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Abstract

Synthetic transfer zones develop between fault segments that dip in the same direction, with relay ramps
connecting the fault blocks separated by the different fault segments. The characteristics of the transfer zones
are controlled by the lithology, deformation conditions, and strain magnitude. The Parihaka fault is a northeast–
southwest-trending set of three major en echelon faults connected by relay ramps in the Taranaki Basin, New
Zealand. The structure in the basin is defined by extension during two episodes of deformation between the late
Cretaceous and Paleocene and between the late Miocene and recent. To better understand the evolution of a
synthetic transfer zone, we studied the geometry and secondary faulting between the individual fault segments
in the Parihaka fault system using structural interpretation of 3D seismic data and seismic attributes. This in-
terpretation allows for a unique application of seismic attributes to better study transfer zones. Seismic attrib-
utes, such as coherence, dip, and curvature, are effective tools used to understand the detailed geometry and
variation in displacement on the individual faults, the nature of secondary faulting along the transfer zones, and
the relationship between the faults and drape folds. The seismic characterization of the fault system of Miocene
to Pliocene age horizons highlights variations in the degree of faulting, deformation, and growth mechanism
associated with different stages of transfer zone development. The coherence, dip, and curvature attributes
indicate a direct correlation with structural parameters such as deformation, folding, and breaching of relay
ramps. All three attributes enhance the visualization of the major and associated secondary faults and better
constrain their tectonic history. The observed correlation between the seismic attributes and structural char-
acteristics of transfer zones can significantly improve the structural interpretation and exploration workflow.

Introduction
Transfer zones are ramps that connect two faults

(the upthrown of one to the downthrown of another)
by transferring displacement from one fault to another.
They have been extensively studied to better under-
stand the transfer of fault slip with consideration of
their importance for fluid migration and fracture distri-
bution at different scales (e.g., Morley et al., 1990; Nicol
et al., 2007; Ferrill and Morris, 2008). There are multiple
transfer zone types, depending on the relative dip direc-
tions of adjacent faults and the distribution of slip along
individual faults. Supplemental information can be ac-
cessed through the following link: Figure S1 shows the
classification of transfer zones depending on how faults
are dipping and their relative positions. These include
divergent, convergent, synthetic, collateral, and coli-
near transfer zones (Morley et al., 1990). Convergent
and divergent zones are defined by faults dipping in dif-
ferent directions either toward each other (convergent)

or away from each other (divergent). Synthetic transfer
zones consist of faults that dip in the same direction and
are separated by strike or relay ramps. The relay ramps
transfer displacement between the faults (e.g., Morley
et al., 1990). Approaching faults initially terminate along
trend, commonly branching into several smaller fault
splays. As the fault-related extension increases, a trans-
fer fault can connect some of the smaller initial faults
and result in fully detached blocks (Larsen, 1988). Relay
ramps play an important role in defining traps, reser-
voirs, and migration conduits or barriers for hydrocar-
bon exploration.

Peacock and Sanderson’s work published between
1991 and 1995 is a series of publications that investigate
the relationship among displacement variations along
faults, fault segment linkage, strain estimation, and re-
lay ramp geometries within a normal or strike-slip sys-
tem. Displacement at a transfer zone is seen to be
reduced caused by folding or tilting of beds within
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the relay ramp while maintaining a constant ramp rota-
tion (Peacock and Sanderson, 1991, 1993, 1995). This
variation in displacement at relay ramps causes a varia-
tion in the d-x (distance versus displacement) plots
along the geometry of the structure. Hence, Peacock
and Sanderson (1991) define four stages of relay ramp
development based on the displacement profiles of the
twomain faults. This definition was later revised and pub-
lished in 1994 with a more detailed description of relay
ramp growth for normal faulting (supplemental informa-
tion can be accessed through the following link: Fig-
ure S2). Those four evolutionary stages involve
(1) fault initiation, (2) fault propagation, (3) relay ramp
breaking and development of a connecting fault, and fi-
nally (4) the complete faulting and breaking of the ramp
with multiple composite along-strike faults.

As the displacement increases, breaching of the
transfer zone occurs. Fossen and Rotevatn (2016) de-
fine fault linkage as the result of one of two end member
scenarios, either a tip propagation model of randomly
distributed small faults or through coherent growth
caused by a preexisting buried fault being reactivated.
The growth of faults is controlled by different parame-
ters such as fault population and distribution, stress ori-
entation and perturbation, boundary conditions such as
weak fabrics or preexisting smaller faults, and reacti-
vated basement faults. Because displacement is being
transferred from one fault to another, the spacing of
the two faults impacts the length of the ramp. Depend-
ing on the sedimentary layer, as faulting continues,
breaching within the relay structure may occur together
with lengthening and bending of beds causing fractur-
ing and faulting of the ramp. This fracturing is quite im-
portant for vertical and lateral fluid movement,
migration, or entrapment. Observations from outcrops
can provide limited information on those characteris-
tics. Studies in quarries in South Texas by Ferrill and
Morris (2008) enabled an understanding of the deforma-
tion mechanics and transfer zone characteristics for
beds with different brittleness.

Conneally et al. (2014) further modify the relay zone
evolution model by determining the geometry and kin-
ematic history of two relay zones from the South China
Sea. They determine that kinematic analysis using 3D
seismic interpretation showed that the mechanism of
breached zones development might have included the
formation of a “through-going” fault followed by the de-
velopment of a splay within the breached zone. This can
be seen by the rotation of the ramp, which occurred
after the faulting and prior to the formation of splay
geometries. The data that Conneally et al. (2014) use
included an upper and a lower relay zone that were ver-
tically separated by 100 m of sediments, thus suggesting
causality between the two structures. A possible ex-
planation indicates that the lower relay zone might have
been “triggered” by the development of the upper ramp
due to the complex inherited geometry.

The availability of 3D seismic data enables a more
detailed understanding of relay ramp growth. Consider-

ing the limited work in the literature done on the appli-
cation of seismic attributes to structural properties
(Lohr et al., 2008; Iacopini et al., 2016), this paper
presents an application of attributes to better character-
ize transfer zones. In this paper, we investigate the
geometry and development of relay ramps in the Pari-
haka fault system in the northern Taranaki Basin, New
Zealand. The Parihaka fault system is defined by a
series of en echelon faults forming a synthetic transfer
zone. Major and secondary faults and the associated re-
lay ramps are generally well imaged in 3D seismic am-
plitude data. We first use a traditional 3D seismic
interpretation workflow to study the geometry of the
synthetic transfer zone and the related relay ramps. Dis-
placement patterns of individual faults and at relay
ramps are mapped for different units to understand
the evolution of the transfer zones. We then use three
seismic attributes, namely, coherence, curvature, and
dip and azimuth, to study the deformation patterns
on the major faults as well as the related folds and sec-
ondary faults. Our results provide a better understand-
ing of the deformation patterns within the transfer zone
and serve as a test for the use of attribute analysis in
transfer zone characterization.

Taranaki Basin setting
The Taranaki Basin is a Cretaceous sedimentary ba-

sin encompassing approximately 100,000 km2 located
off the western coast of New Zealand. It formed as
an active volcanic back-arc rift basin (Giba et al.,
2010) during the subduction of the Pacific plate beneath
the Australian plate (Haque et al., 2016; Rajabi et al.,
2016). The formation of the basin is defined by three
stages: an extensional phase that occurred from the late
Cretaceous to Paleocene time characterized by the for-
mation of graben and horst structures along a north–
south normal faulting system (King and Thrasher, 1996;
Giba et al., 2010), a shortening phase primarily confined
to the southern part of the basin caused by the subduc-
tion of the Pacific plate, and another extensional phase
starting in the late Miocene occurring in different loca-
tions (King and Thrasher, 1996; King, 2000). Subsidence
increased significantly between 30 and 25 Ma (King and
Thrasher, 1996) induced by mantle convection as sub-
duction continued on the eastern side (Stern and Holt,
1994). Gradual southward and eastward migration of
volcanism and faulting is evident at approximately
18 Ma due to the rollback of the Pacific plate (King,
2000; Nicol et al., 2007; Giba et al., 2010).

The sedimentation rate within the basin is seen to be
higher than the fault displacement rate, resulting in the
preservation of units in both blocks and thickness in-
creases across the faults into the downthrown blocks.
Sediments were deposited in the basin in large volumes
due to the erosion of areas with positive relief (King,
2000). Within the South Taranaki Basin, the vertical
displacement rate was the largest during the late
Cretaceous (Reilly et al., 2015). The sedimentary record
from the northern Taranaki Basin indicates significant
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displacement approximately 29 Ma seen by the activa-
tion of the Manganui fault (Tripathi and Kamp, 2008).

The Parihaka fault, our focus, is located in the
northern central part of the Taranaki Basin (Figure 1),
and it underwent normal faulting. The fault system is
approximately 50 km long and comprises five segments
forming an en echelon system striking north–south to
northeast–southwest (Giba et al., 2012). According to
Giba et al. (2012), the fault has up to 1.8 km in vertical
displacement with the maximum displacement shifting
to the north during Plio-Pleistocene time, while becom-
ing almost inactive in the southern part. The minimum
displacement on the faults coincides with the locations
of the relay ramps.

Reservoir stratigraphy
Targeted formations in the basin consist mainly

of the Rangitikei group (mainly the Giant Forest and
Matemateonga), the Wai-ti group (including the Urenui,
Mt Messenger, Mohakatino, and Moki), and down to the
Nigatoro group. According to Tripathi and Kamp
(2008), the Rangitikei group is a late Pliocene formation
deposited mainly in a regressive system track with
thinly deposited transgressive beds. Sediments are
characterized by alteration of 4–5 m thick sandstone
layers along with thick mudstone intervals as part of
a submarine fan system. The Matemateonga sequence
that started depositing during the late Miocene through
the early Pliocene consists of predominately sandstone
interbedded with siltstones deposited in a shelf to
marine environment (according to a report acquired
from the New Zealand Ministry of Economic Develop-
ment prepared in 2009, report PR 1745).

Based on the available New Zealand government re-
ports for exploration in the Taranaki Basin, the Wai-ti
group is defined to be Miocene in age and spans approx-
imately 20 million years consisting of primary explora-
tion targets. The Urenui Formation within the Wai-ti
group is mainly a siltstone and mudstone interval com-
prising thick claystones that are eroded in some areas
with channels (report PR 1745). Urenui is a continuous
formation that can easily be picked on seismic lines.
The Mt. Messenger Formation is one of the targeted res-
ervoirs consisting of fine to medium coarse sandstones
with minor interbedded mudstones. The base of Mt.
Messenger is defined by a sonic marker caused by
the cementation of planktic foraminifers (Tripathi
and Kamp, 2008). The underlying formation is the
Mohakatino lower slope formation redeposited by
volcanic highs during the reactivation of the Taranaki
Graben. The unit consists mainly of reworked detritus
volcanic deposits, highly heterogeneous siltstones and
mudstones, noncontinuous sandstone reservoirs, highly
faulted and fractures intervals, and rich in swell-
ing clays.

Other units form the Wai-ti sequence including the
Awakau formation (interbedded sandstone, siltstone,
and shale), the Manganui formation (predominately
mudstone deposited in a deepwater setting), and down

to the Moki formation (report PR 1745). The Moki for-
mation mainly consists of deepwater turbidites with
sand channels clearly seen on the seismic amplitude
and seen to be controlled by faulting.

Data and interpretation methods
A 3D poststack time-migrated seismic volume for the

area west of New Zealand covers a large area of the Par-
ihaka fault. The seismic volume was provided through
the SEG data storage facility and covers most of the
three en echelon faults connected by relay ramps. Sup-
plemental information can be accessed through the fol-
lowing link: Table S1 summarizes the main details of the
seismic volume. In general, the seismic quality is very
good mainly in the section covering the faulting system.
Despite the seismic acquisition footprints in the shal-
lower part, the footprint contaminates the survey in
the shallower section, but it does not significantly
inhibit a good interpretation of faulting, folding, and
stratigraphic features. The seismic volume was reproc-
essed in 2012 for the purpose of improving the Miocene
target, to better image the deeper targets west of the
Cape Egmont fault, the top of the basement, the Creta-
ceous geology, the shallow biogenic gases in the north,
and the geohazards. A full summary of the processing
report containing full details on the workflow and algo-
rithms was acquired from the New Zealand Ministry of
Economic Development (report PR 4582).

Well data including logs, check shots, core descrip-
tions, mud log reports, drilling reports, geochemistry,
and other data were available for three wells in the area.
Only one of the wells (Arawa 1) available falls within
the 3D seismic volume that covers the interpreted inter-
vals. The well data were used to correlate key units in
the seismic data. Check-shot data were used to build a
velocity model to allow the depth conversion of the in-
terpreted horizons. Likewise, the biostratigraphy data
from the Arawa 1 well were then used to estimate
the age of those interpreted horizons and thus were able
to estimate the timing of the structural movements.

Structural analysis of the synthetic transfer zone con-
sisted of two main components. The first component
consisted of a traditional approach of analyzing the
transfer system including a 3D analysis of the fault
zones, the variation of slip on both individual faults
and along relay ramps connecting the individual faults.
Figure 1 shows the three main faults interpreted within
Pleistocene to Pliocene units. Figure 2 represents a map
view of a time slice at t = 860 ms through a coherence
volume. The coherence displayed is a measure of how
coherent the seismic response is thus allowing us to
pick and determine areas of variability, which then re-
flects the presence of discontinuity. The darker continu-
ous colors, trending mainly north–south, are the major
en echelon faults in the area defined in this paper as
fault A, fault B, and fault C. Ramp 1 is defined as the
ramp connecting faults A and B, whereas ramp 2 is de-
fined as the ramp connecting faults C and D. Note the
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location of the Arawa 1 well on the upthrown side of
fault A in close proximity to ramp 1.

The second component consisted of seismic attrib-
utes analyses to refine the fault interpretation and
the related deformation in the vicinity of the relay
ramps. This analysis included the use of variance (co-
herence), maximum positive and negative curvature,
seismic dip, and seismic azimuth. We conducted our
analyses using time slices as well as horizon slices
through the attribute volumes. In contrast to time slices
through the original seismic amplitude, time slices
through the dip, curvature, and coherence volumes
are relatively insensitive to the seismic wavelet and
are thus quite easy to interpret on time slices.

Fault characterization
A time-depth conversion based on one well (Arawa

1) was used to better interpret the structure and related
faults in depth. The data show an overall consistent in-
crease in velocity with depth. The model was separated
into three velocity trends to accommodate for velocity
changes with depth and a more accurate depth conver-
sion. Supplemental information can be accessed
through the following link: Figure S3 shows the velocity
data from the Arawa 1 well plotted with depth for the
check-shot data. Different colors represent different de-

fined trends in the velocity model that was adopted dur-
ing the depth conversion. Depth-converted horizons
allow for appropriate calculations of fault displacement
and the associated throw. However, horizon names
were used for fault characterization and structural
analysis due to the large displacement and associated
folding seen on those faults, which makes using only
depth information hard to understand.

Examining Figure 3, horizon 1 shows almost no dis-
placement across the fault, with the displacement in-
creasing to a maximum with horizon 11. The
approximate age of the horizons was determined using
biomarker data provided by the New Zealand Ministry
of Economic Development for the Arawa 1 well, and it
is shown in the supplemental information that can be
accessed through the following link: Table S2. The
downthrown units associated with extension show
growth or an increase in thickness compared with
the upthrown units. Similar observations on other faults
indicate that the region was structurally active as a part
of the extensional system during the deposition of those
units. Supplemental information can be accessed
through the following link: Figure S4 shows the varia-
tion in displacement along the length of fault B. For
each unit, the displacement decreases from a maximum
in the center of the fault to a minimum at the fault tips,
suggesting an increase in fault displacement with the
increasing lateral fault propagation. It also shows the

Figure 1. Plate boundary setting of the North Island of New
Zealand. (a) Regional setting during the late Cretaceous,
(b) magnified view at the region during the late Cretaceous,
(c) Parihaka fault during the early Pliocene, and (d) Parihaka
fault during the Pleistocene (edited from Giba et al., 2012) (the
red arrows indicate the approximate extension directions).

Figure 2. Time slice at t = 860 ms through a coherence vol-
ume showing the location of the main faults in the area (A, B,
C, and D), the Arawa 1 well, and the location of cross-section
AA′. The northeast-trending acquisition footprint corresponds
to the sail line of seismic acquisition. High-coherence elliptical
features are shallow gas accumulations forming bright spots,
which can be seen in the following figure.
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progressive increase in the maximum displacement of
each unit with depth implying a progressive increase in
growth. The increase in separation of the curves be-
tween horizons 8 and 10 suggests a rapid increase in
growth during the deposition of the units.

By measuring the thickness change at the maximum
displacement locations across the three main faults A,
B, and C, we compute the growth index, defined as the
ratio of the hanging wall to footwall thickness (Thorsen,
1963), to assess the relative growth associated with
each horizon for each of the three main (faults A, B,
and C) faults. Figure 4 summarizes the findings for
the main faults at all 11 horizons. The growth index in-
creases from horizon 1, showing lower growth, to hori-
zon 7, which has higher growth. Horizons 1–5 are
Pleistocene, whereas horizons 6–11 are Pliocene in
age. Minor changes in relative growth are seen for
the different faults for these horizons. During deposi-
tion of geologic units underlying horizons 8–10, the
growth index for the different faults varies considerably
suggesting changes in extension along the fault system.
Furthermore, whereas the growth index is highest for
fault A for units 8 and 9, it is highest for fault C for units
9 and 10, suggesting the transfer of displacement along
the trend from fault A to fault C during this time.

Another key parameter analyzed was the relation-
ship between the fault length and displacement during
propagation of each major fault through the major
mapped horizons. The fault length was measured at
each horizon and plotted against displacement for all
four faults shown in Figure 2. Figure 5 shows the fault
length versus displacement for every horizon. Shal-
lower horizons (starting with horizon 1) show shorter
fault lengths compared with the deeper horizons, due
to the progressive increase of the fault length with the
increasing displacement. However, the rate of change
of the fault displacement shows three distinct trends:
(1) an “early” episode of rapid fault length increase char-
acterized with little displacement, (2) a “second” episode
characterized by a rapid increase in fault displacement
associated with little or a small increase in the fault
length, and (3) a final episode of fault length increase
with little fault displacement. These changes in the rates
of displacement with fault length can be attributed to
two main factors: (1) the general change in fault dis-
placement with length during the propagation of the
faults as discussed by Rotevatn et al. (2018) and
(2) changes in the rates of propagation caused by varia-
tions in the mechanical properties of the individual units.
Rotevatn et al. (2018) discuss two fault growth models
consisting of (1) a propagation model or an isolated fault

model in which the fault displacement
is positively related to the fault length
and (2) a constant-length model in which
the faults establish most of their length
early on in their history and displacement
accumulates without major increase in
fault length. The plot of the four faults
(Figure 5) can be explained due to rapid
fault growth in the early stages of evolu-
tion (Rotevatn et al., 2018) and also to
changes in fault propagation rates due
to variations in the mechanical proper-
ties of the units.

Relay ramp characterization
We now examine the variation in dis-

placement along the ramps and transfer

Figure 3. Cross-section AA′ showing all 11 horizons interpreted to assess the
relay ramp formation.

Figure 4. Growth index (ratio of downthrow to upthrown
thickness) for all three faults.

Figure 5. Fault length plotted versus fault displacement of all
horizons for the four major faults.
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zones for the different horizons. Figure 6 shows a cross
section along the faults from the southwest to the north-
east in the area. The cumulative displacement at any
point along the cross section for all interpreted faults
is plotted. The plot shows the displacement variations
for four representative horizons (horizons 4, 8, 10, and
11). For each major fault and the related secondary
faults, the displacement is at its maximum in the center
of the fault and decreases to a minimum along the trans-
fer zones. There is an overall decrease in the fault dis-
placement to the northeast for the deeper horizons 10
and 11. For horizon 8, the decrease in displacement to
the northeast is smaller than that for the deeper hori-
zons. The displacement pattern reverses for the shal-
lowest mapped horizon (horizon 4) for which there is
a slight increase in displacement to the northeast. This
pattern may be associated with the change in the rela-
tive extension direction during the Pliocene. Similar ob-
servations regarding the variation in displacement were
also made by Giba et al. (2012) for this area and by Lohr
et al. (2008) in the northwest German Basin.

Relay ramps can be seen on time slices, particularly
for shallower horizons (from horizon 1 to horizon 7).
With an increase in displacement, relay ramps are often
cut by small faults, which connect the major faults, thus
making it more difficult to examine displacement trans-
fer. Ramps connecting the different faults were exam-
ined by recording the ramp length and width and
plotting them against the maximum displacement ob-
served on both faults defining the ramp. Figure 7 shows
the relay ramp length increasing with the increase of
displacement at every horizon for both connected
faults. For faults A and B, the maximum displacement
is similar causing almost identical data points relating
the displacement to the ramp length for ramp 1,
whereas fault C shows slightly smaller fault displace-
ments and related ramp lengths for ramp 2. Fault D
is a much smaller secondary fault associated with fault
B and shows the smallest fault displacements.

The relationship between the displacements and
lengths of ramps 1 and 2 follow a logarithmic pattern,
characterized by a sharp increase in the ramp length, so
that most (70%–80%) of the length is attained with little

displacement (less than 25% extension),
followed by a flatter curve associated
with small additional increases in the
ramp length with additional extension.
Similar to the fault growth shown in Fig-
ure 5, the logarithmic pattern in the re-
lay ramp length increase is associated
with a similar logarithmic increase in
the fault length (Walsh and Watterson,
1988). Because the ramp length is re-
lated to the length of the fault, the flatter
curve supports that the fault propaga-
tion occurs at a higher rate in the early
stages relative to the fault displacement.
The ramp width (shown in the supple-
mental information that can be accessed
through the following link: Figure S5), is
independent of the increase of displace-
ment for both ramps.

The ramp width is defined by the ini-
tial location of the faults relative to each

other, and it is possibly controlled by the location of
preexisting basement faults. The ramps quickly extend
in length, as adjacent faults transition from approaching
to overlapping patterns, eventually curving and con-
necting with each other or terminating against each
other. The growth history of the faults is associated
with a significant gain in fault length in the initial stages
and then a smaller gain in length with the increase in
displacement. Ramps transfer the additional displace-
ment from one fault to the other without significant ad-
ditional fault growth.

Seismic attribute analyses
Seismic attribute analysis was used to understand

the detailed geometry of faults and related deformation
within the transfer zones. Different seismic attributes

Figure 6. Cross section along the main faults extending from the southwest to
the northeast direction showing displacement for four main horizons.

Figure 7. Measured ramp length plotted against the maxi-
mum displacement associated with the related faults.

T658 Interpretation / August 2021

D
ow

nl
oa

de
d 

08
/1

2/
21

 to
 6

8.
97

.1
18

.2
33

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/IN
T

-2
02

0-
01

38
.1

http://library.seg.org/doi/suppl/10.1190/INT-2020-0138.1/suppl_file/s5.pdf


can be used to help structural interpretation and to bet-
ter understand fault geometries and displacements. The
attributes provide a better visualization of the faults
and, in some instances, reduced ambigu-
ity in fault location than the original seis-
mic amplitude volume. We summarize
the main attributes used in our analysis,
including coherence, volumetric dip
magnitude and dip azimuth, and most-
positive and most-negative curvature.

The dip magnitude and dip azimuth
volumes define the orientation of a
plane that best presents the seismic re-
flection pattern at each voxel in the data
volume. For time-migrated data, the dip
magnitude is measured in ms/m, which
through the use of a simple velocity
model can be converted to degrees.
Using 3D visualization and appro-
priate color bars, horizon slices and time
slices through the vector dip provide
easy to understand images of structural
deformation.

Coherence measures the similarity of
the waveform within a small 3D window
(Bahorich and Farmer, 1995), providing
better visualization of discontinuities in
the data such as faults, large fractures,
and stratigraphic edges (such as the
turbidites). By using a small 3D analysis
window, coherence provides excellent
images of faults on time slices, whereas
faults parallel to the bed strike are easily
confused with stratigraphic changes
(Bahorich and Farmer, 1995). An eigen-
structure coherence algorithm can be
applied to produce better results and im-
prove image quality to account for noise
and low signal-to-noise ratios (Gerszten-
korn and Marfurt, 1999).

Curvature is a second-order deriva-
tive of the time structure or the first
derivative of the vector dip. Whereas
the vector dip can be expressed by a
single vector, curvature requires two
vectors — the value and the strike of
the most-positive and most-negative
curvatures. Used together, these two
vectors provide a representation of the
domes, ridges, saddles, valley, bowls,
and planes within the data volume
(Roberts, 2001). Curvature anomalies
tend to bracket, rather than align with,
coherence anomalies. For normal faults,
there is usually a positive curvature
anomaly on the footwall side of the fault
and a negative curvature anomaly on
the hanging wall side of fault. In our
present study, this attribute can be used

to identify folding of different wavelengths in addi-
tion to the faults. Overlaying the most-positive and
most-negative curvature on a time slice enables the

Figure 8. Comparison between the dip magnitude computed from an interpreted
horizon and a horizon slice through a volumetric dip computation for (a and b) hori-
zon 6 and (c and d) horizon 8, respectively (the mapping grid size is 100 × 100 m).
Note the improved resolution of the three turbidite channels in (d) versus (c). The
subtle left-to-right corrugations are due to the acquisition footprint.

Figure 9. Horizon slices through the dip magnitude volume for horizons 1–6 for
ramp 1.
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visualization of folds, faults, and other structural fea-
tures. The most-positive and -negative curvatures are
always orthogonal and show anomalies along the fold
crests or troughs (Marfurt, 2010).

Applications of seismic attributes
Horizon-based versus volumetric dip calculations

Seismic dip (Marfurt, 2006) was derived and map-
ped for all interpreted horizons. In addition, dip was

calculated by structural modeling and depth conversion
for all interpreted horizons. Figure 8 presents a com-
parison between the seismic dip and structural dip for
various horizons for the two ramps. As shown in Figure 8,
the derived seismic dip can be very close to the actual
structural dip calculated for the interpreted horizons.
Along relay ramps, the dip of the beds changes along the
ramp from the upthrown side of one fault to the down-
thrown side. Bed dips increase from subhorizontal to

more steeply dipping to subhorizontal
again. The dip change relates to displace-
ment transfer along the ramp. To exam-
ine the relation of bed dipping (tilting)
with fault development along relay
ramps, multiple images of dip change
for different horizons were examined.
Considering the similarity of the seismic
dip and structural dip along the ramps,
Figure 9 shows seismic dip attributes
along the ramps. Because the beds rotate
by 5° or 6°, the ramps develop smaller
faults to account for the additional tilting
on the ramps. This angle of breaching de-
velopment within the transfer zone is
much lower that what was suggested by
Fossen and Rotevatn (2016) of 10°–15°.
The actual dip angle for the fault initia-
tion can be formation-specific and de-
pends on the lithologic characteristics.
For ramp 2, the breaching occurs at a
deeper formation and the same horizon
5 that is faulted at ramp 1 does not show

any faulting at ramp 2 (Figure 10). Breaching is initiated
between horizons 6 and 7. Similar to ramp 1 that breach-
ing is associated with a dipping angle of almost 6°. The
deeper breaching is because fault D does not have as
much displacement as faults A, B, and C.

Coherence or variance
Coherence is an effective tool for visualizing struc-

tural changes in seismic data. Although eigenstructure
coherence shows the stratigraphic and hydrocarbon
edges better, in this application, variance (1 semblance)
shows improved delineations about the fault tips where
there is no change in waveform shape, but only a
change in amplitude. Figure 11a shows fault planes
A, B, C, and D with mapped variance volume, corre-
sponding to an averaging of a 50 ms window. The
changes in color represent the changes in variance
along the fault such that red colors indicate a higher
variance (less coherent reflectors). A variance of 0 in-
dicates coherent reflectors with no faulting, whereas
a variance of 1 indicates a totally incoherent seismic sig-
nal within the analysis window. The observed changes
follow the changes in displacement on the faults.
Supplemental information can be accessed through
the following link: Figure S7 shows the increase in
displacement toward the bottom-center part of the
faults, which is consistent with the overall increase

Figure 10. Horizon slices through the dip magnitude volume for horizons 2–8
for ramp 2.

Figure 11. (a) Mapped variance onto the fault planes with
red indicating an increase in variance from horizons 1 to 11
and (b) calculated heave using depth-converted seismic data
showing an increase of displacement toward the bottom
center part of the faults (four times vertically exaggerated).
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in variance. Figure 11b shows the changes in heave
measurements along those same faults, showing a bet-
ter match with the variance derived from seismic. Along
the plane of maximum displacement at every fault loca-
tion, the average variance was measured for every
interpreted horizon and plotted with maximum dis-
placement in Figure 12. The increase of displacement
is consistent with an increase in variance observed
particularly for variance of less than 0.5. Therefore,
variance can be used as a direct measure of fault dis-
placement or fault heave for seismic data.

Variance (similar to coherence) below a certain
threshold can also to study the nature of secondary
faulting. This is useful for predicting and mapping the
distribution of smaller faults in a faulted zone. Figure 13
shows examples of variance at representative horizons,
within the ramps area, close to the faults, highlighting
additional possible smaller faulting. The variance indi-
cates a change in color at the tip of the faults and splay-
ing of the faults into smaller subfaults or splays.
Assuming that the variance (or coherence) is a measure
of displacement, location of displacement within the re-
lay ramp can be determined. Those are the locations of
the initial breaching as well as locations where possible
fault displacement is occurring.

Seismic curvature
Curvature measures the variation of a local surface

from a plane. In terms of fault tectonics, curvature is a
good proxy in measuring strain. Figure 14 shows a hori-
zon slice along horizon 8 through the corendered most-
positive and most-negative curvature and a vertical
slice through the corendered most-pos-
itive and most-negative curvature and
the seismic amplitude volumes. Note
that the footwall side of the fault exhib-
its a positive-curvature anomaly (in red)
and the hanging wall exhibits a negative-
curvature anomaly (in blue) common to
many, if not most, normal fault geom-
etries. Note on the horizon slice that
the fault discontinuity does not line up
with the curvature anomalies, indicating
a lateral error in the fault picks.

Figure 15 shows a suite of nine
horizon slices through the corendered
most-positive and -negative curvature
volumes. As in the previous figure,
the curvature attributes near the fault
zone show positive curvature on the up-
thrown block and negative curvature on
the downthrown block related to folding
of the beds. Beds on the upthrown block
rotate into the fault forming anticlines,
whereas on the downthrown side, beds
rotate up to the fault (up to 10° or more
dip), forming a syncline. Deeper forma-
tions (horizons 8–11) tend to have more
complex attributes caused by the longer

structural history and additional tectonic events that they
underwent. In addition to these larger scale features, the
curvature also shows a very sharp increase over a short
distance near the fault, attributed directly to the faulting.

The degree of curvature can be seen to correlate
with the amount of displacement on the faults. As
the displacement increases, the amount of curvature in-
creases indicating increased bed rotation. By examining
the cross section shown in Figure 3, the overall geom-
etry of the beds outside the fault zones is seen to be flat,
with consistent rotation near the fault. The magnitude
of rotation and the width of the folded zone are asso-
ciated with the displacement as well as the lithology.

Figure 12. Maximum displacement seen for every fault at
every horizon plotted against the average variance measured
from the mapped seismic attributes.

Figure 13. Magnified images of horizon slices along horizons 6 and 8 through
the variance volume showing small subseismic faulting along ramps 1 and 2.
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Traditional models of transfer zones (Morley et al.,
1990) show only broad rollover folding of beds related
to the changes in fault dip, but no additional folding in
the immediate vicinity of the fault. However, experi-
mental studies (Paul and Mitra, 2013) suggest that in
many instances, additional extensional fault-propaga-

tion or drape folding occurs in the vicinity of the faults,
altering the geometry of the transfer zone. Drape folds,
accompanied by drag folding, produce the curvature
changes described above for the Parihaka fault system.
Therefore, the broader curvature changes directly rec-
ord drape folding, whereas the sharp changes reflect

the effects of the faulting. The presence
of the drape is also supported by the
cross sections through the traditional
amplitude data (Figure 3).

Analysis
Understanding attributes

Based on the results presented above
and the observation from the applica-
tion of seismic attributes to faults and
horizons, understanding the deforma-
tion mechanism and growth history of
some of the transfer zones can be ac-
complished. By examining the seismic
dip data, the bed dips can be imaged
to determine the degree of deformation
that transfer zones have undergone. As
the displacement increases within the
relay ramps, beds within the ramp rotate
to accommodate the displacement.
Above a certain dip angle, the ramps
cannot further accommodate the addi-
tional displacement leading to the for-
mation of smaller faults. This critical
dip for the formation of secondary faults
is likely controlled by the lithologic com-
position of the beds. This growth model
approach is consistent with the model
that Peacock and Sanderson (1994) sug-
gest in which faulting is seen to occur
postbreaching or splay formation. We
see no evidence that transfer zones
are breaching and rotation and fractur-
ing of beds are occurring posthard-link
faulting development.

The intensity of breaching experi-
enced by ramp 1 and ramp 2 can be seen
using the seismic dip data as well as the
variance and curvature. This observa-
tion is consistent with the bed rotation
deformation mechanism and indicates
the higher density of fracturing with
deeper formations/horizons that have
undergone further deformation. Simi-
larly, in Figure 14, the degree of curva-
ture can be seen to correlate with the
amount of displacement on the faults.
As the displacement increases, the
amount of curvature increases indi-
cating the increased bed rotation. By
examining the cross section shown in
Figure 3, the overall geometry of the
beds outside the fault zones is seen to

Figure 14. Time-structure maps of horizons 2, 8, and 11, and a vertical slice
through the corendered most-positive curvature, k1, most-negative curvature,
k2, and seismic amplitude, showing the correlation of positive-curvature anoma-
lies with the hanging. Folding associated with breaching as shown on horizon 8
to be predominately an anticlinal shape (positive curvature) — due to possible
twisting.

Figure 15. Corendered most-positive (k1) and most-negative (k2) curvatures
computed from picked horizons 1 to 9 showing an increase in curvature asso-
ciated with increased displacement.
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be flat, with consistent rotation near the fault. The mag-
nitude of rotation and the width of the folded zone is
associated with the displacement as well as the lithol-
ogy. However, lithologic implications might have lim-
ited controlling factor to the degree of fracturing that
those beds and ramps are showing compared with
the displacement. Traditional models of transfer zones
(such as the one suggested by Morley et al., 1990) show
only broad rollover folding of beds related to the
changes in fault dip, but no additional folding in the im-
mediate vicinity of the fault. However, experimental
studies (Paul and Mitra, 2013) suggest that, in many
instances, additional extensional fault-propagation or
drape folding occurs in the vicinity of the faults, altering
the geometry of the transfer zone. Drape folds, accom-
panied by drag folding, produce the curvature changes
described above for the Parihaka fault system. There-
fore, the broader curvature changes directly record
drape folding, whereas the sharp changes reflect the ef-
fects of the faulting. The presence of drape is also sup-
ported by the cross sections through the traditional
amplitude data (Figure 3). Within the transfer zones,
this indicates that many of those beds with maximum
curvature observed indicates significant rotation and
thus a higher amount of fracturing or faulting, which
accompany the splay faults formation.

In addition, variance extracted along each of the
fault planes shows a correlation with the calculated dis-
placement that faults have undergone. This observation
indicates that the similarity between the upthrown and
downthrown blocks is significantly reduced for the
deeper formation, hence hinting at significant changes
in the seismic response. This is partially caused by the
higher displacement and juxtaposition of different for-
mations, and it is significantly related to the additional
breaking and fracturing that fault zones experience. De-
spite it being hard to assess the degree of fracturing that
damage zones have experienced, it can be qualitatively
estimated that a higher degree of breaking is expected.

Work application and implications
The application of seismic attributes in hydrocarbon

exploration provides a deeper understanding of the
structural and stratigraphic elements of the system.
When assessing the risk associated with transfer zones,
in particular, an understanding of timing and degree of
deformation are important. Through this work, the seis-
mic dip proved to be a good approximation of the actual
dip of the relay ramp and can highlight zones within
ramps that might have undergone additional deforma-
tion and breaching. As was seen through our work, a
5° dip rotation is sufficient to cause breaching within
ramps. Similarly, variance attributes can be used as a
qualitative indicator of displacement experienced by
faults. Because variance exhibits a logarithmic shape,
it provides additional insights regarding fault splaying
and breaching locations. Quantitative measurements
of displacement are possible as well for a low degree
of variance.

Understanding breaching locations and timing has
significant implications in understanding hydrocarbon
movement and storage. Depending on the time of expul-
sion of the hydrocarbon in the Taranaki Basin, those
relay ramps could have served as pathways for hydro-
carbon movement from the downthrown to the up-
thrown side. However, if breaching, as seen via seismic
dip and variance, is associated with significant displace-
ment and preceded expulsion of hydrocarbons, it is
then possible that some of the compartments that
formed around those faults are great reservoir targets.
That will depend on the formation that the hydrocar-
bons migrated from and the one they migrated through.
Hence, understanding the timing and degree of defor-
mation is of the essence for hydrocarbon exploration.

In addition, the use of curvature does show possible
folding and tilting of beds, which could serve as addi-
tional locations for hydrocarbon accumulations. Be-
cause displacement increases with curvature, curva-
ture might be as well be used to indicate the location
of high fracture density, which can be migration path-
ways for conventional reservoirs or a storage zone for
unconventional exploration. Hence, seismic attributes
can provide additional understanding on reservoir com-
partmentalization and the structural properties associ-
ated with the faults’ movements.

When it comes to understanding the structural evo-
lution of the Taranaki Basin and the Parihaka fault, the
work presented here provides an additional under-
standing of the deformation of the region. As discussed
earlier, the southern part of the Taranaki Basin has
undergone significant deformation during the Pliocene.
However, and during the Pleistocene, the maximum dis-
placement on the faults is seen to be shifting toward the
northern part of the basin, possibly associated with the
rollback of the Pacific Plate and an increase in volcanic
activity in the region.

Locally, it can be concluded that the en echelon fault-
ing predefines the width of the transfer zones. The relay
ramp width is seen to be related to the relative fault lo-
cations, whereas the fault length is associated with the
fault displacement. As the displacement increases, the
overlapping fault length increases causing a rotation in
fault tips into the transfer zone. The evolution of the
transfer zone and faulting of the ramp connection of
each of two major faults is seen to be a function of the
amount of displacement and the rotation of the beds. As
breaching occurs, the fault growth appears to cease,
thus causing the deformation to be transferred to
smaller faults within the ramps. Hence, the deeper for-
mations, having undergone significantly more displace-
ment than the younger formations, are seen to be
heavily faulted and fractured in areas around the trans-
fer zones. Hence, the evolution of the Parihaka fault be-
comes more complex for hydrocarbon exploration.

Conclusion
The Parihaka fault system consists of a set of three

en echelon faults trending northeast–southwest. The

Interpretation / August 2021 T663

D
ow

nl
oa

de
d 

08
/1

2/
21

 to
 6

8.
97

.1
18

.2
33

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/IN
T

-2
02

0-
01

38
.1



displacement associated with these faults shows an in-
crease along the southern part during the Pliocene and
to the northern part during the Pleistocene. This change
in displacement can be seen in the changes of bed thick-
ness on the downthrown block and is possibly due to
the rotation of the stress field.

The relay ramps connecting those faults indicate that
the faults gained the bulk of their length with an initially
small displacement. As the displacement increased, the
ramp lengths increased, thus connecting the major
faults and causing faults to rotate and terminate against
each other. An additional increase in the displacement,
beyond the early displacement, is shown not to trans-
late into additional fault length increase. The width
of the ramps is predefined by the original location of
the faults. With additional displacement, beds within
the ramps rotate approximately 6° causing the beds
to break and form smaller faults to accommodate for
the additional faulting. The development of the smaller
faults can be seen using the seismic dip attributes.

Seismic attributes can improve the understanding of
transfer zones’ characteristics and derivation of struc-
tural properties. Coherence shows a positive correla-
tion between variance and displacement. Below a
certain variance value (0.6), displacement is consistent
and can be calculated. This has important implications
for smaller faults such as within the relay ramps and
fault splays where variance can be used to detect fault
displacement. Seismic curvature provides a good indi-
cation of the folding associated with the faulting. Pos-
itive curvature indicates anticlinal features, whereas
negative curvature indicates synclinal features. The
application of seismic attributes to structural interpre-
tation of transfer zones can assist in better understand-
ing the details of the structural geometry and history of
the study area. Different attributes can detect faulting
propagation, deformation transfer, bed rotation, and
stress orientation. These features as well as the effects
of lithologic variation on structural geometry can ex-
plain the variation in deformation styles in the fault
system.
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