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EXECUTIVE SUMMARY

This study analyses the regional structural setting of the Parihaka fault system in PEP 51558, and
discusses the methodologies (Section 5) and results (Sections 6 and 7) of the 2D and 3D
restorations performed using the software MOVE 2013 (Midland Valley, http://www.mve.com).
The study uses the interpretations of Todd Energy (SEGY files of interpreted, depth converted
seismic lines extracted from the 3D Model, grids of interpreted 3D surfaces) and provides: (1) four
geo-seismic transects that represent the structural variations associated with differently-oriented
segments of the Parihaka fault system (Plates 1-4); (2) progressive retro-deformation of the
Tertiary seismo-stratigraphic horizons (from T90 to T40) (Plates 5-8 and Tables I-1V); (3) simplified
3D regional model of the major faults, and of the surfaces of T90 (early Nukumarian), T88.8 (intra
Mangapanian), Near Top Early Pliocene, T87 (=EP20, early Opoitian) crosscut by the faults (Plates
9-12 and Digital Enclosure DE1_3D model); (4) 2D maps of the fault cut-off intersections on T90,
T88.8 and T87 (Plate 13 and Digital Enclosure DE2_Cutoffs); (5) 3D retro-deformation of the
surfaces listed in (3) (Plates 14-17 and Digital Enclosures DE3_R1, DE3_R2, DE3_R3, DE3_R4); (6)
evaluation of significant strain parameters (el, Normalised Joint Intensity, el azimuth, azimuthal
distribution of extensional fractures, E1/E3) (Plates 18-21 and Digital Enclosure DE4_Strain).
Major results and conclusions of this study are:

(1) Both 2D and 3D restorations validate the structural interpretation of seismic horizons and
fault carried out by Todd Energy.

(2) 2D retro-deformation use oblique shear and fault-parallel shear on the major faults of the
system, and trishear mechanisms for unfaulted horizons above fault tips. Restorations
(Tables I-1V) shows (i) younging of the Parihaka faults from W to E; (ii) upward propagation
in the Tertiary sequence of fault segments splaying from earlier syn-rift faults, with newly-
propagating segments not always continuous with the older faults, suggesting that the
inherited faults were not favourably oriented for reactivation in the Tertiary extensional
stress field; (iii) limited evidence for compressional inversion of some of the inherited syn-
rift normal faults; (iv) likely deformation induced by the build-up of the Caelum (Miocene,
c. 13.5 Ma) and Aquila (Pliocene, c. 5-2 Ma) igneous complexes within the sedimentary

sequence, resulting in localised shortening, differential compaction and subsidence, tilting,



and low-angle faulting above the volcanic edifice; (v) relevant role of layer parallel
detachments, especially within the T40-T72 and the T88.8-T90 sequences.

(3) The limited time available for this study has only allowed the construction of a simplified
3D geometry of faults and horizons that provides a working model for a reconnaissance 3D
restoration. The 3D model (Plates 9-12) shows the non-cylindrical complexity of the
Parihaka master faults and splays, and the geometry of cut-off intersections of faulted
horizons relative to the 3D fault surfaces. The evaluation of variation of fault displacement
is represented on 2D Maps of the cut-off geometry for different horizons (Plate 13).

(4) All 3D restorations were performed using mechanisms of oblique simple shear on the
faults. The average shear direction used for all faults is able to restore the largest
component of displacement on the master faults (Plates 14-17), but is unable to close all
the cut-off gaps along the antithetic faults.

(5) 3D restoration of the T90, T88.8, NTEP and T87 surfaces demonstrates the progressive
deformation resulting from the accumulation of displacement on upward-propagating,
progressively growing syn-sedimentary faults (Plates 14-17).

(6) The strain analysis in this study provides only a general evaluation of the stretching and
predicted extensional fracture pattern plotted on the present-day surfaces of deformed
horizons (Plates 18-21). The study is unable to capture the detailed spatial variation of the
strain parameters in small areas, and only highlights that: (i) stretching, fracture intensity
and fracture clustering increase from T90 to T87; (ii) the regions of largest extensional
strain are adjacent to the faults (fault damage zone), in the hangingwall region of the
northern and central fault segments, and in the relay ramps (with the possibility that in

these regions fracture system are oriented NW-SE and dip to both the NE and SW).

Suggested future studies should incorporate: (i) 2D restoration of selected cross sections,
inclusive of back-stripping and decompaction; (ii) refinement of the 3D model, (iii); refinement
of boundary conditions and analysis of individual fault systems within smaller areas; (iv)
definition of elastic parameters for the analysed rocks (e.g. density, Young modulus, Poisson
ratio) in order to perform decompaction and to test other restoration algorithms in 3D, as e.g.

mass spring restoration.



1. INTRODUCTION

This study has been commissioned by Todd Energy, with the aim of providing a structural analysis of the
interpretation of the PSDM seismic data of the Mensa structure (depth interpretation of faults and key

horizons, and gridded horizon maps).

The performed analysis consists of:

e 2D retro-deformation of four representative geo-seismic cross sections, leading to definition of

progressive kinematic history and estimate of deformation mechanisms.

e Construction of a simplified 3D structural model from the data and 3D retro-deformation of the
deformed surfaces of 4 seismo-stratigraphic horizons (T90, T88.8, Near Top Early Pliocene (NTEP),

T87, leading to an estimate of the progressive history of strain accumulation in the study area.

Geological interpretations, structural modeling and retro-deformation (in 2D and 3D) were

carried out using MOVE 2013 by Midland Valley (http://www.mve.com), under consulting licence

to TerraGeologica.

The extent of the study area and the traces of the 2D cross sections are shown in Fig. 1.

Goals of this study are:

¢ Providing a validation of the Todd structural interpretation.

e Assisting in defining the location and partition of structural traps within the overall

Mensa structure.


http://www.mve.com/�

e Assisting in the evaluation of seal integrity, particularly lateral fault continuity, cross-

fault juxtapositions and potential areas of high strain in the top-seal.

This Final Report and the accompanying plates and Digital Enclosures (in *mve file format, readable with

the free access software MOVE viewer, downloadable from Midland Valley, http://www.mve.com)

describe the methods of the study, the principal results, the interpretations based on available data, and

possible future analyses that could improve understanding the structural evolution.

Major achievements of this study are:

(1) Demonstration of the feasibility of retro-deformation in both 2D and 3D of the structural

geometry derived from Todd Energy’s interpretations.

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

inferences on their growth history through time.

(3) Reconstruction of the deformation history resulting in the 3D geometry of the

hangingwall and footwall panels of the master faults.

(4) Reconstruction of the spatial and chronological relationships between fault sets of different age,
and of the linkage (e.g. soft- vs. hard-link) between individual fault segments. Appraisal of the

along-strike variations of displacement along the major faults.

(5) Definition of finite extension of selected key horizons.and of regions of maximum finite

strain.


http://www.mve.com/�

Thus, almost all planned analyses were successfully performed within the allocated timeframe. However,
some unforeseen difficulties were encountered in the transfer of 3D data, fault geometries and fault cut-
offs map from STM KINGDOM (used for seismic interpretation) to MOVE 2013, resulting in a longer than

anticipated time needed for the build-up and conditioning of the 3D model.

The statements and opinions provided in this report are given in good faith, and in the belief that all efforts

were made to correctly interpret the data supplied by Todd Energy.

The writer believes that the conclusions reached in this study give a sound interpretation of data within the
structural context of the area, though the quick analyses in 2D and 3D will benefit from further studies and

additional elaborations.

Detailed modeling focused on individual faults of the system, and acquisition of new data may result in the

refinement and/or modification of the interpretations reached so far.
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2. GENERALITIES ON STRUCTURAL SETTING

It is beyond the scope of this study to provide a synthesis of the regional structural setting of the
area. The regional stratigraphic and tectonic framework is analysed by King & Thrasher (1996),

and recent reviews of the study area are provided by Giba et al. (2010; 2012).

Only the major structural features relevant to this project are briefly outlined below, and

synthesized from available literature.

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 60°-70° 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 late Tertiary (c. 16 Ma) to

Present (Fig. 2).

The sedimentary record and 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 Recent (c. 40-0 Ma) shortening; (3) Late Miocene to Recent (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 occurred in 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 - Structural map of the Taranaki basin in the regional tectonic setting. The
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(1) The oldest known extensional phases, consequent on continental rifting and breakup of the
Gondwana margin, did impart a strong — and still dominant - crustal signature, dominated by N-S
trending horsts and grabens, bounded by faults that 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 hangingwall of the normal faults.

(2) Tertiary shortening is regionally relevant in the Taranaki Basin, and a result of Pacific-Australia
plate convergence and subduction at the Hikurangi margin (King, 2000). However, significant
components of shortening are only recorded in regions to the E and SE of the study area (Taranaki
fault system and associated footwall splays), where a number of inherited normal faults were
compressionally reactivated as high-angle reverse faults.

(3) Late Miocene to Recent extension is connected to clockwise rotation of the North Island,
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 restricted location in areas of the Taranaki basin that were persistently
extended over time indicates that ascent of magmas is controlled by deep rooted normal faults.
These late extensional episodes strongly affect the study area and control late reactivation,

upward propagation and growth of the Parihaka master fault (Fig. 2) and associated splays.

Note that the extension direction for the last phase is oriented NW-SE, i.e. at ~45° from the E-W

extensional direction established for the earlier, Late Cretaceous rifting (Giba et al., 2012).
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Thus, faults that were initially created during the early stages, and lately reactivated from
the Late Miocene to Present (like the Parihaka fault) must accommodate the change in
extensional direction with: (i) components of oblique movements on the original fault
surfaces, and/or (ii) propagation of new fault segments that are favourably oriented in

the stress field. This problem is addressed by Giba et al. (2012) (Fig. 3) and also by the
results of 2D Restoration in this Report (Table IV).

Late Cretaceous

Taranaki
Basin

Parihaka™., A3
Fault

.

1

Early Pliocene - oblique reactivation Pleistocene
T /’
177 TN

P

Figure 3 - History of reactivation of the Parihaka Fault within a changing stress field since its formation in the

Late Cretaceous and subsequent late Miocene to Recent activity. Reproduced from Giba et al. (2012). Figures 3,
4, 5 are in Giba et al. (2012) and not reproduced here.



3. DATA USED FOR THE ANALYSIS

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

through H. Mingard and S. Greaves.

Selection of the traces of the geological transects and of the horizons used for 3D modeling were

made at Todd Energy’s office in Wellington.

The input data used for the structural project are:

1. Stratigraphic framework (Fig. 4).

2. SEGY of four, depth-converted cross sections chosen as representative of structural
variations in the study area, and relative interpretation of seismo-stratigraphic horizons

and faults (Fig.s 5, 6, 7, 8).

3. 3D grids of the interpreted horizons T90 (early Nukumarian); T88.8 (intra Mangapanian),

Near Top Early Pliocene, T87 (early Opoitian).

4. Paleo-bathymetry of the horizons listed in (3), supplied as 3D grid.

5. Shapefiles of the fault cut-off intersections on the same horizons listed in (3).
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4. CONSTRUCTION OF GEO-SEISMIC CROSS SECTIONS FOR STRUCTURAL ANALYSIS

4.1 Cross section orientation

The four cross section chosen for performing the 2D structural analysis (Fig.s 1, 5, 6, 7, 8) were selected

from the 3D volume to represent structural variations within the region of interest for this study.

The trace of all sections is rectilinear, because this avoids geometric problems of “out-of-section”
components of deformation during restoration, resulting from differently oriented segments of

the cross section.

Ideally, the cross sections should be parallel to the “transport direction” (i.e. the horizontal component of
movement of the slip vector on individual fault surfaces) to be able to account for the whole deformation.
However, the transport direction of faults cannot be established from seismic data and is assumed — for
sake of simplicity — to be at 90° to the strike of faults (i.e. faults are assumed to have “pure dip-slip”
movement). Given that mapped faults display a range in strike from N-S to NE-SW, this means that even
under conditions of pure dip-slip movement the cross section traces cannot be parallel to the transport
direction of all faults. The orientation of the cross sections has been selected as an average for capturing

the largest components of deformation across all master faults.

4.2 Seismo-stratigraphic horizons

The seismo-stratigraphic horizons identified in the cross sections are the same as in Fig. 4, and

their relative color code is shown in Fig. 9.
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Figure 9 -Legend of the seismo-stratigraphic horizons identified in the seismo-geologic cross sections.
Note that not all horizons are mapped in all cross sections.
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The principal Tertiary seismo-stratigraphic horizons identified in the cross sections are superposed on the
regional chrono-stratigraphic transect that crosses relevant areas of this study in Fig. 10. The chrono-
stratigraphic transect is adapted (and slightly modified) from Transect 14 in King et al. (1999), as

reproduced in the Petroleum Basin Explorer Database (http:// http://data.gns.cri.nz/pbe). The figure also

provides the correlation between the New Zealand and international geological time scales.

The main lithology of the sediments bounded by the seismo-stratigraphic horizons provides a simplified
overview of the relative competence contrast between superposed sedimentary and igneous units, which
is relevant for identifying possible differences in structural style and deformation mechanisms and also for

localising the position of detachments between units.
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4.3 Geo-chronological constraints inferred from the geo-seismic cross sections

The geo-seismic cross sections (superposed onto the original depth-converted SEGY) are shown in Plates 1,
2, 3, 4. Note that all sections are plotted with no vertical exaggeration (V:H = 1:1). The mapped horizons are
the same as in Fig. 4 (though not all horizons are always mapped in all sections). For each section are has
been given to: (i) map the key horizons T90, T88.8. Near Top Early Pliocene, T87, i.e. the horizons that are
also used for the 3D model; (ii) interpret (within the resolution limit of the data) the fault geometry to depth

of c. 8 km; and. (iii) identify possible layer-parallel detachments.

Interpretations were discussed with H. Mingard, in order to provide the best geological model consistent

with the seismic interpretation of the PSDM seismic data.

The principal structural features significant for constraining the sequence of tectonic events in each cross
section are listed below. For the purposes of description, the major fault segments of the Parihaka fault
system have been assigned an informal name (as identified in the relative Plates 1, 2, 3, 4), whereas the

name attributed to the volcanoes are based on a map provided by G.P. Thrasher.

SECTION 01

e The syn-rift inheritance of faults and sedimentary sequences is obliterated by the igneous
complex (Caelum, c. 13.5 Ma) in the footwall and hangingwall of the master fault PMF1.

e The master fault PM1 and related deformation in its hangingwall dominate the structural
setting within the section.

e PMF1 propagates up-section with disturbance (but no appreciable offset) of the
uppermost 300 m of the section (sub-resolution faulting is possible). T90 is offset
with no appreciable fault drag, normal fault drag is shown by T88.8 and the Near

Top Early Pliocene (NTEP). A hangingwall rollover geometry is apparent
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for T85, but the underlying horizons (e.g. T72 and T40) do not show it. T72 and T75
are almost flat in the immediate hangingwall of PMF1 and T40 displays normal fault
drag. Change from rollover geometry to normal fault drag is recorded by the marker
m1 immediately beneath NTEP, almost coeval of T87 (c. 5Ma).

A set of antithetic faults dipping 30° to 50° W and detached above T40 is located in the
hangingwall of PMF1. These faults propagate across NTEP, but do not cause
displacement of T88.8, indicating that deformation ended pre 3-2.5 Ma (Mangapanian).
Start (or early stages) of this deformation (post base Sw, c. 12.7 Ma) can be tracked by
the onlap of marker m2 on T72.

Significant deformation occurs between PMF1 and Caelum B, with anticlinal/synclinal
folding, syn-sedymentary thickening of the T40-T85 sequence in the synclinal depocentre,
and localised faulting of conjugate sets above Caelum B. Caelum B does not cut across T72
and is laterally bounded by faults. In contrast, Caelum A causes bulging of T72 in the
footwall of PMF1, with deformation tracked by onlap of m3 on T72.

W of Aquila westward tilting affects the whole sequence beneath T88.8, consistent with
pre 2 Ma build-up of the igneous complex.

Deformation within the T40-T72 package may be distributed along the marked layer-
parallel detachments. Multiple detachments are also present (but not mapped) within the

T88.8-T90 sequence.
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SECTION 02

The section shows inherited segments of syn-rift normal faults dipping 40°-60° E and SE. The
geometry of the syn-rift depocentre at the WNW margin of the section suggests the presence of an
additional fault (PMF4) to the W. The other faults linked to syn-rift inheritance are PMF2 and
PMF3; but the syn-rift geometry in the hangingwall of PMF2 is obscured by Caelum B.

The harpoon style geometry of K90 in the hangingwall of PMF3a is consistent with minor
components of compressional inversion that have not reversed the normal separation in both T10
and K90 (i.e. compressional inversion is less than normal separation). The upper segment of the
fault (labeled PMF3b) is arguably not continuous with the lower one (PMF3a). Note that PmF3b
does not cut NTEP and the overlying units.

The easternmost fault of the set is PMF1, which has the largest vertical separation of the
strata above T40. In this section the fault remains sub-parallel to PMF2, to depth of 8000
m.

Both PMF1 and PMF2 have shallow angle dips (20°-40°) within the depth interval 5000-
8000 m, suggesting their rooting into a detachment horizon at c. 8000 m.

The geometry of the master faults is characterized by moderate staircase trajectory and by
propagation of minor footwall and hangingwall splays. Splays are generally above T40, but the
footwall splay of PMF2 penetrates below T40. Other minor faults remain within the syn-rift
sequence.

Displacement of the package between T72 and NTEP in the hangingwall of PMF1 is partitioned
within a set of antithetic normal faults. Rotation of the hangingwall, panel is especially marked in
T85. Note however the rather flat geometry of T72 in the immediate hangingwall of PMF1 and the
normal fault drag geometry of the overlying horizons (T87, NTEP and T90), all consistent with

rotation of an original rollover anticline in T72.
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In this section there is one volcanic buttress, attributed to Caelum B. The top of the
igneous edifice reaches T72, eventually causing a detachment within the sequence.

The bed geometry visible at the eastern end of the section is spatially connected to
Aquila, with westward tilting (and sagging) in the panel between 20,000 and 25,000 m.
This rotation seemingly causes the present apparent dip of T75 (Miocene
volcaniclastics sourced from Caelum) at the eastern end of the section. The rotation
affects the whole strata package from T75 upwards, but T40 and T72 remain relatively

flat, possibly because they were dipping to the E before rotating.

SECTION 03

Inherited segments of synrift normal faults dipping 50°-60° E and SE control half-graben
depocentres topped by K90. The fan shaped geometry of depocentres suggests the
rotation of master faults into listric planes beneath 8000 m or a domino-style rotation
above an unresolved detachment. However, this rotational pattern is not observed in the
packages above K90, where horizons display normal fault drag.

From W to E the inherited normal faults are: (1) a likely PMF4, west of the termination
of the section, whose presence is suggested by westward thickening of syn-rift units;
(2) PMF3, characterized by a progressively smaller vertical separation from top
basement to T10, T40, T72 and T85, up to the fault termination below NTEP; (3) PMF2,
with tip beneath NTEP and a change in dip from 50° to 25° within the lower part of the
interval above T10. (4) PMF1, showing the largest vertical separation of the package
above T40; its connection with PMF2 at depth is uncertain, and in this section PMF1
appears to be a late splay of PMF2, accommodating most of the displacement

between T40 and T88.8.
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The package between T72 and NTEP in the hangingwall of PMF1 is cut by a set of antithetic
normal faults, but no rollover geometry is seen in this section. The geometry of T88.8 and T90 in
the immediate hangingwall of PMF1 suggests a normal fault drag, consistent with mechanisms of
trishear with relatively high propagation to slip ratio (see next Section for definitions).

The two volcanic buttresses present in the cross section are interpreted as respectively belonging
to Caelum B and Aquila. Westward tilting (and sagging) of the panel E of Caelum B is possibly
caused by Aquila. Regional rotation may also be the cause of the apparent dip of T75 (Miocene
volcaniclastics sourced from Caelum B), and a cause for the detachment marked within the

package T88.8-T90.

SECTION 04

The deepest segments of PMF4 and PMF3 dip 50°-65° E and SE and control the location of
syn-rift depocentres. A syn-rift depocentre in the hangingwall of PMF1 is likely, but
obscured by Caelum.

The geometry of the syn-rift depocentre in the hangingwall of PMF4a shows a small component
of compressional inversion if the original normal separation in the basement has been reversed,
but this interpretation is uncertain. In any case K90 retains normal separation. The uppermost
segment of PMF4 (PMF4b) is arguably not continuous with the lower segment PMF4a.

PMF3 shows components of trishear displacement on T87 and does not offset T88.

PMF1 is the only fault of the Parihaka fault system which offsets T90 in this section. PMF1 also
causes the largest vertical separation within the sequence from T40 upwards. In this section PMF2
is a footwall splay of PMF1, which diverges from the master fault at the top basement intersection;

it propagates up-section with minor components of separation, with the fault tip beneath T87.
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e The geometry of the main faults is characterized by moderate staircase trajectory. A
number of minor faults cut T40 but do not grow significantly up-section.

e The hangingwall panel of PMF1 displays a poorly pronounced anticlinal rollover in T40 and
T87. The change to normal fault drag is indicated by the marker m1. T88.8 and T90
maintain normal drag.

e The two volcanic buttresses are attributed to the Miocene Caelum volcano the W and to an
apophysis of the Pliocene Aquila volcano to the E. In this section PMF1 is located at the western
boundary of Caelum B.

e Aquila seemingly controls the westward tilting of the horizons from T85 upwards within the
region between 22,000 and 30,000. Note that late components of westward tilting on the W flank
of Aquila may have determined the present sub-horizontal dip of T72 and T40 if beds were

originally E-dipping, as suggested by their geometry on the east flank of Caelum B.

5. GENERALITIES ON RESTORATION PROCEDURES IN 2D AND 3D

Geometric restoration of the cross sections in 2D and of selected horizons in 3D have been performed

using the algorithms and tools of MOVE 2013 (Midland Valley, http://www.mve.com), which

incorporates all restoration techniques elaborated by structural geologists working with field examples

and experimental analogues (see Groshong, 2006).

Given the limited time allocated for this study it was agreed at the start of the project that aim of the
restorations (both in 2D and 3D) is to provide a quick validation of the interpreted structures, leading
to the reconstruction of progressive deformation and accumulation of displacement and strain on the

faults.


http://www.mve.com/�
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No time and resources were allocated for backstripping and decompaction during restoration. This
implies that the reconstructed thicknesses of the retro-deformed sedimentary units may not be

fully representative.

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 is not realistic. For this reason no balancing is presented for the restored sections.

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 implies that the the cross sections should be oriented parallel to the transport direction.
In case of changing orientation of the structures (faults and axial fold surfaces) crossed by the cross
sections some obliquity is inevitable and admissible, but changes in trend should not exceed 20%-30°. As
discussed before, orientation of the fault slip vector is unknown, and the linear trace chosen for the cross
sections makes it impossible for the trace to be always at 90° from differently oriented faults. 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.
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In reality, it is likely that for the examined faults (reactivated from inherited basement faults and
propagating up-section in a changing stress field, (cf. results of 2D Modeling in this Report and Giba et
al., 2012) slip vectors are oblique, implying that there are unknown components of horizontal

(strike-slip) movement.

Retro-deformation (both in 2D and 3D) 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 (Fig.s 11, 12, 13, 14, 15, 16). 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. No retro-deformation is possible for igneous bodies that are treated as rigid during

restoration.

Before Deformation After Deformation
rigid-body
a displacement /

b flexural slip @

simple shear
bedding

d pure shear

Figure 11- Basic kinematic models for deformation. (Reproduced from Groshong , 2006).
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D Restored

| | reference bed Regional
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bed e S

Figure 12 - 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 cut-off, HWC is the hangingwall cut-off of the
faulted horizon. (Reproduced from Groshong, 2006).

D Restored reference bed
/ Regional Reference bed
ty : s

FWC """"" T B

Fault

Figure 13-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 . a is the angle of shear. D is block displacement. FWC and HWC
are the footwall and hangingwall cut-off 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 30°to the maximum compressive stress direction. Angles can
be varied to achieve the best restoration. (Reproduced from Groshong, 2006).
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Restored reference bed

Regional

Reference bed

Figure 14-Restoration of faulted hangingwall horizon relative to its origina

| “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 15 -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).
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Figure 16-Effect of different ratios of propagation of the fault tip relative to fault slip (p/s ratio) on the trishear
geometry and on strain in the trishear zone. Fault sip is 60°% 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 Guohai and Groshong , 2006).
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Retro-deformation is performed backwards, progressively restoring units to their original configuration
(‘regional” datum), by reversing the displacements that formed the structures, testing a variety of
deformation mechanisms and parameters Complete restoration of individual horizons is achieved when
(i) folding, tectonic tilting and offsets are removed, and (ii) individual horizons are translated back to their
paleo-bathymetric position. In cases of progressive deformation, the youngest units (restored first) lie
above units that still maintain components of deformation acquired before their deposition. A sequential
restoration provides a rigorous test of the validity of the interpretation, because intermediate stages
should maintain geologically meaningful geometric configurations (minimizing gaps and overlaps across

structures).

Restoring the seismo-stratigraphic horizons to their original pre-deformation position requires the
assessment of the paleo-bathymetry across the study area. Inaccurate bathymetric positions may cause
artificial distortion in the geometry of the restored units. The paleo-bathymetry used for the restorations
has been provided by H. Mingard, and represents a simplified, average smoothed surface that takes into

account the geometry of the seismic reflections and previous studies.
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6. 2D RESTORATIONS

6.1 Comparative results for the cross sections

The progressive restoration stages for the chosen cross sections (Plates 1, 2, 3, 4) are shown
in Plates 5, 6, 7, 8, respectively. Cross sections are shown with no vertical exaggeration (V:H
= 1:1). Only the Tertiary horizons have been considered, and no attempt was made of
restoring the syn-rift geometry, because of the uncertainties in locating the top basement

and the poor resolution of data within the syn-rift.

Each retro-deformation stage (from R1 to R7) shows the geometry of horizons and the fault
separation after restoration of the cross section from T90 to T40. Once the total separation of a
fault is removed, the fault is not shown in the other (older) stages. Thus, restoration also provides

an estimate of fault age.

For 2D restoration the chosen deformation mechanisms include: (1) rigid translation on minor
faults; (2) oblique simple shear on most faults; (3) fault-parallel shear on those faults displaying

relevant changes in dip with depth; and, (4) trishear for unfaulted units above fault tips.

The comparative geometry and the interpretations resulting from restoration of the four cross

sections are provided in the following tables.
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Table |

SYN- RIFT GEOMETRY AND FAULT INHERITANCE

Section 01

Syn rift geometry and architecture is poorly imaged. Restoration results suggest that
the early syn-rift segment of the easternmost Parihaka fault system (PMF1) does not
propagate across T40 and is truncated by a layer-parallel (or slightly oblique)
detachment, above which there has been propagation of a new fault segment (stage
R7 in Plate 5).

Section 02

PMF3a is restored as an inherited syn-rift fault; the other faults of the system are not
clearly imaged by the data (stage R7 in Plate 6).

Section 03

PMF3 is restored as an inherited syn-rift faults (stage R7 in Plate 7). Any possible
syn-rift geometry in the hangingwall of PMF2 and PMF1 is obliterated by Caelum B.
Restoration of PMF1 is compatible with late stage growth (post T40, syn T72, stages
R6 and R5 in Plate 7).

Section 04

PMF3 and PMF4a are restored as inherited syn-rift faults (stage R7 in Plate 8). The syn-
rift segment PMF4a is possibly not continuous with the upper segment PMF4b above
K90. Any possible syn-rift geometry in the hangingwall of PMF1 is obliterated by Caelum
B.
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Table 11

DEFORMATION ATTRIBUTED TO BUILD-UP OF CAELUM IGNEOUS EDIFICE

Section 01

Two distinct edifices attributed to Caelum (Caelum A and Caelum B) are located in the
footwall and hangingwall of PMF1. Igneous activity appears spatially and
chronologically related to bulging and breaching of T40 and T72, layer parallel
detachments above T40, and deformation at the tip of inherited syn-rift faults below
T40 (stages R6 to R4 in Plate 5). Connected to these deformations is a newly-
propagating segment of PMF1 (detached above T40), that bounds the uplifted dome of
Caelum A in its footwall. Uplift and rotation in the footwall of PMF1 decrease in the
time interval between T72 and T85 (stages R6 and R4 in Plate 5). The upper segment of
PMF1 started propagating up-section after deposition of T72 (i.e. post 12.7 Ma, cf.

Section 02

Caelum B is the apparent cause of bulging, and breaching of T40 (stage R6 in Plate 6),
as well as folding of T72 in the hangingwall of PMF1, with subsequent compaction
effects. The resulting geometry shows a synformal depocentre in the hangingwall of
PMF1 (stages R5 andR4 in  Plate 6), accompanied by up-dip propagation of PMF1,
that accommodated part of this vertical subsidence.

Subsidence in the hangingwall of PMF1 is less marked post deposition ofT85 but
faulting continued in the hangingwall of PMF1, with extension accommodated by a
system of antithetic splays (stage R2 in Plate 6).

Section 03

Caelum B is spatially and chronologically related to bulging of T40 and detachment of
the units within the T40-T72 package (stages R6 to R4 in Plate 7). In the same stages,
development of minor faults dipping 30-40° E is consistent with their early formation
above Caelum B (overpressured geothermal fluids?), followed by rigid rotation
together with the whole sequence W of Aquila. The synformal geometry west of
Caelum B is attributed to differential compaction W of the volcanic buttress, resulting
in pronounced sagging in the hanging wall of PMF1 (stages R4 and R3 in Plate 7).

Section 04

Caelum B appears spatially and chronologically related to breaching of T40 and bulging
of T72; detachment within the T40/T72 package, and localisation of faults
(overpressured geothermal fluids?) that dip at a low angle of 30° -40° E (stages R5 and
R4 in Plate 8). A synformal depocentre in T40 in the hangingwall of PMF1 above
Caelum becomes less pronounced in T85 and overlying units (stages R4 and R3 in
Plate 8).
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Table 111 DEFORMATION ATTRIBUTED TO BUILD-UP OF AQUILA IGNEOUS EDIFICE

Section 01 A change from eastward to westward tilting is apparent W of Aquila for T40, T72 and T85
from stages R2 to R1 (Plate 5).

Section 02 A change from eastward to westward tilting of the T75-T88.8 sequence from stage R2 to
R1 at the eastern end of the cross section (Plate 6) is likely connected to Aquila (E of the
boundary of the restored cross section)

Section 03 Also in this section there is a change from eastward to westward tilting of the T72-T88.8
sequence W of Aquila (increasing towards it) from stage R2 to R1 (Plate 7).

Section 04 The change to westward tilting from stage R2 to R1 (Plate 8) is well marked for T75

and overlying horizons. Minor conjugate faults are developed in stage R1 above the
top of Aquila.

All sections are consistent with rotations between. 3-2 Ma, consequent to the
emplacement of the upper portions of Aquila.
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Table IV GEOMETRY OF THE PARIHAKA FAULT SYSTEM

Section 01 During and post deposition of T85 and T87 (stages R5 and R4 in Plate b) separation was
accrued on PMF1, coeval with hangingwall subsidence. The lower to null amount of
separation of T40 relative to the overlying units (stages R5, R4 and R3 in Plate 5) suggests
that the lower fault segment -probably inherited from syn-rift stages -remained inactive
and detached from the upper segment that started to be active post T72. In the proposed
interpretation the earlier fault segments were not favourably oriented for reactivation
during the youngest extensional stages. A rotation of the uppermost PMF1 segment into a
sub-horizontal detachment at depth of c. 2000 m may help explaining the rollover
geometry observed for T85 (stages R4 to R3 in Plate 5). T72 does not show this
geometry, but this is only apparent, because actually it rotated from normal fault drag
(stage R5 in Plate 5) to sub-horizontal, as a consequence of hanging wall rotation in the
rollover. The rollover rotation of T85 also creates accommodation space in the fault
hangingwall, with thickening of the T85-T87 sequence. Post NTEP PMF1 continued to
grow by up-dip propagation, but fault growth was arguably slower within the T88.8- T90
interval.

Section 02 PMF2 propagated up-dip at the end of deposition of the package topped by T85 (and
before deformation of T85), i.e. at the base of the Pliocene sequence (c. 5.3-6 Ma).
The syn-rift segment of PMF3 (PMF3a) was probably deactivated and faulting occurred
on a new 45° E-dipping fault (PMF3b, from R3 to younger stages, cf. Plate 6).
Activity was localised on PMF1 and PMF2 after NTEP (restoration stages R2 and R1 in
Plate 6), whereas PMF3 did not to grow further. Consequently, the eastern faults of
the Parihaka fault system have more throw than PMF3.

Section 03 Progressive syn-sedimentary growth of PMF1 (probably localised along or near an
earlier inherited fault system) occurred during the depositional interval T72-T788.8
(stages R5to R2 in Plate 7), with faults growing up-section through fault tip
propagation. This was likely accompanied by a damage zone around the fault,
containing sets of fractures.

Section 04 PMF1 is the fault with the largest accumulated separation; it is also the only fault of the
Parihaka fault system to offset T90 in this section. There is a change in geometry in the
hangingwall of PMF1 from rollover in stages R4 and R3 to norma faultl drag in stages R2 and
R1 (Plate 8).

PMF3 caused trishear in T87 at stage R2 (Plate 8) and PMF4 does not offset T85, all
evidence being consistent with the faults being younger from W to E.

A small component of compressional inversion of PMF4 is hinted in the reconstruction
(stages R6 and R5 in Plate 8), but further analyses are needed to validate this inference.
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6.2 Principal results of 2D restorations

The 2D restorations highlight the following principal conclusions

(1) The sequential palinspastic restoration validates Todd Energy’s structural interpretations as

(2)

(3)

(4)

geometrically and kinematically admissible and restorable. Only minor problems were
encountered and iteratively resolved (in co-operation with H. Mingard) by introducing small
changes (and/or revising uncertainties) in the original interpretation. Note that small
inconsistencies do not necessarily need to be removed if related to components of tectonic
transport out from the section.

Restoration consistently reconstructs a progressively younger age for Tertiary segments of
faults of the Parihaka fault system from W to E during their growth across the T40-T90
sequence.

The fact that restoration of younger horizons does not entirely remove fault separation in the
older horizons is a consequence of progressive accumulation of displacement (and
hangingwall deformation) on syn-sedimentary faults, whose tip continued to propagate up-
section during sedimentation.

The master faults of the Parihaka system have arguably evolved and propagated up-
section with time, evolving from originally established Late Cretaceous syn-rift faults. Fault
growth over time is indicated by: (i) syn-depositional thickening of hangingwall sequences;
(i) decrease of fault separation from the lower to the upper units; (iii) discontinuous
propagation trajectory of the faults (and/or detachments) beneath T72, consistent with

unfavourable reactivation conditions for the older faults in the newly
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imposed stress field (cf. Fig. 3), with creation of newly-propagating segments
with different orientation and dip; and, (iv) trishear geometry of unfaulted
horizons above fault tips, consistent with low p/s ratios within the late Pliocene
sequence.

(5) Evidence for compressional inversion of the syn-rift geometry is minimal (and only
limited to the westernmost faults of the system). No available element in the
restoration corroborates compressional inversion of PMF1.

(6) The antiformal rotation (rollover anticline) in the hangingwall of PMF1 is likely to be the
main cause of formation of a set of closely spaced antithetic faults, generally with small
vertical separation, and detached above T40. These faults accommodate strata rotation,
and provide a useful kinematic indicator to constrain the angle of shear on the master
faults during restoration (cf. Fig. 13).

(7) The causative deformation mechanism of the antiformal-synformal geometry in the
hangingwall panel of PMF1 remains open to discussion. It is opinion of the writer that the
spatial and temporal association with the build-up of Caelum and Aquila (Tables 11 and
I11) is consistent with localised shortening (not related to regional compressional
stresses), induced by the syn-sedimentary addition of igneous bodies within a basin filled
with poorly consolidated units. The volcano-tectonic consequences may be multiple, but
not fully investigated here (e.g. the role of geothermal and possibly overpressured fluids
in controlling deformation and low-angle faulting above the igneous edifices). A complete
reconstruction should take into account the effects of differential subsidence and
compaction (and consequently bed rotation) of the sedimentary sequence in the
depocentres bounded by the rigid volcanic buttresses. An alternative causative

mechanism for the observed hangingwall folding is a ramp-flat staircase trajectory of
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PMF1 at depth of 7-8 km (see example in Fig. 17). However, this geometry can only be
assumed as hypothetical, given the low resolution of seismic data below 7 km and the
disruption of the fault geometry caused by the igneous bodies.

(8) Restoration suggests a relevant role of layer-parallel (or layer oblique) detachments, especially

within the T40/T72 sequence.

Water

Two way time (sec)

Figure 17 - Interpretation of a seismic section across a ramp-flat listric fault system, Gulf Coast. U.S.A.
(Reproduced from McClay, 1990).
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7. 3D RESTORATIONS

7.1 3D structural model

In order to perform 3D restorations it is necessary to prepare a simplified 3D model incorporating
the grid of deformed surfaces T90, T88.8, Near Top Early Pliocene (NTEP), and T87 (EP20), and the
surfaces of the major faults. Building a geometrically smooth 3D Model requires a long process of
conditioning the data. What has been achieved for this study is a suitable compromise for a work-

in-progress model that can be used as the starting point for 3D restorations.

Grids derived from the 3D seismic interpretation (using SMT KINGDOM) are continuous along
the fault surface (i.e. the displacement of a given horizon is rendered by its draping and
dragging along the fault surface). This creates a material surplus, because in reality the
surfaces are cut and rigidly separated (and or rotated) along the fault in the direction of the
fault slip vector, and as a function of the displacement gradient. Thus, each horizon intersects
the fault surface along hangingwall (lower intersection in case of normal fault) and footwall
(upper intersection in case of normal fault) cut-off lines. The 3D hangingwall and footwall cut-
off intersections for each fault are locally complex and they have been modeled based on the

gradients in grid elevation.

For 3D restoration it is necessary to identify the 3D geometry of the fault surfaces responsible
for deformation. Fault surfaces were reconstructed by honoring the map trace of the footwall
cut-off on the analysed stratigraphic horizons, and imposing the best-fit fault dip that

matches the hangingwall cut-off.

The distance between hangingwall and footwall cut-off lines measured on the fault surface in
the direction of the slip vector gives the magnitude of the total displacement vector (see also

Platel3).



40

3D outputs cannot be fully represented in 2D; thus all the following descriptions refer not only to
the accompanying plates (that provide 2D snapshots of the 3D reconstruction), but also to digital
file (MOVE format “mve in the Digital Enclosures) that can be viewed with the free application

MOVE viewer, downloadable from the Midland Valley website http://www.mve.com.

Plates 9, 10, 11 and 12 show the map and one oblique view that illustrate the geometry of the
horizons selected for the 3D analysis (T90, T88.8, NTEP, T87 respectively) in relation to the faults
of the Parihaka fault system (Digital Enclosure DE1_3D Model).

The Parihaka fault system is characterized by a set of hard and soft-linked en échelon (right-
stepped) fault segments, with three master faults that display a change in orientation from
the NE-SW oriented segments to the north (average trend 060°) to the more northerly

oriented segments to the south (average trend 0209).

From the uppermost horizon T90 (early Nukumurian, c. 2.4 Ma) to T87 (early Opoitian (c. 5.2 Ma)
the plates show the accumulation of separation on the faults of the system, the development of
relay ramps in the unbroken steps at the fault segment tips, and the development (in T87) of a
closely spaced sets of antithetic (W-dipping) faults that deform the hangingwall of the master

faults and are detached at shallower depth than the E-dipping master faults.

The geometry of individual fault surfaces (cf. DE1_3D Model) shows the upward splaying of
secondary fault surfaces from the master fault, with an overall geometry known as “horsetail”

(Fig. 18).
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Figure 18 Folding and secondary faulting around the tip of an upward-propagating normal fault zone, with
development of a dense network of secondary faults and fractures in the fault splay zone of the “horsetail.
(Experimetal data of Withjack et al., 1990, reproduced in Gawthorpe & Leeder, 2000.)

In the accommodation zones between fault segments (relay ramps, see Fig. 19), the stratigraphic surfaces
are distorted to accommodate the differential movement between fault tips, within volumes of predictable
concentrated strain accommodated by jointing, small scale (below resolution) faulting, and folding with

axial traces perpendicular to the faults.
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Figure 19 — Geometric discontinuities in a segmented normal fault system with soft-linked
interconnections in relay ramps. (Reproduced from Schlische, 1995).

All these elements concur to create a complex 3D geometry of faults and faulted horizons, a
strong heterogeneity of structural fabric, and an overall non-cylindrical fault geometry from
the deeper to the upper horizons, with shifting of displacement across the faults of any given

horsetail array (see also Giba et al, 2012).
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7.2 Cut-off intersections for the master faults

Ideally it should be possible to map in 3D the along strike change in vertical separation for the faults of
the system through time, during progressive accumulation of slip. This procedure involves the
definition of the hangingwall and footwall cut-off of faults during their activity (e.g. separation of

horizons T90, T88.8 and T87).

In reality, this procedure cannot be easily applied in this study because of: (i) change in fault
propagation trajectory and dip through time and impossibility - in many cases - to trace one single
surface that propagates from T87 to T90; (ii) complex partitioning of fault separation along different
horsetail splays of individual master faults; (i) change in position of fault relay ramps between en
échelon segments through time; (iv) simplicity of the 3D model used for the structural restoration in
terms of definition of a precise trajectory of the fault across the horizons (with consequent
uncertainties on the spatial location of the fault cut-offs and their distribution across sub-parallel
minor splay faults); and (v) uncertainty on the slip vector on the fault surfaces along which vertical

separation is measured during the whole history of fault growth.

For all these reasons it is not possible to calculate Allen diagrams of separation from the 3D

model, as originally planned.

It is however possible to represent in 2D (Plate 13 and Digital Enclosure DE2_Cutoffs) the along-strike
variation of fault displacement by mapping the intersection cut-offs of the Parihaka master faults on
the present surfaces of T90, T88.8 and T87 (cut-offs on NTEP have a geometry similar to those on T87
and are not represented). For facilitating the following description, the principal en échelon segments

of the Parihaka fault system mapped in Plate 13 are labeled F1, F2, F3 and F4 from Nto S.
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The map in Plate 13a shows the superposed cut-offs for T90, T88.8 and T87 (the westward shifting
from T87 to T90 is caused by the E-dip of the faults). The map consistently shows that separation
increases from T87 to T90, but also illustrates the non-cylindricity of fault geometry from the deepest
surface T87 to the shallowest T90, with major differences in the fault segment length, amount of
overlap in the steps, and geometry of fault connections of the relay ramps between F2 and F3 and for
F3. The increasing complexity of the fault system from T90 to T87 can be appreciated by comparing
the maps of Plate 13b, 13c and 13d, that show (as already shown by the 2D reconstructions) that the
upwards progressive growth of the fault tips occurs with changes in geometry of the fault segments,
associated with propagation of a number of horsetail splays (Fig. 18). The maps also provide a
gualitative assessment of the along-strike variation in separation along the faults, which is an indicator
of the way progressive interconnection between soft-linked relay zones evolved through time (cf.
Giba et al. 2012 for a detailed discussion). It is beyond the scope of this study to analyse in detail the
lateral growth of fault segments, but it is notable that for T90 and T88.8 (Plates 13b-b’ and 13c) the
lenticular shape of the hangingwall and footwall cut-off intersections shows that displacement dies
out laterally at both ends of individual fault segments, suggesting that there has been no lateral
growth interaction at the step over relay ramps in the last 2.5 Ma. In contrast, faults F2 and F3 and the
northern end of F4 in T87 (Plate 13d) show the geometry of lateral growth interaction. The same
geometry is likely also for F1, but unfortunately the original grid for T87 does not give enough data to

map the position of the fault footwall cut-off.
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7.3 Restored surfaces

Methods and assumptions for 3D restoration have been already discussed in Section 5.

In 3D, the tested mechanism able to provide the best results is oblique simple shear (with an average
inclination of shear vector for all faults). This mechanism is applicable to extensional regimes, where
anticline rollover structures develop in the fault hangingwall. The algorithm used in MOVE 2013 maintains
volume in 3D, and models homogeneous deformation throughout the hangingwall, by moving each point

in the hangingwall by the same horizontal distance, following a path parallel to the fault (see Fig.13).

The performed restorations display the geometry of the horizons selected for this analysis (T90, T88.8, NTEP,
T87) restored back to their pre-deformation position (paleo-bathymetric datum, provided by H. Mingard),

and also show the position of the cross-cutting faults that caused subsequent offset (Plates 14, 15, 16, 17).

Intermediate deformation geometry for T88.8, NTEP and T87 during retro-deformation of T90 in stage R1,
T88.8 in stage R2, NTEP in stage R3, and T87 in stage R4 has also been calculated, and included in the digital
enclosures DE3_R1, DE3_R2, DE3_R3, DE3_R4.

Given: (i) the change in orientation of individual fault segments within the investigated region; (ii) the
heterogeneous components of displacement, (iii) the likelihood of oblique fault slip vectors, and (iv) the
presence of antithetic fault sets (i.e. faults whose slip vector has opposite dip relative to the master faults),
the applied average vector for the inclined shear restoration is unable to fully restore the position of the
hangingwall relative to the footwall for all faults, meaning that some gaps (especially along the antithetic

faults) are left along the position of the faults crosscutting a given horizon (Plates 14, 15, 16, 17).
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7.4 Strain resulting from deformation of surfaces

The strain resulting from restoration stages R1, R2, R3, R4 for surfaces T90, T88.8, NTEP and
T87, is recorded in the Enclosure DE4_Strain, where also the intermediate stages of strain for
T88.8, NTEP and T87 are tracked. The strain parameters are visualized on the present-day
horizon (i.e. the horizon that is actually in the subsurface, which has acquired the finite strain
consequent on cumulative deformation). The software measures strain by comparing the
undeformed original horizon with the deformed (present-day) horizon, or with its geometry in

intermediate stages of deformation (in cases of progressive retro-deformation).

In Plates 18, 19, 20, 21 only a number of strain parameters are plotted as the most
representative of the strain state in T90, T88.8, NTEP and T87. Other parameters can be

visualized and plotted from the Digital Enclosure DE4_Strain.

The plotted strain parameters are:

el - Magnitude of maximum longitudinal strain , measured as (Li-Lo)/Lo , with L, final length and

Lo initial length. Positive for extension.

Normalized Joint Intensity (NJI) - Intensity of extensional fractures, defined in terms of
positive el values, normalized from 0-1 (0= minimum value, 1=maximum value). This diagram
repeats the pattern of the el diagram, but with different scale values. NJI is derived on the
(unproven) assumption that all strain is accommodated by fracture dilation. The plot shows
the strain-compatible location of joints, but this does not imply that joints actually formed as a

result of deformation.

el Azimuth - The orientation of the axis of maximum positive longitudinal strain is
calculated from the co-ordinate position of the strained object relative to the co-ordinate
positions of the unstrained object. Data are plotted at each vertex of the grid, and colour-

coded according to their orientation.
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Joint Dip Azimuth (JDA) - Orientation of putative extensional fractures. The software plots the dip azimuth
of JDA, i.e. the dip direction of the fracture plane, at 90° from the fracture strike. Thus, given that
extensional fractures are perpendicular to el, the map plot of JDA is the same as el, and is not repeated in
the accompanying plates. The distribution of the fractures is instead represented by the relative Schmidt

plot (lower hemisphere) of the dip azimuth scatter, color coded as the e1 map.

E1/E3 -Defined as (1+el)/(1+e3), with el = magnitude of maximum longitudinal strain and e3 = magnitude
of minimum longitudinal strain, positive for dilation, negative for contraction). Note that 1+el (= L¢/lo ) is
the maximum longitudinal strain (stretch), graphically represented by the major axis of the strain ellipse.
E1/E3 provides an estimate of the shape of the strain ellipse on the el-e3 plane, relative to the
undeformed circle. In case of no area and volume change the areas with the maximum E1/E3 are also the

areas with the maximum elongation.

7.5 3D restoration stages

Stage R1 - (T90 restored to its paleo-bathymetric datum)

The magnitude of el (Plate 18a) ranges between 0 and 2.3%, reflecting the low stretching consequent on
low displacement on the high angle faults cutting through T90. The highest values are in the hangingwall

of the northern fault segments and in the relay ramps.

The plot of Normalised Joint Intensity in T90 repeats the el plot (note the different scale), with the
highest fracture intensity (Plate 18b) expected to occur in the immediate hangingwall of faults with

largest displacement and the relay ramps.
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The el azimuthal distribution is scattered between 210° and 300°, with mean at 250°, reflecting the large

variation of el associated with sets of faults with different orientation and dip from S to N (Plate 18c).
The scatter in distribution in el is well evident in the Schmidt plot of the dip direction of extensional
fractures (Plate 18d), that potentially open at 90° from el. The distribution is colour-coded for direction

as in the el azimuth plot and shows high scatter, with most fractures dipping WNW.

The E1/E3 plot (Plate 18e) shows values from 1 to 1.04, i.e. low amount of stretching

consequent on faulting of T90. The highest values occur along the fault planes.

Stage R2 - (T88.8 restored to its paleo-bathymetric datum)

The magnitude of el (Plate 19a) ranges between 0 and 19%, indicative of moderate stretching
consequent on accumulated cumulative slip on moderately dipping faults that cut T88.8. The highest

values are adjacent to the faults and in the hangingwall of the northern fault segment.

The plot of Normalised Joint Intensity in T88.8 repeats the el plot (note the different scale), with the
highest fracture intensity (Plate 19b) expected to occur in the fault damage zones and in the relay

ramps.

The el azimuthal distribution is strongly scattered in the NW quadrant, and poorly resolvable in

the map plot (Plate 19c).

The distribution scatter in el is also evident in the Schmidt plot of the dip direction of extensional

fractures (Plate 19d), that potentially open at 90° from el.



49

The distribution is colour-coded as in the el azimuth plot and shows a concentration of NW-dipping
fractures, and a scattered distribution of fractures dipping NE and SW, i.e. fractures with trend NW-SE.

These orientations are parallel to the orientation of the relay ramps.

The E1/E3 plot (Plate 19e) shows regional values increasing from 1 (undeformed) to 1.31 adjacent to the

faults, consistent with the low-medium amount of stretching caused by faulting of T88.8

Stage R3 - (Near Top Early Pliocene restored to its paleo-bathymetric datum)

Note that restoration of NTEP to its paleo-bathymetry up to an E-dipping fault causes a noticeable
eastward shift of the position of the maximum strain area proximal to the fault scarp. This is the
consequence of a very pronounced paleo-bathymetric scarp reconstructed for NTEP, but positioned
along the same scarp present today in the deformed horizon. In reality the present horizon is down-
faulted several hundred metres in the hangingwall of an East dipping fault relative to its original paleo-
scarp, which was at much shallower depth, and therefore to the W of the present position. It is however
difficult to reconstruct the original paleo-bathymetry, and is not possible to simply shift laterally the
plots, because the fault orientation changes from N to S, and the amounts of vertical separation changes

along the faults.

The magnitude of el (Plate 20a) ranges between 0 and 64%, indicative of the large stretching associated
with the wide cutoff gap along all the major faults of the system. The highest values are adjacent to the
faults, whereas lower values of 25-35% characterize their hangingwall regions. Note the strong
difference between the hangingwall regions E of the faults, and the mostly undeformed western regions

in the footwall.



50

The plot of Normalised Joint Intensity in NTEP repeats the el plot (note the different scale), with the
highest fracture intensity (Plate 20b) expected to occur in the hangingwall regions of the master faults,

adjacent to the fault planes and in the relay ramps.

The el azimuthal distribution is scattered in the NW quadrant, with peaks in distribution

between 280°-310° and a mean orientation 270° (Plate 20c).

The scatter in el azimuth is repeated by the Schmidt plot of the dip direction of extensional fractures
(Plate 20d), that potentially open at 90° from el. The distribution is colour-coded for direction as in
the el azimuth plot, and shows a scatter in distribution around a well defined maximum of W- to NW-
dipping fractures, with a secondary distribution of fractures dipping to the NNE and SSW, possibly

related to fracturing in the relay zones.

The E1/E3 plot (Plate 20e) shows regional values increasing from 0.45 to 2.18. Values <1 arise from some
geometric overlap consequent on closure of the fault cut-off along the fault scarp in the deformed grid.
The highest values of 2.18 are consistent with the large displacement and stretching caused by normal

faulting of NTEP.

Stage R4 - (T87 restored to its paleo-bathymetric datum)

As discussed for NTEP also the strain plots for T87 show an eastward shift of the strain parameters relative
to the present faults Though the paleo-bathymetric datum for T87 does not show a marked scarp (as is the

case for NTEP) this effect results from the progressive restoration from stage 3 to stage 4.
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The magnitude of el (Plate 21a) ranges between 0 and 74%, indicative of very high stretching associated
with the wide cut-off gap along all the major faults of the system. The highest values are adjacent to the
E-dipping faults (but shifted to the E as a consequence of the restoration), their antithetic splays and in
the relay ramps. Lower values of 30-40% characterize their hangingwall regions. Note the strong
difference between the hangingwall regions E of the faults, and the mostly undeformed western regions

in the foowall.

The plot of Normalised Joint Intensity in NTEP repeats the el plot (note the different scale), with the
expected highest fracture intensity (Plate 21b) along the fault planes, the relay ramps and the antithetic

splays.

The el azimuthal distribution is scattered in the NW quadrant, with peaks in distribution

between 200°-330° and a mean orientation 270° (Plate 21c).

The distribution scatter in el is repeated by the Schmidt plot of the dip direction of extensional fractures
(Plate 21d), that potentially open at 90° from el. The distribution is colour-coded for direction as in the
el azimuth plot, and shows a scatter in distribution around a well defined maximum of WNW dipping
fracture, pervasively distributed in a belt parallel to the faults. A secondary distribution of NNE- and SSW-
dipping fractures is possibly related to fracturing in the relay zones. The fracture distribution for this

stage has the strongest spatial concentration.

The E1/E3 plot (Plate 21e) shows values increasing from 1 to 2.50, consistent with the highest

amount of stretching measured for T87.
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7.6 Principal results of 3D restoration

The principal conclusions resulting from 3D restorations are:

(1) 3D restoration of all analysed horizons is possible, and validates the robustness of the geometric
and kinematic interpretations. However, the average shear direction imposed for restoring all
faults in the study area cannot fully account for the existing differences in fault orientation and
dip from the northern to the southern segments of the system, as well as for the different dip
direction of the antithetic faults. More detailed studies should focus on individual faults
separately.

(2) The performed analysis provides a general assessment of the strain state from T90 to T87, and
shows a net increase in stretching (and related extensional fracture intensity) from T90 to T87.
This setting is a consequence of increasingly larger and progressively accumulated displacement
on the syn-sedimentary faults (propagating up-section during sedimentation), changes from
higher fault dips in T90 to shallower dips in T87, and accommodation of displacement in the relay
ramps.

(3) The strain analysis provides a first-step reconnaissance study, and is unable to capture the
detailed spatial variation of the strain parameters across the study area, mostly because of the
scale of analysis, the detail of the grid, and the simplified geometry of the 3D model used as the
starting condition.

(4) For the horizon NTEP (Plate 20) the strain data are shifted eastward relative to the present-day
position of the faults cutting the horizons. This shift results from plotting the strain on the

present-day deformed surface (i.e. the real surface present at depth) and is the consequence of
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restoring a horizon which is down-faulted at present depth >2500-m in the hangingwall of an E-
dipping fault to a paleo-bathymetric datum that is calibrated on the location of the present-day
fault scarp, whereas the original paleo-bathymetric datum along the fault scarp was at depth of
c. -500 m, i.e. much shallower. A simple, westward translation of the data is not possible,
because of the geometry of the fault system, and the along strike variations in offset. For T87
there is no marked paleo-bathymetric scarp, but the eastward shifting remains, because it
results from the intermediate stage R3 on restoration R4. Thus, for both NTEP and T87 the
location of the areas of maximum strain should be considered with caution, and interpreted as
conveying the general conclusion that the largest stretching and fracture intensity occur in the

damage zones around the faults, in their immediate hangingwall and in the relay ramps.
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8. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

This study provides a structural evaluation of the regional setting of the Parihaka fault
system in the Mensa Prospect (PEP 51558), and discusses the rationale, assumptions,
implications and results of the reconstructions performed using MOVE 2013 (Midland

Valley, http://www.mve.com).

The study consists of: (1) construction of four geo-seismic regional transects (with WNW-ESE
and NW-SE trend) that represent the N to S structural variations associated with differently-
oriented segments of the Parihaka fault system; (2) progressive retro-deformation of the
Tertiary seismo-stratigraphic horizons (from T90 to T40); (3) building of a simplified 3D
regional model of the major faults, and of the surfaces of T90 (early Nukumarian), T88.8 (intra
Mangapanian), Near Top Early Pliocene, T87 (=EP20, early Opoitian) crosscut by the faults; (4)
evaluation of separation on the master faults through 2D maps of fault cut-off intersections
across T90, T88.8 and T87; (5) 3D retro-deformation of the surfaces listed in (3); (6)
calculation and plot of significant strain parameters (el, Normalised Joint Intensity, el
azimuth, azimuthal distribution of extensional fractures, E1/E3) on the present surfaces of the

horizons listed in (3).

All data are presented in the accompanying plates (1 to 21), and 3D data can also be viewed
(using the free software MOVE viewer) in the digital files included in the Digital Enclosures (DE1,

DE2, DE3, DE4).

Major results of this study are:

(1) Both 2D and 3D restorations validate the structural interpretation of seismic horizons and
fault carried out by Todd Energy.
(2) 2D retro-deformation provides the timing of progressive syn-sedimentary growth

faulting and fault tip propagation for the different faults of the Parihaka fault
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system, in connection with deformation of the hangingwall. Progressive retro-
deformation shows: (i) younging of the faults of the Parihaka fault system from W to E;
(ii) upward propagation in the Tertiary sequence of fault segments splaying from earlier syn-rift
faults, with newly-propagating segments not always continuous with the earlier faults, suggesting
that the inherited faults were not favourably oriented for reactivation in the Tertiary extensional
stress field; (iii) limited evidence for compressional inversion of some of the inherited syn-rift
normal faults; (iv) likely deformation induced by the build-up of the Caelum (Miocene, c. 13.5 Ma)
and Aquila (Pliocene, c. 5-2 Ma) igneous complexes within the sedimentary sequence, resulting in
localised shortening, differential compaction and subsidence, tilting, and low-angle faulting above
the volcanic edifice; (v) relevant role of layer parallel detachments, especially within the T40-T72
and the T88.8-T90 sequences.

(3) 2D restorations provide a robust chronological reconstruction of deformation events, and
validate the role of oblique shear and fault-parallel shear on the major faults of the system,
with components of trishear required for unfaulted horizons above fault tips. Given the limited
time allocated for the project it was agreed to not include back-stripping and decompaction in
the restoration. This means that the reconstructed thickness of the retro-deformed
sedimentary units may not be fully representative and that the likely effect of differential
subsidence caused by the igneous bodies cannot be fully investigated at this stage.

(4) The simplified 3D model shows the complexity of the Parihaka fault system, with non-cylindrical
geometry from the deepest to the shallowest portions of the faults, shifting of displacement
along different “horsetail” fault splays, and localised deformation in the relay ramps.

(5) The limited time available for this study has not allowed building a smooth 3D model, especially
for what concerns: (i) geometry of cutoff intersections of faulted horizons, and, (ii) 3D fault
surfaces, that were entirely reconstructed, because in the original grids the horizons are
continuous across the faults (seismic interpretation performed using STM KINGDOM).

For these reasons, and given the extremely complex partitioning of fault
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separation along different horsetail splays of an individual master fault, the originally planned Allen
diagrams portraying the along strike variation in separation along the faults were not calculated.
Along-strike variation of separation for the Parihaka master faults is instead represented by 2D
maps of the cut-off geometry for T90, T88.8 and T87. The maps show the non-cylindricity of the
upward propagating splays, the decrease in total separation from T87 to T90, and the lateral
growth and overlap of the relay zones in the central (and possibly the northern) segments in T87
All 3D restorations use mechanisms of oblique simple shear on the faults, with the same
average shear direction for all the master faults of the system. The average orientation
restores the largest component of displacement on the master faults, but is unable to
close all the cutoff gaps, especially for the antithetic faults (whose shear direction is
opposite to the one of the master fault).

3D restoration of the T90, T88.8, NTEP and T87 surfaces demonstrates the
progressive increase in deformation caused by displacement accumulation on
upward-propagating, progressively growing syn-sedimentary faults.

The strain analysis in this study provides only a general evaluation of the stretching and
predicted extensional fracture pattern plotted on the present-day surfaces of deformed
horizons. The study is unable to capture the detailed spatial variation of the strain
parameters in small areas as a consequence of use of average shear direction,
imperfection of the 3D model, and scale of the grid.

The strain plots for the deepest horizons NTEP and T87 show a strain distribution that is
shifted eastward relative to the present-day position of the faults cutting the horizons.
This shift results from plotting the strain on the present-day deformed surface after
restoration of the down-faulted horizon to a paleo-bathymetric datum that is calibrated

on the location of the present-day fault scarp, whereas the original paleo-bathymetric
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datum along the fault scarp was at shallower depth. Thus the location of the areas
of maximum strain for NTEP and T87 should be considered with caution.

(10) Significant results of the 3D analysis are: (i) stretching, fracture intensity and fracture
clustering increase from T90 to T87; (ii) the regions of largest extensional strain (for all
horizons, including NTEP and T87) are adjacent to the faults (fault damage zone), in the
hangingwall region of the northern and central fault segments, and in the relay ramps
(with the possibility — in need of further testing - that in the relay ramps fracture system

are oriented NW-SE and dip to both the NE and SW).

Suggested future improvements should incorporate: (i) 2D restoration of selected cross sections,
inclusive of back-stripping and decompaction; (ii) improvement on the geometry of the 3D model,
especially for what concerns the cut-off intersections between faults and horizons, and the 3D shape
of individual faults, allowing for the construction of Allen diagrams for displacement; (iii). refinement
of boundary conditions (including the paleo-bathymetric datum in 3D restorations) and analysis of
individual fault systems within smaller areas, by splitting the regional model into smaller domains; (iv)
definition of elastic parameters for the analysed rock sets (e.g. density, Young modulus, Poisson ratio)
needed for performing decompaction and testing other restoration algorithms in 3D, as e.g. mass
spring restoration. Mass spring restoration (applied by MOVE 2013) uses a linear elastic assumption,
with boundary conditions imposed by the analyst. It provides an iterative calculation that aims to
preserve the original shape of a surface, by minimizing strain consequent on deformation. It is a good
algorithm for analyzing scenarios with hard and soft-linked fault segments, providing a tool for

completely closing the gaps created by extensional movement on non cylindrical fault surfaces.
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