-bathymetry of -800 m.
This stage re-creates an almost undeformed setting in the Oligocene basin above the syn-rift.
Note the smooth change from the western platform to the deeper basinal setting to the SE.

T04_R5c_top Taimana_D
Decompaction of top Taimana.
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T04_R6a_top Eocene_R*
This stage reconstructs the geometry of top Eocene after restoration to its paleo-bathymetry of -100 m
(requiring a vertical shift from decompacted depth of ~ -1000). Note the thinning of the Eocene units to the
west.

T04_R6a_top Eocene_D
Decompaction of top Eocene.

T04_R7a_base Turi_R*
This stage reconstructs the geometry of base Turi after restoration to its paleo-bathymetry datum of -50 m.

T04_R7a_base Turi_D
Decompaction of base Turi.

T04_R8a_top Paleocene_R*
This stage reconstructs the geometry of top Paleocene after restoration to its paleo-bathymetry of -10 m.

T04_R8b_top Paleocene_D
Decompaction of top Paleocene reconstructs the geometry at the end of rifting, with the two major syn-rift
faults CEF and INF1.

TRANSECT T05

T05
Present-day transect. This transect has a dog-legged trace, with change in orientation from NW-SE to E-W
at the dog-leg intersection. In order to disclose the progressive deformation history at the basin’s scale
restoration is accomplished for the two parts of the section, simultaneously, but after splitting the transect
into two parts, to avoid geometric problems resulting from the different orientation relative to the transport
direction (supposedly perpendicular to the orientation of the NW-SE part and oblique to the orientation of
the E-W part).

T05_R0_seabottom_D
Decompaction of Quaternary units.

T05_R1a_top Pliocene_R1
Removal of small components of deformation on top Pliocene

T05_R1a_top Pliocene_R2*
In this stage top Pliocene is restored at its paleo-bathymetry (-50 m). This stage reconstructs the depocentral
geometry in the hangingwall of CEF created by roll*over rotational components of displacement of base
Pliocene, with accommodation by antithetic fault splays.Horizontal extension along CEF is:
702 m on base Pliocene
1240 m on top Taimana
975 m on top Paleocene
Cumulative extension on the antithetic splays of CEF is:
116 m on base Pliocene
35 m on top Taimana
34 m on top Paleocene
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T05_R1b_top Pliocene_D*
This stage is obtained after decompaction of the Pliocene units and shows the depocentral geometry
resulting from faulting coeval with deposition of the Pliocene sequence. Note that the reconstruction shows
a space problem in the hanging wall of CEF, which requires a wide fault zone.
Note also that there is a strong thickness variation between top Sw and top Moki across CEF that is partly
inherited from the original section.

T05_R2a_base Pliocene_R1
This stage shows the restoration of base Pliocene after removal of separation on the antithetic splays (by
translation and rotation of beds) and on the CEF (simple shear). Formation of the antithetic splays is clearly
related to movement of CEF, and most fault splays propagated during this stage. After removal of separation
of the faults base Pliocene is close to its regional in the hanging wall of CEF (but much lower in the E-W
segment of this transect).

T05_R2b_base Pliocene_R2*
Base Pliocene restored to its paleo-bathymetry of -100 m. At this reconstruction all vertical separation along
the CEF is reconstructed with a reverse component, with the exception of top basement, that retains normal
component. This scenario is indicative of post Sw compressional inversion on the CEF of an amount that is
unable to sensibly alter the syn-rift separation, but changes the geometry of the post-rift units. Note that in
comparison with T03 and T04 this stage of compressional inversion is younger.

T05_R2c_base Pliocene_D
Decompaction of base Pliocene

T05_R3a_top Sw_R1_reconstr*
This stage reconstructs the geometry of top Sw after reconstruction of a plausible geometry for the inverted
CEF. Note that this reconstruction suggests that the propagation trajectories of the inverted normal fault
and of the fault that was active as normal in mid-late Pliocene are not coincident, with formation of s thick
gouge belt that may account for the observed space problems when restoring the Pliocene movements in
relation to the pre-Pliocene fault history.

T05_R3a_top Sw_R1_trishear
At this stage movement is reconstructed on the CEF using trishear deformation mechanisms, with trishear
angle 120°, propagation/slip ratio 6, slip -500 and a small component of shear (-5°). This geometry
reconstructs the setting before compressional inversion on the CEF. Note that the geometry of
compressional inversion above INF suggests that compressional inversion is older for INF (post Taimana, as
in the other transects) but younger for CEF in this transect.

T05_R3b_top Sw_R2*
Restoration of top Sw at its paleo-bathymetry of -1200 m.

T05_R3c_top Sw_D
Decompaction of top Sw.

T05_R4a top Moki_R*
This stage shows the geometry of top Moki after restoration to its paleo-bathymetry of -1200 m.
This reconstruction gives a geometry indicative of compressional inversion almost completed on INF1 and
incipient compressional inversion on CEF.
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T05_R4b top Moki_D
Decompaction of top Moki.

T05_R5a_top Taimana_ trishear_INF
The geometry of reverse separation is restored on INF by trishear mechanisms that reconstruct the upward
propagation of the fault during its compressional inversion phase. This reconstruction has been performed
using parameters of trishear angle 120°, slip/propagation ratio 5 and restored slip of -800 m and
reconstructs the geometry of an inherited normal fault (syn-rift) with overlying post-rift units showing
components of normal drag

T05_R5b_top Taimana_R2*
This stage reconstructs top Taimana at its paleo-bathymetry of -800 m.
This stage re-creates the geometry of the basin above the syn-rift. Note the thinning of Taimana to the west.

T05_R5c_top Taimana_D*
Decompaction of top Taimana.

T05_R6a_top Eocene_R*
This stage reconstructs the geometry of top Eocene after restoration at its paleo-bathymetry of -100 m
(requiring a vertical shift from decompacted depth of ~ -1000). Note the thinning of the Eocene units to the
west.

T05_R6b_top Eocene_D
Decompaction of top Eocene.

T05_R7a_base Turi_R1
This stage reconstructs the geometry of base Turi after removal of separation components on the faults.

T05_R7b_base Turi_R2*
Restoration of base Turi to its paleo-bathymetry of -50 m. Note that relative to the previous stages the
setting reconstructed for the basin at this stage shows an elevated region to the east.

T05_R7c_base Turi_D
Decompaction of base Turi.

T05_R8a_top Paleocene_R*
This stage reconstructs the geometry of top Paleocene after restoration to its paleo-bathymetry of -10 m.

T05_R8b_top Paleocene_D
Decompaction of top Paleocene reconstructs the geometry at the end of rifting, with the two major syn-rift
faults CEF and INF1.
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TRANSECT T06

T06
Present-day transect

T06_R0_sea bed _D
Decompaction of Quaternary units. Top Pliocene is close to its paleo-bathymetry of -50m.

T06_R1a-top Pliocene_R*
This stage reconstructs the geometry of top Pliocene after minor restoration required to put the horizon to
its datum.

T06_R1b-top Pliocene_D
Decompaction of top Pliocene.

T06_R2a_base Pliocene_R*
This stage reconstructs the geometry of base Pliocene after removal of NE tilting, and shows the
synsedimentary increase in thickness of the late Miocene units to the NE. All units from Sw downwards
maintain similar geometry.

T06_R2b_base Pliocene_D
Decompaction of base Pliocene.

T06_R3a_top Sw_R*
This stage reconstructs the geometry of top Sw after restoration to its paleo-bathymetry of -1200 m. The
restoration requires a small rotation around the same tilting axis as in the previous stage,

T06_R3a_top Sw_D
Decompaction of top Sw.

T06_R4a_top Moki_R*
This stage reconstructs the geometry of top Moki after restoration to paleo-depth of -1200 m.

T06_R4b_top Moki_D
Decompaction of top Moki.

T06_R5a_top Taimana_R*
This stage reconstructs the geometry of top Taimana after restoration to paleo-depth of -800 m.

T06_R5b_top Taimana_D
Decompaction of top Taimana.

T06_R6a_top Eocene_R*
This stage reconstructs the geometry of top Eocene after restoration to paleo-depth of -100 m.

T06_R6b_top Eocene_D
Decompaction of top Eocene.

T06_R7a_base Turi_R*
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This stage reconstructs the geometry of base Turi after restoration to paleo-depth of -50 m.

T06_R7b_base Turi_D
Decompaction of base Turi.

T06_R8a_top Paleocene_R*
This stage reconstructs the geometry of top Paleocene after restoration to paleo-depth of -10 m.

T06_R8a_top Paleocene_D

Decompaction of top Paleocene.


