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3-D seismic imaging of the plumbing system of the Kora Volcano, 
Taranaki Basin, New Zealand: The influence of syn-rift structure on 
shallow igneous intrusion architecture
C.K. Morley
Petroleum Geophysics MSc. Program, Department of Geological Sciences, Chiang Mai University, Chiang Mai, Thailand

ABSTRACT

Descriptions of the interactions between volcano plumbing systems and 
early-stage rift systems dominated by large half grabens and tilted fault blocks 
are scarce and lack detail. 3-D seismic reflection data across the Early Mio-
cene-age subduction-related Kora Volcano plumbing system in the Taranaki 
Basin, offshore New Zealand, provides an opportunity to investigate in detail 
how this system has interacted with a Late Cretaceous–Early Paleogene rift 
system. The shallow (<8-km-depth) architecture of intrusions are dominated 
by stacked saucer-shaped, and transgressive sills, and laccolith complexes 
distributed in an oval shape around the volcano. The thickest sill complexes 
occur in the thickest (fault-controlled) syn-rift depocenters. There is also lo-
cal elongation of sill complexes in a N-S direction following structural trends. 
Numerous sills locally follow segments of large normal faults, or terminate 
at the faults. Laterally extensive sill complexes tend to lie close to the base 
of the syn-rift/top of pre-rift contact for distances up to 15  km away from 
the Kora Volcano. A general pattern is that the lowest-level sills are the most 
laterally extensive, and the shallower sills lie closer to the volcano. Shallow 
sills form a complex of concentric sills that dip away from the volcano center 
(ring sills). Sills are interpreted to have been fed by intrusions following faults 
that intersect a broad upper crustal magma chamber with a calculated area of 
~345 km2. Strong preference for sill/laccolith stacking in the thick syn-rift sec-
tion appears to have had four effects. (1) In the upper 6 km there probably was 
not a simple single pipe feeding the volcano, instead the volcano is inferred 
to have been fed by a network of sills linked by short dikes and pipes. (2) The 
extensive intrusions resulted in folding/doming of the Paleogene section in 
several places, but most significantly under the central part of the volcano. 
(3) Much of the magma was stored in intrusive complexes within the syn-rift 
section and the underlying magma chamber (volume ~124 km3), not extruded 
(volume ~40 km3). (4) Edifice construction and broad doming related to sub-
surface intrusions may have caused the crest of the volcano to become sub-
aerial. The consequent absence of phreatomagmatic eruptions and the exten-
sive accumulation of magma in relatively thin sill complexes (that could cool 
relatively rapidly and solidify) avoided a destructive end to the volcanic edifice.

1. INTRODUCTION

The plumbing systems of volcanoes are known to be highly varied and 
complex for highly varied reasons, which for upper crustal plumbing systems 
includes the influence of stratigraphic configuration and faults, and both local 
and regional changes in the stress field (see reviews in Tibaldi, 2015;  Tibaldi 
and Bonali, 2017). Most studies conducted on the relationships between 
structure, and volcanism in rifts, are focused on the advanced stages of ex-
tension in continental rifts (e.g., Ethiopian Rift, central Kenya Rift, e.g., Mohr, 
1987; Rubin and Pollard, 1988; Morley, 1994; Delaney et al., 1998; Dugda et al., 
2005; Ebinger et al., 2010; Beutel et al., 2010; Muirhead et al., 2016; Dumont 
et al., 2017 and references therein), or oceanic rifts such as Afar (Ethiopia) and 
Iceland where magmatic processes dominate (e.g., Hjartardóttir et al., 2012; 
Mazza rini et al., 2013; Belachew et al., 2013; Medynski et al., 2016 and refer-
ences therein).

Volcanoes commonly occur in rifts, yet only a few studies have investigated 
the ways in which early-stage syn-rift basin architecture and faults influence 
volcanic plumbing architecture. Ellis and King (1991) describe how flank vol-
canism in rifts could be explained by a flexing plate model where dilational 
strain is developed in the footwall at the base of the crust, which caused crack-
ing and activation of preexisting melt. Interaction of faults with four different 
trends (including intersections with preexisting E-W trends) in the main Ethi-
opian Rift has been shown to set up tail cracks, extensional relays, and fault 
intersections that have localized the eruption sites of monogenetic Plio-Qua-
ternary volcanoes (Acocella et  al., 2003; Korme et  al., 2003). While shallow 
intrusion arrays within a few hundred meters of the paleosurface, show sills 
were preferentially extended into the hangingwall blocks of normal faults that 
hosted dikes, particularly at interfaces between relatively strong Paleozoic car-
bonates and weak Cenozoic tuffs (Valentine and Krogh, 2006). Although out-
crop studies and geodetic studies provide some indications as to how vol canic 
plumbing systems develop within a syn-rift system (see review in Tibaldi, 
2015) they do not provide the full 3-D perspective of these systems.

This study is focused on the Miocene Kora Volcano, which is a volcanic 
edifice, well-imaged by seismic reflection data that is buried in the Taranaki 
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Basin, offshore New Zealand (Fig. 1). Two recent studies have focused on the 
geomorphology of the Kora Volcano and the impact of the edifice on succes-
sive deposits (Infante-Paez and Marfurt, 2017; Bischoff et al., 2017). These stud-
ies have also described the presence of sills and forced folds at depth, but 
have not investigated in detail the relationship between the volcano plumbing 
system and the Late Cretaceous–Paleocene syn-rift section. This investigation 
focuses on how the Kora Volcano plumbing system interacted with the syn-rift 
section, which tends to be dominated by half graben formation, large-displace-
ment normal faults, and thick sequences of syn-tectonic sedimentation (Figs. 
2 and 3). The Kora 3-D seismic data provides very good images of the volcanic 
edifice, and away from the Kora Volcano the Cretaceous syn-rift structure is 
well-imaged (Figs. 2 and 3). However, passing toward the volcano imaging of 
the syn-rift structure decreases due to degradation of the seismic data related 
to the high density of igneous intrusions, energy absorbtion by the volcanic 
edifice, and the presence of steeply dipping beds (Figs. 3 and 4). Consequently, 
in about a 5-km-diameter region beneath the Kora Volcano there is little coher-
ent seismic reflection data. Hence information on intrusion geometry, and syn-
rift structure, must be projected from the well-imaged parts of the seismic data 
into that area in order to develop a model for the volcano plumbing system. 
Natural examples, and those from analogue and numerical models, are used 
to support the interpretation.

In other regions of New Zealand, shallow and deep seated controls on 
Quaternary volcanism in the Auckland volcanic field have been identified 
(Cassidy and Locke, 2010). The location of volcanism coincides with regional 
magnetic and gravity anomalies that mark a deep, major crustal suture. In the 
upper crust NNW-SSE–trending serpentinized shear zones are thought to in-
fluence the trend and extent of the Auckland volcanic field (Cassidy and Locke, 
2010). While there may well be a deep influence on volcanism in the Taranaki 
Basin too, this is beyond the scope of this study which focuses on the shal-
lower influence of syn-rift structures on intrusion architecture in the upper 
6 km of continental crust.

2. GEOLOGICAL BACKGROUND TO THE TARANAKI BASIN

The Taranaki Basin lies mostly offshore western New Zealand (Fig. 1). The 
geological history given below is summarized from Petroleum Report Series 
(1984) and King and Thrasher (1996). Rifting was initiated in Albian times. 
There is a major unconformity that separates the early rifts from later Late 
Cretaceous–Paleocene rifts (Suggate et  al., 1978). In the Taranaki Basin it is 
mostly the later rift fill that has been penetrated by wells. The Late Cretaceous 
section is referred to as the Pakawau Group (Fig. 5). This group is typically 
non-marine in outcrop but in offshore wells, deposits tend to be more ma-
rine and paralic, often with well-developed coal measures. In the Ariki-1 Well 
(Fig. 1C) the sequence comprises finely interbedded siltstones and sandstones 
overlying a more shale prone interval, all of which is interpreted as having 
been deposited in a coastal environment (Petroleum Report Series, 1984).  
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Figure 1. Location map for the Kora area in the Taranaki Basin, offshore New Zealand. (A) Regional 
map. (B) Major Cenozoic faults and distribution of Miocene volcanic centers in the Taranaki Basin. 
(C) Major Late Cretaceous syn-rift fault trends in the central Taranaki Basin (see B for location). Modi-
fied and redrawn from Kroeger et al. (2013).
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Figure 2. Perspective views of 3-D seismic 
lines illustrating the well-imaged regions 
of the syn-rift section of the Kora area in 
the Taranaki Basin, offshore New Zealand. 
(A) Seismic data at the WNW and NNE 
margins of the survey. (B) Seismic data at 
the WNW and SSW margins of the survey. 
NNE-SSW line length is 20 km. WNW-ESE 
line length is 27 km.
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Figure 3. Perspective views of 3-D seismic 
lines illustrating the well-imaged regions 
of the syn-rift section of the Kora area in 
the Taranaki Basin, offshore New Zealand. 
WNW margin of the survey rapidly passes 
into data strongly affected by igneous in-
trusions on WNW-ESE–trending seismic 
lines (in contrast to Fig. 2). WNW-ESE line 
length is 27 km. (A) WNW-ESE line south 
of the main Kora Volcano center. (B) WNW-
ESE line north of the main Kora Volcano 
center.
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The rift basins exhibit predominantly NW-SE, N-S, and NE-SW fault trends 
(Fig. 1), and can contain up to 5 km of section. The NW-SE trends appear to 
be associated with older rifting (Zealandia rift phase) from ca. 105–83 Ma, and 
pre-date a Latest Cretaceous–Paleocene rifting phase (80–55 Ma) where newly 
formed faults trend N-S to NE-SW (Strogen et al., 2017). In the study area the 
NW-SE trend appears to have been active, or reactivated at the same time 
as the N-S to NE-SW–trending faults, during the late stage of rifting. During 
the Paleocene the rift topography became eroded and covered, and Lower 
Paleocene transgressive sandstones (Fig. 5) are found overlying the Pakawau 
Group. Deposition passes upwards into hemipelagic and pelagic shales 
(Turi Formation). Deepwater conditions continued through the Eocene and 
the maximum transgression occurred in the Lower Oligocene. Pelagic lime-

stones (Ngatoro Group) and carbonate platforms of Oligocene age replaced 
the clastic-dominated Kapuni Group (Fig. 5). Around the Oligocene–Miocene 
boundary clastic sedimentation resumed and continued to the present. The 
Early and Middle Miocene was a period of hemi-pelagic clastic sedimenta-
tion (Manganui Formation) that was succeeded by turbidites (Mokai Forma-
tion). Intense volcanism, including the Kora Volcano, is a characteristic of the 
Miocene, which is due to renewed subduction along the NE margin of New 
Zealand’s North Island (Giba et  al., 2010, 2013). This was accompanied by 
transform activity on the Alpine fault and mountain building. Consequently, 
the deepwater basin became rapidly filled with sediment during the Plio-
cene-Recent (Giant Foresets) and a large continental shelf was constructed 
in the  basin (Fig. 5).
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The Kora Volcano is part of a NNE-SSW–trending zone of buried Mio-
cene stratovolcanoes in the Northern Graben of the Taranaki Basin (Fig. 1; 
Bergman et al., 1992; King and Thrasher, 1996; Giba et al., 2010; Seebeck 
et al., 2014). The volcanic edifices are commonly complex stacks of mul-
tiple volcanic events whose internal structure is difficult to unravel (Giba 
et  al., 2010). The Kora Volcano represents a relatively short-lived event 
asso ciated with a discrete single volcano. Semi-radial normal faults sug-
gest some degree of collapse of the volcano, but they affect the  Middle and 

Late Miocene section overlying the volcano (Bischoff et al., 2017; Infante- 
Paez and Marfurt, 2017) suggesting either they formed largely  after vol-
canic activity ceased, or they formed during caldera collapse and were 
reactivated later. Compared with other volcanoes, covered by seismic 
both within the Tara naki Basin and seen by the author in different basins 
worldwide, the vol canic edifice and the underlying plumbing system are 
atypically well- imaged on 3-D seismic reflection data (Bischoff et al., 2017; 
Infante-Paez and Marfurt, 2017).
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Four wells (Kora 1-1A, 2, 3, 4) have been drilled into the Kora Volcano 
(Infante- Paez and Marfurt, 2017) (Fig. 6). Kora-2 and Kora-3 reached their total 
depths (TD) in the Miocene volcanics. The other two wells intersected the 
boundary between the Oligocene (Ngatoro Group) and Eocene section (Turi 
Formation) (3123 m below rotary kelly bushing (RKB) in Kora-4; 3421 m RKB 
in Kora-1) and reached TD within the Eocene section (Fig. 4). The wells do not 
provide information on the Late Cretaceous syn-rift section. However, NNW of 
the seismic survey, and 24 km from Kora 1-1A, the Ariki-1 Well has penetrated 
the syn-rift section to pre-rift basement (Fig. 6), and through 2-D data the hori-
zons can be tied into the Kora 3-D survey.

Bischoff et al. (2017) place the age of activity for the Kora Volcano as start-
ing around 17 Ma and continuing until 8 Ma. However, this is based on the 
syn-magmatic section being entirely related to activity from the Kora Volcano. 
Yet the tapering wedge of igneous and volcani-clastic sediment that thins away 

from the volcano only occupies the lower part of the syn-magmatic sequence 
(Fig. 4). It is onlapped by sediments that are derived from other volcanic cen-
ters to the east. The seismic stratal relationships considered here suggest that 
the Kora Volcano was probably relatively short lived and may have only been 
active for a few million years at the start of the igneous activity in the basin. 
Five andesitic samples from Kora 1-1A were K-Ar dated in 1988 using horn-
blendes from tuff breccias and lapillistone (Petroleum Report Series, 1988). 
The following dates were obtained: 19.5  ± 4.2  Ma (1909.93  m RKB), 17.5  ± 
1.9 Ma (1901 m RKB), 18.2 ± 2.0 (1827.59 m RKB), 17.6 ± 1.9 Ma (1795 m RKB), 
and 12.1 ± 2.6 Ma (1787 m RKB). The top of the volcanics was encountered 
at 1781.2 m RKB and the base was at 2581.5 m RKB. From the dates obtained 
and the depth of samples, it is apparent that the volcanism was short lived 
and predominantly of Early Miocene age (19.5–17.5 Ma, near the top of ~786 m 
of volcano-related section), with a short minor burst of activity around 12 Ma 
(~14 m of section).

The Ariki-1 Well was drilled by Shell in 1983–1984 to a TD of 4822 m (below 
drill floor) and was the first well in the Taranaki Basin to test the Cretaceous 
section. Basement in the Ariki-1 Well and the nearby Tangoroa-1 Well is com-
posed of Permian metabasalts and rhyolites (Brook Street Volcanics), that were 
whole-rock K-Ar radiometrically dated at 128 ± 4 Ma (Petroleum Report Series, 
1984). In the report the radiometric age is interpreted to be a recrystallization 
age related to the Lower Cretaceous Rangitata Orogeny.

3. MODELS FOR VOLCANO PLUMBING SYSTEMS

As reviewed by Tibaldi (2015) the shallow plumbing systems of active vol-
canoes have been reconstructed by combining available geophysical data with 
field information derived from outcropping sheets, morphometric analysis of 
pyroclastic cones, and the orientation and location of eruptive fissures. Active 
volcanic processes leading to eruptions create a variety of phenomena that 
can be monitored including: increased earthquake activity, surface uplift due to 
magma accumulation, heat variations, and gas emission (see review in Tibaldi, 
2015). Often in rifts emphasis is placed on: the role played by vertical intru-
sions (dikes, pipes) in emplacement of magma, the replacement of faulting by 
mode 1 fractures, or the occurrence of fault swarms above regions of intense 
dike intrusions (Figs. 7A–7D; e.g., Mohr, 1987; Rubin and Pollard, 1988; Morley 
1994; Rubin, 1995; Delaney et al., 1998; Ebinger et al., 2010; Hjartardóttir et al., 
2012; Belachew et al., 2013; Tibaldi et al., 2017). Globally there are abundant 
descriptions of feeder pipes and dikes associated with many intrusions, indi-
cating the importance of vertical feeder systems to volcanoes (e.g., Ryan, 1988; 
Chiarabba et al., 2004; Tibaldi, 2015; Koulakov et al., 2016). However, there is 
also recognition of the existence of significant departures from vertically dom-
inated intrusive systems. A variety of styles of eruption, ranging from flood ba-
salts to supervolcanoes (like Toba in present-day Lake Toba, Sumatra, Indone-
sia) involve storage of magma in thick, extensive networks of sills at different 
levels within the crust (Fig. 7E; Marsh et al., 1997; Marsh, 2004; Ishizuka et al., 
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2008; Muirhead et al., 2012; Jaxybulatov et al., 2014; Cashman and Giordano, 
2014; Koulakov et al., 2016). It is also possible that feeder systems between the 
magma chamber and the volcano have oblique dips (Aizawa et al., 2014). In a 
review of volcanic plumbing systems Tibaldi (2015) notes that “plumbing sys-
tems can go from very simple dike complexes made of tens to thousands (of) 
parallel vertical dikes that link the magma chamber to the uppermost volcano 
conduit, to a very complex intrusive plexus made of dikes, sills and inclined 
sheets, which interconnect multiple shallow magma chambers.”

At the regional scale volcanic field alignment, associated with propaga-
tion of magma is a consequence of the interplay between deep factors related 
to the nature of the magma source area and shallow level influences such 
as stress field and preexisting structures within the crust (see review by Le 
Corvec et al., 2013). In rifts dike swarms are commonly regionally aligned in 
a preferred orientation parallel or sub-parallel to the regional tectonic maxi-

mum horizontal stress direction (e.g., Anderson, 1939, 1951; Odé, 1957; Muller 
and Pollard, 1977; Smith, 1987). More locally, however, dike sets can lose the 
regional trend and exhibit a variety of orientations including: well-organized 
radial patterns, less ordered fishing net patterns, and concentric, inclined cone 
sheets and ring dikes (e.g., Bailey et al., 1924; Anderson, 1939, 1951; Phillips, 
1974; Tibaldi et  al., 2011). Radial patterns are commonly developed around 
volcanic pipes and can be related to complex interactions between regional 
stresses, magma pressure, and dike-induced stresses (e.g., Mériaux and Lister, 
2002; Kühn and Dahm, 2008). Shallow magma chambers at depths between ~1 
and 6 km are known from a number of volcanoes (e.g., Walker, 1958; Hald et al., 
1971; Ryan, 1988; Fialko and Rubin, 1998; Cervelli and Miklius, 2003; Amelung 
and Day, 2002; Tibaldi et al., 2011; Baker and Amelung, 2012; González et al., 
2013). Above shallow magma chambers, particularly mafic ones, arrays of 
cone sheets and ring dikes that converge on a central area focused on the 
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magma chamber are commonly present (e.g., Bailey et al., 1924; Anderson, 
1939; see review in Tibaldi, 2015). These authors consider over-pressured 
magma chambers to be the primary cause of the intrusions. Cone sheets range 
between 5 km and 20 km in diameter (average 12.3 km), and intrusion widths 
are typically 0.2–1.8 m, with the thickest up to 10–12 m, and an average width 
of 0.93 m (Tibaldi, 2015).

As described above many intrusions associated with volcano plumbing sys-
tems are steeply inclined, with sills being of secondary importance. However, 
there is a range of evidence that sills are significant features of some plumbing 
systems. For the 2010 Eyjafjallajökull explosive eruption, in Iceland, GPS and 
interferometry data indicated that before the eruption a 0.05 km3 magmatic in-
trusion grew over three months and exhibited both temporal and spatial com-
plexity. The sills were focused at depths between ~5000 and 7000 m below 
the surface (Sigmundsson et al., 2010). The study indicates that geodetically 
sill-shaped sources of deflation are present and that magma can be drained 
from sills. Progressive inflow from depth caused pressure build-up that led to 
eruption. The presence of multiple storage areas and pathways to a volcano 
can result in eruption of different types of magma from the same volcano, for 
example with the Karymsky Volcano, in Russia, andesite was erupted from the 
main vent, while basalt was erupted from its flank (Eichelberger et al., 2006).

The Paiute Ridge complex, USA, shows igneous intrusive geometries em-
placed beneath a small alkali basaltic volcanic center (Valentine and Krogh, 
2006). Dikes tended to run perpendicular to the extension direction (σ3). While 
sills that locally lie along the dikes consistently occur in the hangingwall block 
of the dike-injected faults, with the dips of the fault blocks determining the 
direction of magma flow, which is up-dip. The three largest sills developed 
lopolith geometries. The localized control by preexisting structure is suggested 
by the authors to be a feature of the upper few hundred meters of an existing 
extensional system with heterogeneous lithologies.

The Toba supervolcano as described by Koulakov et al. (2016) illustrates 
some of the complexities that can arise within a plumbing system. The 38-km-
thick continental crust is an obstacle to basic magmas, which are not suffi-
ciently buoyant to rise to the surface. Consequently, melts and fluids from the 
subducting slab have been stored in a large magma reservoir near the base of 
the crust. This storage is a strong heat source, and also a source of overheated 
volatiles, which migrate upwards. In turn the volatiles cause heating of silicic 
rocks in the middle and upper crust. These shallow magma reservoirs formed 
predominantly in stacked sills and laccoliths at ~10–20 km depth, and the shal-
low magmas are viscous and explosive.

In large complexes of sills, the transgressive parts of sills result in intercon-
nection of underlying and overlying sills. Hence magma does not necessarily 
have to move along vertical feeder pipes or dikes but can step up by moving 
along a series of horizontal and inclined pathways in interconnected sill-feed-
ing-sill networks (Fig. 7E; Marsh, 2004; Cartwright and Hansen, 2006; Muirhead 
et al., 2012; Magee et al., 2016; Schofield et al., 2016). Marsh (2004) described a 
vertically extensive, well-exposed system in the McMurdo Dry Valleys region 
of Antarctica, where lavas were connected to ultrabasic layered rocks by a se-

ries of sills and feeders. The system described by Marsh (2004) is important 
both for the geometry of the intrusive complex, and for understanding the 
complex chemistry of the magmatic system. The study concluded that the lo-
cal size and shape of the intrusive system, nature of wall rock involvement, and 
how the flux of magma and flushing frequency occur all affect magma com-
position. Magma diversity results from quite random juxtaposition of crystals 
and melt that then attempt to reach physical and chemical equilibrium, and 
that for such systems there is no primary magma (Marsh, 2004).

4. METHODOLOGY

This study is based on interpretation of the Kora 3-D seismic survey from 
the 2017 open-file data pack provided by New Zealand Petroleum and Min-
erals. The marine seismic survey acquired by the operator ARCO Petroleum 
New Zealand Inc. covers an area of 750 km2, it is 66 fold, has a bin size of 
12.25 × 25 m, the source was a dual airgun, the streamer comprised four ca-
bles, 4950 m long, towed at 8 m depth, with 396 channels per streamer. Inlines 
were acquired in a WNW-ESE direction. The 3-D data is generally high-qual-
ity, with a pre-stack time migration processing sequence. European polarity 
was maintained throughout the processing. A positive acoustic impedance 
increase with depth for zero phase data is marked by a positive (black) peak, 
while troughs are red.

Wells Kora 1-1A, 2, 3, and 4 were available in the data pack, and were use-
ful for tying the stratigraphy to the seismic data (see also Bischoff et al., 2017; 
Infante-Paez and Marfurt, 2017). Based on the Ariki-1 sonic log, the average 
velocity through the Paleogene interval is around 3300 m/s, while for the Cre-
taceous it is around 3800 m/s.

Horizons 1, 2, 3, and 4 (Figs. 4, 6, and 8) were mapped to help understand 
the way stratigraphic and structural variations have influenced intrusive dis-
tribution. The most important of these horizons is Horizon 1, which marks the 
base of the syn-rift section (base Cretaceous syn-rift; Fig. 6). The horizons were 
picked every twenty lines and crosslines. Horizon 1 was picked manually be-
cause the reflections marking the base of the syn-rift section were highly dis-
continuous, and often affected by igneous intrusions lying close to the base-
ment-syn-rift interface. Syn-rift faults were also interpreted. The Kora Volcano 
lies in the central part of the seismic survey and has wiped out the seismic data 
in a circular region with a radius of ~2.5 km. The trends of faults, and the base 
syn-rift horizon were projected through this region to match up with better im-
aged regions near the borders of the 3-D seismic data. However, the loss of the 
basement reflection due to stacks of sills in the depocenters, and the effects 
of the Kora Volcano mean that the base syn-rift is a highly subjective interpre-
tation. I am confident that the overall fault trends, basement contours, and 
deepening of the basement to the south is correct. But having made multiple 
interpretations of the base syn-rift horizon it is apparent that there is sufficient 
latitude in decision making that even a single interpreter will map the horizon 
somewhat differently with each attempt. The fault patterns, and base syn-rift 
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horizon in the NNE and WNW side, tend to be quite consistent, although the 
presence of sills causes some problems and interpretation variations. The 
presence of a deep basin is quite apparent in the southern area. But the fault 
patterns and location of the base syn-rift horizon in the central and southern 
area are where the key variations in the interpretation lie. However, despite 
the uncertainty the interpretation is sufficiently reliable to allow the interaction 
between sills and the syn-rift structure to be investigated.

There are many high-amplitude intrusives in the pre-Miocene section some 
are easy to identify from attributes (e.g., amplitudes, root mean square ampli-
tudes, coherency; Smallwood and Maresh, 2002; Thomson, 2005). Conse-
quently, attribute extraction can reveal the general morphology of the sills (see 
examples for the Kora Volcano in Bischoff et al., 2017). However, there are a 
number of horizons that also have high amplitudes that tend to be at least par-
tially extracted along with the intrusions, and also energy absorption within a 
stack of sills can result in dimming of amplitudes from deeper sills, which sub-
sequently may not be extracted. Consequently, while amplitude extraction, or 
a combination of attributes, provide good first pass tools to image intrusions, 
there are some problems. For a more detailed understanding of the intrusion 
morphology over one hundred individual sills were mapped as horizons. From 
the mapped sills it is easy to define basic parameters such as shape, elon-
gation direction, dip and strike orientations, area, and maximum dip values 
in order to assess how sills have interacted with the syn-rift stratigraphy and 
structure. Some sills were isolated and their boundaries could be mapped with 
confidence. In stacks of sills it becomes more difficult in places to define where 
one sill ends and another begins, so some definition of sill boundaries is sub-
jective. There is also the practical aspect that seismic interpretation software in 
general, and Seismic Micro-Technology, Inc. Kingdom Suite used in this study, 
does not permit horizons to overlap themselves so that in any vertical plane 
the horizon can only be present in one locality. Hence even if an intrusion had 
a tortuous path spiraling up vertically, it could not be mapped as a single hori-
zon. It would have to be mapped as a series of separate, stacked intrusives. 
Hence intrusions in this project were mapped quite commonly as relatively 
simple saucer-shaped sills, the transgressive parts of the sills could either cut 
across, or stop at higher level sills, but not join them as the same sill.

High-amplitude reflections may commonly correspond with the top con-
tact between the host rock and an intrusion (Smallwood and Maresh, 2002; 
Thomson, 2005). When the intrusions are sufficiently thick, sometimes both 
the upper and lower contacts are imaged (Jackson et al., 2013). However, more 
typically minor intrusions such as sills and small laccoliths are insufficiently 
thick to be fully resolved and instead are imaged as tuned reflectors (Small-
wood and Maresh, 2002; Magee et al., 2015). While the broad characteristics 
of the intrusions can be determined from tuned reflection packages, thickness 
can only be estimated. Although many intrusions can be imaged and mapped 
out for a variety of reasons (e.g., energy absorption, thickness, steep dips) 
not all intrusions will be imaged, and low-angle intrusions will be much more 
likely to be imaged than steeply dipping ones. Consequently, it is anticipated 
that high-angle transgressive segments of sills and dikes will be poorly repre-
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sented or absent in this study. Also, sills may well continue beyond the areas 
where they have been mapped in this study, but due to issues of thickness, 
interference with other sills, the loss of data around the Kora Volcano, and 
energy absorption they cannot be reliably mapped.

There are clearly limitations to the reliability of the data for both defining 
sills and the syn-rift morphology. Nevertheless, the data is sufficiently good 
that it can provide important insights into the interaction between volcano- 
related intrusives and the syn-rift architecture.

5. RESULTS

5.1. Syn-Rift Structure

The maximum relief from the base of the syn-rift section to the base of the 
Kora Volcano is 3.3 s two way travel time (TWT) or ~5.7 km. Hence this study is 
focused on intrusive complexes in approximately the upper 6 km of crust. The 
syn-rift section is best imaged on NNE-SSW–trending lines in the western part 
of the survey area, and on WNW-ESE lines in the northern and southern parts 
of the survey (Figs. 2 and 3). A series of representative crosslines (NNE-SSW) 
and inlines (WNW-ESE) are shown in Appendix 1 (Figs. A1.1–A1.15). The cross-
lines best image the NW-SE–trending faults on the west side of the area (Figs. 
A1.1, A1.2). Passing eastwards, the data quality becomes reduced around the 
Kora Volcano (Figs. A1.3, A1.4) and farther east the lines trend highly oblique to 
N-S to NNE-SSW–trending faults (Figs. A1.5–A1.7).

The northern area exhibits a relatively shallow depth to the base syn-rift 
horizon and overall is dominated by a N-S–trending half graben geometry with 
a major ESE-dipping bounding Fault 2 that strikes NNE-SSW and runs through 
the middle of the survey (Figs. 6 and A1.8–A1.10). The footwall of Fault 2 is 
a high, eroded area in the north, but passing south the basin deepens, fault 
displacement becomes less, and the eroded high is lost (Fig. 6 and the series 
of sections in Figs. A1.8–A1.15). The half graben is affected by up to five sec-
ondary ENE-dipping normal faults (Figs. 6 and A1.8–A1.11). The half graben be-
comes thicker passing toward the south. The geometry is complicated by the 
presence of several NW-SE–trending faults. The largest of these faults (Fault 1) 
is seen in the SW part of the survey where it dips to the NE and controls a thick 
half graben basin fill (Figs. 6, A1.1, A1.2, and A1.15).

On the WNW, SSW, and ESE margins of the basin intrusions are sparse 
(Figs. A1.1, A1.7, and A1.15). They tend to lie near the base of the syn-rift se-
quence, or as sills within the basin fill that are conformable with reflections 
from bedding. On the NNE margin the important fault, and fault-controlled 
depocenter influence on sill distribution, can be seen (Figs. A1.8, A1.9). The 
sills tend to be planar (conformable with stratigraphy) or saucer-shaped and 
confined by the fault blocks. The known timing of igneous activity is related 
with the onset of subduction in the Miocene (Giba et al., 2010, 2013), hence it 
is assumed that the sills were emplaced during the Miocene, while fault ac-
tivity was during the Late Cretaceous–Paleocene. Consequently, although it 

may look as if the faults are offsetting sills, this cannot be the case. Commonly 
approaching the faults, the sills become inclined in the same direction as the 
faults. In some cases the sills follow the fault planes (e.g., Fault 2, Fig. A1.9), 
but in other examples it is the dip direction that is followed, but the dip is 
gentler than the fault. Such dips may arise due to local stress deflection, or 
because bedding has been rotated near the fault (as discussed in the context 
of Fig. 9 below).

In Figure 9 examples of variations in boundary fault geometry are shown 
from 3-D data crossing a Cenozoic rift in the Gulf of Thailand. The data is shown 
to illustrate how bedding geometries can vary adjacent to a large extensional 
fault. In Figure 9C there is little folding of the hangingwall, while in Figures 
9A and 9B a fault propagation fold is well developed. The sketches (A1, B1, 
and C1) in Figure 9 show how sills that partially follow bedding and faults can 
exhibit different relationships with the fault depending upon the configuration 
of bedding in the hangingwall. There are four basic relationships in the Figure 
9 sketches A1, B1, and C1: sill type 1 is a saucer-shaped sill independent of 
the structural geometry, type 2 are sills conformable to bedding that meet and 
follow faults, type 3 are sills that steepen by following a steep fold limb and 
intersect the fault and may or may not follow it, while type 4 sills follow the 
steep fold limb but remain in the hangingwall. These variations in geometry are 
probably appropriate for the Kora area, but are not always easy to demonstrate 
due to degradation of stratigraphic reflections in areas of igneous intrusions.

Approaching the Kora Volcano sills in the depocenter become stacked in-
creasingly higher as the depocenter become thicker. Figure A1.10 shows the 
start of the transition where the Paleogene section becomes folded by the in-
trusions (horizons 2 and 3). Fault 3 is the focus of intrusive activity. This zone 
contains a mixture of cross-cutting intrusions, some dip to the west following 
the stratigraphy, while others dip more steeply to the east. Although vertical 
dikes may be present, the seismic data indicates that transgressive sill seg-
ments are present and were capable of transporting magma to higher strati-
graphic levels in this structurally heterogeneous system. Figure A1.11 is similar 
to Figure A1.10, but shows the loss of information about the hangingwall sec-
tion of faults 2 and 3. In Figures A1.12 and A1.13 the loss of information below 
the Kora Volcano is most extensive. The sections illustrate an increasing thick-
ness of the hangingwall depocenter of Fault 3, which enables a stack of sills 
across an interval ~3 km thick to develop. This contrasts with the footwall area 
of Fault 2, which is comparatively thin with respect to the Fault 3 hangingwall 
area, and exhibits relatively few intrusions. The combination of sills following 
stratigraphic dip in the footwall of Fault 2, and sills following the dip direction of 
Fault 3 results in the majority of sills being inclined away from the Kora Volcano.

South of the Kora Volcano where faults 1, 2, 11, and 12 control the depo-
center, there are stacks of sills which are imaged on Figures A1.5, A1.6, and 
A1.14 that occupy the thick depocenter. The upper parts of the sill stacks are 
well imaged but the deeper section exhibits generally weak reflectivity prob-
ably due to energy absorption by the higher sills. Farther south from the sills 
Figure A1.15 provides a better image of the syn-rift section, where only a few 
sills are present near the base of the syn-rift section.
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Visualization of the sill geometries in 3-D is difficult due to the number of 
sills present and their closely spaced, overlapping nature. Figure 10A shows 
the polygon outlines of the 108 sills that have been mapped in this project, 
superimposed on the fault polygon map of the base Late Cretaceous syn-rift 
section (Fig. 6). The overlapping sills are shown in map view in Figure 10B, the 
color bar values are different for each sill, hence no values can be shown, but 
the relative depths (blue deep, yellow shallowest) can be used to see the dip 
directions of the sills. In the map view many sills are partially or completely ob-
scured by overlying sills. Two 3-D perspective views of the sills are provided in 
Figure 11. Some sills have been numbered in both Figures 10B and 11 to better 
help understand the viewing direction, these numbers correspond to the sill 
numbers given in Appendix 2 (Figs. A2.1–A2.5).

Horizons following the top and base of the section affected by sills have 
been mapped, and an isochron map (time-depth thickness map in two way 
travel time) has been made by subtracting the top map from the base (Fig. 12). 
The isochron map shows the intrusion-affected interval thickens toward the 
Kora Volcano with an approximately circular to oval distribution of contours 
concentric to the volcano (Fig. 12). In Figure 12 six different areas have been 
defined, which are discussed below in the context of the impact of the syn-rift 
morphology on sill distribution.

Area 1 contains a complex of sills that is elongate in a WNW-ESE direc-
tion. It traverses the thickest syn-rift section in the Kora 3-D survey, and two 
depocenters, controlled by faults 1 and 2, which cause the elongation. There 
are two areas where the sill interval thickness contours are elongated in a 
southwesterly direction, the western one is in the depocenter of Fault 1, 
while the eastern on is along the trend of Fault 2, following the hangingwall 
depocenter.

Area 2 is a region where the lower part of the seismic section contains little 
mappable reflectivity, hence the isochron map (Fig. 12) has no data. The top 
of the intrusives is a high area that follows a narrow NE-SW–trending ridge 
(location Y in Fig. 10). The trend lies orthogonal to the strike of the base syn-
rift horizon contours and runs between the tips of two NW-SE–trending faults. 
This may be an indication of structural control or a coincidence. However, 
 areas 2 and 3 are regions where the base syn-rift horizon becomes increas-
ingly shallow passing NNE-wards as a tilted fault block, high in the footwall 
of Fault 2 (Figs. A1.1, A1.2, A1.8 and A1.9). Consequently, the relatively re-
stricted interval of intrusions in Figure 12 is a result of this structural geometry.  
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sills shown in Figure 10B, in the Kora area 
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tive values where blue is the deepest part 
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dix 2. Selectively numbered sills (4, 46, 47, 
50, 79) have the same numbers in Appen-
dix 2 and in Figure 10B.
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The morphology of the intrusions is different in the two areas. In Area 3 the 
sills form a narrow NE-SW–trending ridge, while in Area 2 the sills form exten-
sive sheets that lie within the Cretaceous syn-rift section near, and sub-parallel 
to, the contact with the underlying Permian volcanic basement.

Area 4 is the depocenter in the hangingwall of Fault 2. Passing to the NNE 
the thinning of the intruded interval loses the contour trend that is concentric 
to the volcano (i.e., E-W to WNW-ESE) and instead becomes elongated to the 
NNE to lie parallel to the fault, indicating that the presence of the fault-con-
trolled depocenter influenced the NNE elongation of the sill trend.

Area 5 is a region with a thick stack of sills in a depocenter somewhat simi-
lar to areas 1 and 4. While Area 6 is the tapering margin of a half graben depo-
center. Similar to Area 3 it has a thin zone of sills that are areally widespread 
and extend farther from the Kora Volcano than the sills in deep depocenters 
(Area 1 for example).

5.2. Intrusion Morphology

The general relationships of sills to the syn-rift structure is described in 
the previous section. This section describes in more detail the geometries 
of individual sills, and how those geometries may relate or do not relate to 
the syn-rift basin morphology and structure. An overview of the range of sill 
shapes in map view, size, and their general contour patterns is provided in 
Appendix 2, which shows 108 of the mapped sills as thumbnail maps (Figs. 
A2.1–A2.5). Figure 13 shows in more detail a few examples of common sill 
geometries. The color values in Appendix 2 are relative (i.e., blue is deep, 
red to yellow is shallow), with the range of time-depths for each map given 
below each map.

The intrusions vary considerably in orientation, dip amount, area, and map 
view shape. There are three common kinds of sill morphology in the Kora 3-D 
survey: saucer shaped (Appendix 2, Figs. A2.1–A2.5, numbers 1–11, 34–37, 
50–58, 66–69, 83–90), bed-parallel and mixed bed-parallel, and transgressive 
segments (i.e., cross-cutting bedding in a dominant direction, Fig. 13; Appen-
dix 2, Figs. A2.1–A2.5, numbers 12–33, 38–43, 45–49, 59–65, 70–82, 91–108). A 
few sills have a domed morphology (Appendix 2, Figs. A2.1, A2.2, and A2.4, 
numbers 22, 41, 44, 73). Some sills between two faults dipping in the same di-
rection can exhibit two transgressive segments dipping in the same direction, 
with a bed-parallel middle section. X-shapes can locally arise from cross-cut-
ting sills.

An example of a typical sill is shown in Figure 14. Overall the sill dips to 
the east, following the dip of bedding, but is transgressive to bedding reflec-
tions in some places (particularly the western side, also in strike-sections E–E′ 
and F–F′). Although the sill is a continuous feature on lines D–D′ and C–C′ at 
the southern, northern, and eastern margins it becomes lobate in map view 
and discontinuous. In section B–B′ (Fig. 14) the amplitudes related to the sill 
dim in the middle and a break is shown in the horizon map. The sill may be 
physically present in the subsurface in the region of the break but the intru-

sion is thin and below tuning thickness on the seismic data. In G–G′ the two 
lobes on the eastern side of the sill are shown, with a clear stepping down 
from the lobe cut by line D–D′ to the lobe cut by line C–C′. The high amplitude 
reflections show a small overlap in section G–G′, however, as mentioned in 
the methodology section the same horizon cannot be mapped twice where it 
is repeated vertically, so the detailed morphology cannot be exactly mapped. 
A narrow break is shown in map view to indicate the area where the horizon 
jumps down to the north. In the example in Figure 14 the sill is narrow in the 
strike direction and elongate in the dip direction, but many other examples 
are either equi-dimensional (Figs. A2.1–A2.5, e.g., numbers 2, 6, 12, 16, 18, 
25, 27, 37, 39, 40, 42, 44, 48, 64, 73, 97) or elongate in the strike direction (Figs. 
A2.1–A2.5, e.g., numbers 11, 15, 46, 47, 62, 79, 98, 101, 108). The example is 
provided to show how sills in this study commonly show strong continuity 
in some areas, but break into lobes separated by gaps, steps, bridges, and 
broken bridges in other areas. These features are well known from other sill 
complexes (e.g., Pollard et al., 1975; Planke et al., 2005; Schofield et al., 2012a, 
2012b; Magee et al., 2015).

The range of complex sill geometries is shown in Figure 15C, where sill 
dimensions as an ideal rectangular shape (length × width of sill) is compared 
with the actual area of the sill as a ratio. The higher the ratio, the smaller the 
area of the sill compared with the ideal rectangular shape, this is usually due to 
either a highly irregular lobate, or a triangular map view geometry (e.g., Figs. 
A2.2–A2.4, numbers 46, 55, 61, 79). The clustering of results with ratios around 
1.2–1.4 are typical of moderately irregular rounded sill geometries (e.g., Fig. 
A2.1, numbers 1, 4, 24, 25).

There is considerable variety to the shape of sills in Appendix 2, with some 
being highly lobate, while others have straight or curved edges, and a simple 
oval, rectangular, or curved-polygonal outline. There are several reasons for 
the irregular shapes including: local seismic degradation (e.g., energy absorb-
tion from overlying sills), intersection of a sill with another intrusion, the intru-
sion splitting into different lobes either within the same horizon or at different 
stratigraphic levels, and variations in sill thickness (and hence amplitude).

5.3. Sill Shape

In Appendix 2, Figures A2.1–A2.5, 36 of the sills have well-developed syn-
formal geometries, while the other 72 are more predominantly inclined or 
transgressive in one direction or have geometries inconsistent with a synfor-
mal shape. Of the 36 synformal sills, 32 occur in areas of thick depocenters 
(areas 1, 4, and 5), while only four occur in areas 2, 3, and 6 (Fig. 12). The sills 
can be restricted by the fault bound blocks and by competition with surround-
ing intrusions. Of the 11 synformal sills that exceed an area of 10 km2, seven 
come from the lower part of the stack (average area 11.3 km2) while three come 
from the upper part of the stack (average area 18 km2), and only one (15.5 km2) 
is from the middle part. Hence the largest sills seem to be preferentially devel-
oped in the lower part of the sill stack.
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Figure 13. Examples of some common sill morphologies in the Kora 3-D seismic data, of the Kora area in the Taranaki Basin, offshore New Zealand. (A) Transgressive sill 
elongate in the dip direction (Appendix 2, number 93). (B) Transgressive sill elongate in the strike direction (Appendix 2, number 96). (C) Saucer-shaped sill, rounded map 
view outline (Appendix 2, number 98). (D) Saucer-shaped sill highly irregular map view outline (Appendix 2, number 16). (E) Map of polygonal outlines of sills mapped in the 
Kora area, showing location of sills in A–D. (F) Time-structure contour map of base syn-rift section (same as Fig. 6), showing selected sills that demonstrate the interaction or 
absence of interaction between sill morphology and structure. With the exception of sill Z, the sills are numbered according to Appendix 2. Sill Z is an example of a sill parallel 
to bedding, the sill therefore follows the dip and strike of syn-rift bedding, which closely corresponds with that of the base-syn rift. Sill 3, elongate parallel to structure, dips 
are partially parallel to structure contours and Fault 2 (both N-S). Sill 4, elongate perpendicular to structure, with structure contours predominantly parallel to the base syn-
rift contours. Unlike sill 3, saucer-shaped sill 10 shows little correspondence with structure (sub-perpendicular to contours). Sill 16, partial correspondence between structure 
contours, does not show preferred shape trend. Sill 40, elongate perpendicular to contours, structure contours are perpendicular to base syn-rift contours. Sills 34 and 38 are 
part of the NE-SW intrusive trend, both are elongate perpendicular to base-syn rift structure contours, sill 34 time-structure contours are parallel to base syn-rift contours, 
sill 38 structure contours are sub-perpendicular to base syn-rift contours. Sill 47, sill near interface between syn-rift and pre-rift section, very closely follows time-structure 
contours at base syn-rift and shape is elongate parallel to base syn-rift contours. Sill 50, shape constrained by faults on eastern side and NW part follows Fault 2 (white gap in 
contours), time-structure contours of sill are parallel to strike of fault. Long rising segment of sill is parallel to and in the direction of Fault 2. Sill 79, similar to Sill 47, lies near 
the interface between the syn-rift and pre-rift section, very closely follows time-structure contours at base syn-rift, and shape is elongate parallel to base syn-rift contours. 
Sill 77, elongate perpendicular to base syn-rift time-structure contours, time-structure contours are parallel to base-syn rift contours. Sill 86 is a saucer-shaped sill with a long  
transgressive segment opposite to base syn-rift dip that shows a partial correspondence between sill time-structure contour direction and base-syn-rift contours.
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In the areas of thinner syn-rift section the basal sills, close to the interface 
with Permian basement, lack a synformal geometry and in Area 3 (20 km2 and 
21 km2) are more extensive, while in Area 6 (8.8 km2 and 13.8 km2) they are 
of similar extent. However, smaller sills overlying the basal sills do display 
synformal geometries. One isolated sill with an area of 24 km2, that is almost 
entirely bedding parallel, lies west of the main concentration of sills, within the 
middle of the thick syn-rift sequence.

Sill Orientation with Respect to Basement Structure

Figure 13F shows 13 examples, large to small area sills, and how sill shape, 
dip, and strike can be related to syn-rift bedding orientation and faults. Some 
sills very closely follow the syn-rift structure (Fig. 13F, examples Z, 47, 79), while 
others are elongate perpendicular to structure (Fig. 13F, examples 4, 34, 77) 
and match the time-structure contour orientations, while other sills only have 
varying degrees of partial correspondence (Fig. 13F, examples 3, 10, 16, 38, 40, 
50, 86). Of the mapped intrusion population 37% had the same strike direction 
(±10°) as the underlying base of the syn-rift section, while 24% exhibited two 
or more important strike directions, one of which coincided with the strike of 
the base syn-rift section, and 39% exhibited no correlation between intrusion 
strike orientation and the strike of the base of the syn-rift section. Intrusions 
often exhibited a preferred shape orientation, although 13% had no clear orien-
tation. Width to length ratios range between 1:1 and 1:3 (Fig. 15A), this limited 
variation is reflected in a tight trend of length versus area values (Fig. 15B). Of 
the sills with a preferred orientation, 29% were oriented parallel to the strike 
of the base syn-rift section and 17% were oriented perpendicular, while 41% 
exhibited no correlation. The same strike and dip trends and shape orientation 
as the base syn-rift section occurred in 17% of the intrusions, 7% showed the 
same dip, with a shape orientation perpendicular to the base syn-rift strike. 
For partially coinciding dips, 9% had the same orientation and 5% had a per-
pendicular orientation to the base of the syn-rift section. There was 29% of the 
intrusion population that exhibited no coincidence of dip or orientation with 
the base of the syn-rift section.

The orientation of sill shape for some trends appears to be related to the 
orientation of faults (e.g., Fig. 13F, example 50), in Figure 16 a comparison of 
sill orientations and fault trends indicates that the preferred orientation of sills 
ranging between NW-SE and NNE-SSW can be explained by the influence of 
faults. The correlation between N-S oriented sills and N-S fault trends seems 
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strong. The E-W trend may also be in part related to an orientation orthogonal 
to N-S–trending faults. However, the correlation between the NNW-SSE trend 
of faults (relatively high) and sills (relatively low) does not seem so compelling, 
and the pronounced NE-SW trend in sill orientation has no strong correlation 
with structure (either fault orientations or dip and strike of the base syn-rift 
section). This suggests there might be some influence by an underlying igne-
ous trend (perhaps the orientation of a dike swarm). In particular, the NE-SW–
trending intrusion related high in around location Y (Fig. 10), associated with 
the elongation of the Kora Volcano high to the west, might be related to some 
underlying igneous trend.

The main intrusions forming the NE-SW trend at location Y (Fig. 10) are 
shown in 3-D view in Figure 17. The complex contains relatively few intru-
sions that can be mapped, hence it is easier to visualize intrusion geometries 
in this trend than in other areas. There are three main types of intrusions 
present: (1) transgressive sills that link deeper areas to shallow areas that lie 
parallel to the NE-SW–trending forced fold that overlies the intrusive com-

plex, (2) shallow level saucer-shaped sills, and (3) shallow level sills that are 
transgressive in a single direction (Fig. 17). Since at least parts of sills are 
conformable to bedding, there is some correspondence between sill orienta-
tion and structure. However, it is also clear from Figure 17 that transgressive 
sills can exhibit a variety of orientations and that many sills at best will only 
partially exhibit shape or strike orientations that can be related to structure 
(Fig. 13F, example 38).

The stacks of sills in the depocenters tend to exhibit relatively short trans-
gressive segments that dip toward the volcano, and long transgressive seg-
ments that lie closest to, and dip away from, the volcano. It is these long 
transgressive segments, with a height range up to 1.2  km, that are prone 
to linking sills at different levels. These sills provide pathways for upwards 
migration of magmas without the need for systems of dikes, although dikes 
may also occur. Figure 18 is a plot of height of sills versus area. It is no-
ticeable that many relatively small sills display large heights (up to 1.2 km). 
These sills tend to correspond with long, narrow transgressive sills, or trans-
gressive segments of saucer-shaped sills that climb toward the Kora Volcano. 
Maximum dips of individual sills (calculated as an average over 500 m hori-
zontal distance crossing the tightest structure contour gradients) is shown 
to predominantly range up to ~30° with a few examples ranging as high as 
45°. This is based on the mapped sills, there are some steeper intrusions 
imaged that were not mapped, but measured from individual seismic lines 
that dip up to 58°. These values are not thought to represent the full range 
of intrusion dip values since high dips tend not to be well imaged on seismic 
data. The values in Figure 18 are, however, indicative of the common ranges 
of dips exhibited by sills.

6. DISCUSSION

6.1. Relationship of Intrusions to Syn-Rift Structure

Giba et al. (2009) state “the interdependence of activity between individual 
volcanoes and faults is weak. Volcanic activity does not influence the location 
and the activity of tectonic normal faults which, in turn, do not exert a strong 
control on the locus and timing of volcanic activity in the basin.” The statement 
can be justified by considering that the structural influence at the base of the 
crust, which will influence the location of a pipe, will be different from the shal-
lower level faulting (e.g., Cassidy and Locke, 2010). In addition, Giba et al. (2009, 
2013) are focused on the link between Middle Miocene extension that was ac-
tive at the same time as the volcanism. In this paper the focus is on the effect 
of Late Cretaceous extensional structures and basin geometries on the vol canic 
plumbing system. The major Late Cretaceous system normal faults exhibit 
larger displacements than the Miocene faults, and have given rise to classic 
half graben and large tilted fault block geometries filled by syn-rift sediments. 
These sediments are up to ~4 km thick in the depocenter of Fault 1, and ~3 km 
thick in the depocenter of Fault 2 in the vicinity of the Kora Volcano (Fig. A1.4).
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The Kora Volcano is focused along the trace of a large normal fault (Fault 2), 
where it is intersected by NW-SE–trending faults. This is probably no coinci-
dence and represents a rift-related zone of weakness that was exploited by the 
feeder system, as has been described from the East African Rift (Acocella et al., 
2003; Korme et al., 2003).

Once the intrusions reach the syn-rift section they become influenced by 
several factors: (1) the mechanical contrast between the Cretaceous syn-rift 
sedimentary rocks and the Permian meta-volcanic basement, (2) the location 
of depocenters where sills can stack up vertically, (3) the dip of normal faults, 
and the dip of bedding. These influences can be seen on seismic reflection 
data. It can also be speculated that source rock layers within the syn-rift sec-
tion may be preferential sites for intrusion due to their mechanical behavior 
( Rateau et al., 2014), which is influenced by the presence of organic material 
(see Morley et al., 2018, for a review of the mechanical properties of shale).

The presence of syn-rift section overlying Permian meta-volcanics rep-
resents a clear, sharp boundary where a weak layer overlies a strong layer. 
Modeling of sill development has shown that such interfaces are favored sites 
for sill emplacement (e.g., Kavanagh et al., 2006; Barnett and Gudmunsson, 
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Figure 17. 3-D oblique view to the west 
of the complex of intrusives in Area 2 at 
location Y (Fig. 10), in the Kora area, Tara-
naki Basin, offshore New Zealand. View 
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2014). A natural example comes from Norway where there is the extensive 
occurrence of Upper Carboniferous microsyenite (Mænaite) sills near the base 
of the Middle Cambrian Alum Shale Formation close to the interface with Pre-
cambrian gneisses, in the pre-rift section of the Oslo Graben (e.g., Andersen 
et al., 2008). This type of intrusion is seen on seismic reflection data in the 
areas of relatively thin syn-rift stratigraphy associated with tilted fault blocks 
in areas 3 and 6. They are probably also present at the base of the deep depo-
centers, but are not well observed due to energy absorption by the stack of 
overlying sills, and uncertainty as to whether deep high-amplitude events rep-
resent sills, or the high-impedance contrast at the syn-rift/pre-rift contact.

Hansen (2015) modeled sill inclination and determined that in isotropic ma-
terial transgressive sills climbing 500 m can reach inclinations up to ~34°. It is 
striking that, except for two higher values (~45°), and a few higher values seen 
locally on seismic reflection data from unmapped sills, the maximum average 
inclination for the intrusions (averaged over a distance of at least 500 m) in 
this study are 35° (Fig. 19), which matches observations from provinces (e.g., 
Bell and Butcher, 2002; Smallwood and Maresh, 2002; Thomson and Hutton, 
2004; Schofield et al., 2012a), and supports the theoretical findings of Hansen 
(2015). Dips higher than the 35° average value are in part related to sills fol-
lowing faults, and sills following the steeply dipping bedding underneath the 
volcanic edifice. Note that due to averaging of the dips over a long distance 
short segments of sills that are steeper than the average dip are not identified. 
These segments are commonly where sills follow faults over a relatively small 
area of the sill. While there are clear anisotropies in the section due to bedding 
and faulting the bedding has not been rotated to very high angles. Faults tend 
to be relatively low angle dipping between ~35° and 50°. Some sills partially 
follow the faults, and so locally have dips in the range of 35°–50°. While there 

probably are dikes present that dip around 90° these are not typically observed 
on seismic reflection data.

Sills that partially follow the trace of a fault have been described from seis-
mic data (e.g., Magee et al., 2013a, 2013b; Rateau et al., 2014). There are certainly 
similar effects seen in the data set, however, the circular nature of the intrusive 
complex means that the steepening of sills observed passing toward the Kora 
Volcano is a feature of the intrusion and occurs at orientations oblique or even 
orthogonal to faults as well as parallel to faults. However, some sills have been 
preferentially aligned to faults (Fig. 16), for example sill 50 (Figs. 11B and A2.3). 
Some sills crossing narrow fault blocks are transgressive along two faults.

While there is evidence of structural control to some degree on the distri-
bution of intrusions, it is recognized that there are also effects independent 
of structural control. In the ring of sills that dip away from the volcano there 
is a mixture of sill trends that follow fault trends or are independent of fault 
orientations. Other controls on intrusion orientation in intra-arc and back-arc 
settings can be related to changes in response to variations in stress over long 
time periods or rapid stress changes related to stress unclamping from large 
earthquakes (Tibaldi and Bonali, 2017). These authors also note that following 
dike or sill intrusion, a local stress field perturbation is created that will influ-
ence successive intrusions to follow a perpendicular orientation.

6.2. Forced Folds and Intrusions

Igneous intrusions, primarily sills, and laccoliths are known to cause forced 
folding of the overlying strata (Le Bas, 1971; Pollard and Johnson, 1973; Aco-
cella et al., 2001; Brown and Bell, 2006; Galland, 2012; Galland and Scheibert, 
2013; Jackson et al., 2013; Magee et al., 2013b, 2017; van Wyk de Vries et al., 
2014). Uplift and subsidence associated with sills has been measured in re-
gions of active volcanism. For example, in the Laguna del Maule volcanic field 
(Chile), geodetic measurements have detected inflation of sills of similar size 
and depth (5.2 ± 0.3 km depth, 9.0 ± 0.3 km length, and 5.3 ± 0.4 km width) to 
those discussed in this paper (Feigl et al., 2013). The maximum vertical velocity 
of related surface uplift is 280 mm yr–1. During the period of observation from 
2004 to 2012 Feigl et al. (2013) estimate the sill inflated by a volume of 0.15 km3. 
El Hierro Island (Canary Islands) showed >20 cm uplift, associated with 0.32–
0.38 km3 of magma intruded into sills beneath the volcano from 2012 to 2014 
(Benito-Saz et al., 2017). The Taupo Volcanic Zone (New Zealand) provides a 
proximal example to the Kora Volcano of sill-related subsidence, with rates of 
around 20 mm yr–1, from a sill-like body at 6 km depth (Hamling et al., 2015). 
Subsidence is attributed to cooling and contraction of the sill.

Folding by sills typically produces low-relief, broad anticlines (e.g., Hansen 
and Cartwright, 2006; Jackson et al., 2013; Magee et al., 2013b, 2017), and such 
anticlines are observed associated with some, but not all, sills around the Kora 
Volcano (Figs. 20, A1.10–A1.12, and A1.14; Bischoff et al., 2017; Infante-Paez and 
Marfurt, 2017). Some of the folds are domal, while others are elongate in either 
N-S or NE-SW directions (Fig. 8).
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Figure 19. Maximum dip (averaged over 500 m) versus area plot for sills in Appen-
dix 2, in the Kora area in the Taranaki Basin, offshore New Zealand.
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In addition to the short wavelength forced folds around the outer regions 
of the volcano, there is significant uplift and folding directly under the vol-
cano (Figs. 4 and 21) where seismic reflection data shows the Lower Man-
ganui–Tikorangi formations have been steeply rotated in a short wavelength 
dome-like fold (Fig. 21). It can be argued that near the transition to chaotic 
data beneath the volcano the steepening of the reflections is at least in part 
a seismic artifact, for example due to over migration. However, the Kora-1A 

Well lies on the edge of the poor data quality zone and has dip meter data in 
the Paleogene section. The dip meter log for the interval 2950–3250 m shows 
scattered dip values between 30° and 50° E, with a few short intervals showing 
fairly consistent values around 45°. Hence the dips from the well appear to ap-
proximate those on the seismic data, which point to significant steepening of 
strata related to forced folding close to the volcano. On smaller satellite vents 
there are also clear indications of steepening of strata (Fig. 20A).

Top Kora Volcanics and volcani-clastics

Top Paleocene (Horizon 2)

Top Eocene (Horizon 3)

Top Oligocene (Horizon 4)

Faults cut through Miocene section
overlying Kora Volcanics and die out downwards
within Eocene section 

Kora Volcanics locally onlap 
forced fold high

A

B

A
BI

I

II

II

III

III

IV

Onlap

WNW ESE

WNW ESE

5 km

Figure 20. Examples of forced folds by 
growth of intrusions; see Figure 8 for lo-
cation. (A) Inline illustrating steep forced 
folds II and III affecting horizons 3 and 4. 
(B) Inline illustrating forced folds (I, II, III, 
IV) that affect Horizon 1, but not Horizon 2. 
The folds die out between local horizons 
B and A.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/6/2533/4578982/2533.pdf
by mmetropolis@EBSCO.com
on 05 December 2018

http://geosphere.gsapubs.org


Re
se

ar
ch

 Pa
pe

r

25
56

M
or

le
y 

|  
Pl

um
bi

ng
 s

ys
te

m
 o

f K
or

a 
Vo

lc
an

o
G
E
O
S
P
H
E
R
E

 |
 V

ol
um

e 
14

 |
 N

um
be

r 6

Turi Formation (Paleocene-Eocene)

North Cape and Rakopi
formations (Late Cretaceous)

Lower Manganui -Tikorangi Formations
(Early Miocene-Oligocene)

Volcanics sourced from east. Mohakatino 
Formation inter�ngering with with Manganui
Formation (Miocene, post Kora volcanism).

Mohakatino Formation post- episode 
of Kora volcanism (Middle-Late Miocene?)

Hypothetical intrusive complexes in area of no
coherent seismic data

Schematic representation of intrusions in areas
of high amplitudes on seismic re�ection data

Faults that are present on seismic data in parts
of 3D survey less degraded by igneous intrusions,
projected into the cross-section

Layered Kora Volcano lavas,
pyroclastics, volcaniclastics 

Mass transport complex (1)

Weakly layered or layering absent in 
Kora Volcano lavas and pyroclastics

Manganui Formation 
(Late Miocene)

Mass transport complex (2) in
Late Miocene Manganui Formation 

Giant Foreset Formation
with canyons (Pliocene)

Giant Foreset Formation with
(clinoforms (Pliocene)

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Tw
o 

w
ay

 ti
m

e 
(s

.)

Kora Volcano

NW SE

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Tw
o 

w
ay

 ti
m

e 
(s

.)

Paleo-
height 
of 
volcano

~800 ms

5 km

Figure 21. Interpretation of seismic inline 1350 suggesting the style of the poorly imaged region under the Kora Volcano in the Taranaki Basin, offshore New Zealand, is one 
dominated by sills, that are possibly linked by transgressive sills, short dikes, and possibly a pipe system that is offset a sills (see Fig. A1.12 for uninterpreted line and location).
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The short wavelength folds lie on a much broader domal uplift associated 
with the volcano. Horizon 4 is an intra-Early Miocene horizon that directly under-
lies the lavas and volcani-clastics of the Kora Volcano. This horizon is deformed 
in a broad dome ~24 km wide in a NW-SE direction and 19 km wide, and covers 
an area of ~345 km2. The volume of the domal uplift was determined by extrap-
olating a phantom regional trend to the horizon under the uplift (Fig. 22A), and 
then subtracting Horizon 4 (Fig. 22B) from the regional trend (Fig. 22C). Toward 
the SE side of the map the effects of another volcanic trend east of the Kora Vol-
cano impinge on the map (Fig. 22C). The maximum height of the domal uplift 
is ~1 s TWT, however with depth conversion this uplift becomes complicated by 
the presence of a relatively thick, high-velocity Kora Volcano section in the mid-
dle of the uplift trend, that tapers away from the center. The lateral difference 
in velocity between the Miocene sedimentary section (~3000 m/s TWT), and 
the volcanic section (~5000 m/s TWT) is taken into account in calculating the 
volume of the uplift in Figure 22C, which is ~124 km3.

There is little coherent reflectivity in about a 2.5 km radius of the volcano 
center, hence the detailed geometry of the volcanic feeder system responsi-
ble for the folding is unknown. The relief on the uplifted area of Horizon 4 is 
~1125 m. The uplift could, in part, be explained as the consequence of a central 
feeder pipe shouldering aside the adjacent formations, but it does not seem 
plausible that a feeder pipe, that typically tend to be tens of meters in diameter 
(e.g., Bonaccorso and Davis, 1999), would cause such large uplift.

3-D seismic data shows that extensive stacks of sills are present immedi-
ately adjacent to the volcano (Bischoff et al., 2017; Figs. 10 and 11). The zone 
over which the sills occur thickens passing toward the volcano (Fig. 12). It 
seems clear that the sills preferentially intruded the thick, predominantly fine-
grained, probably organic-rich syn-rift section in the hangingwall of Fault 2 in 
a trend running from north of the Kora Volcano imaged on seismic reflection 
data (Figs. A1.8–A1.11) and that a similar, but more intense intrusion pattern 
continues beneath the Kora Volcano as schematically illustrated in Figure 21. 
The syn-rift section is expected to be mechanically very favorable for sills and 
laccoliths to develop in (see Section 6.1). Mapping of the syn-rift section adja-
cent to the volcano and projection of the extensional fault-controlled section 
beneath the volcano indicates there is a thick syn-rift section beneath the vol-
cano (Figs. A1.8–A1.15). Hence from both the evidence of the syn-rift morphol-
ogy, and the thickness trends of the sill-affected intervals, permits the prop-
osition that stacks of sills/laccoliths connected by short dikes, transgressive 
sills, and probably pipes dominate the intrusions style beneath the volcano as 
schematically illustrated in Figure 21. It is suggested that the syn-rift section 
stratigraphy favored the development of sills, and inclined transgressive intru-
sions, over the development of a simple pipe with dikes type of feeder system, 
as schematically illustrated in Figure 7A.

The volume of erupted material can be estimated from maps made  using 
the 3-D seismic reflection data of the top and base of the Kora vol canic se-
quence. These indicate an extruded volume of lavas and pyroclastics of 
~40 km3. It is much more difficult to estimate the volume of intruded magma 
imaged on seismic data. The area of mapped sills is 660 km2 (Fig. 12), but at 

least 50% of the sills have not been mapped for a variety of reasons that are 
mostly related to degradation of seismic data quality, and regions of closely 
spaced intrusions. Hence the area number is a significant under-estimate. Esti-
mating sill thickness accurately is not possible since there are no well penetra-
tions. The peak to trough distance for many of the intrusions is around 25 ms 
two way travel time, or around 62.5 m thick. This is a reasonable thickness for 
seismically imaged sills (e.g., Magee et al., 2015) and in a rift basin setting in 
Thailand sills seismically imaged, as high-amplitude peak-trough reflections 
and penetrated by wells, ranged between thicknesses of 20–100 m (Naviset 
et al., 2017). Only some very broad scoping numbers for the volume of intru-
sions can be made: The low-side number used for the average thickness of 
seismically imaged sills is 20 m, while the high-side number is 62.5 m. The low-
side number for the area of seismically imaged sills is 660 km2, while double 
that number (1320 km2) is a conservative high-side estimate. The estimates in-
dicate the volume of intruded igneous rocks in the area where intrusions have 
been mapped is at least 13 km3 and may approach or even exceed 82.5 km3. 
This estimate range does not take into account the volume of material intruded 
in the zone of no coherent seismic data below the Kora Volcano and intrusions 
that are too thin or steeply dipping to be imaged on seismic data.

Another way to estimate the volume of intruded material is from the vol-
ume of the domal uplift under the volcano of 124 km3. This is a minimum 
estimate of the magma volume required to cause the uplift. The estimated 
volume of intrusions, that are seismically visible, range between 13 km3 and  
82.5 km3. While the volume of intrusion versus uplift cannot be precisely ac-
counted and matched, it is at least possible to see from the estimates above 
that the majority of the uplift volume (124 km3) could be accounted for by intru-
sions (predominantly sills and laccoliths) within the syn-rift section. However, 
the presence of a large, probably laccolith-like, magma chamber underlying 
the syn-rift region can also be suspected in order to provide an additional 
mechanism for domal uplift, and to store and distribute the magma which fed 
the overlying intrusions.

While it seems clear that sills and other intrusions cause uplift at a range of 
scales (Figs. 20 and 22) seismic data shows that for short-wavelength sill-fold 
relationships uplift is not necessarily directly proportional to sill volume. In Fig-
ure A1.14 for example, there is folding seen in layers A–D that decreases in am-
plitude upwards. Thinning and onlap of the sediments onto the anticlines can 
be used to determine the timing of intrusion (Hansen and Cartwright, 2006). 
One interpretation of the decreasing fold amplitude upwards in Figure A1.14 is 
that it marks a period of fold growth associated with intrusions, with horizon 
A marking the cessation of folding. This relationship is shown in more de-
tail in Figure 20B. However, the folds terminate within the Paleogene section, 
while volcanic activity is thought to be associated with the onset of subduction 
during the Miocene (King and Thrasher, 1996; Giba et al., 2009, 2010; Bischoff 
et al., 2017). Consequently, either the timing of volcanism in the basin needs to 
be revised to include a Paleogene phase of igneous activity, or the data is pro-
viding evidence that folding dies out upwards because strain is progressively 
accommodated by mechanisms other than folding visible on 3-D seismic data. 
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Figure A1.12 provides an example (forced fold 1) where the amplitude of the 
fold dies out upwards, with the highest level of folding (4 in Fig. A1.12) occur-
ring at the base of the Kora Volcano extrusive unit. The decrease in amplitude 
of the fold is shown in the graph in Figure 23, which plots decreasing uplift of 
the different horizons (1–4) in Figure A1.12, with height. Over a vertical distance 
of ~2200 m the uplift magnitude decreases from 325 m to 120 m. For forced 
fold 1 the most likely mechanism to explain the decreasing fold ampli tude is 
differential compaction within the sequence containing layers 1–4. Whether 
the same mechanism can be applied to layers A–D in Figure 20B, which occurs 
over a thinner interval is uncertain. There are numerous examples of intru-
sions where there is no folding, or little folding over intrusions (Fig. A1.14, 
layers E, F, and G), indicating that not all the volume increase associated with 
sill emplacement is manifest as short-wavelength folding.

In active volcanic regions large-scale domal uplift beneath a volcano can be 
related to growth of a magma chamber. For example, investigation of surface 
uplift in the Central Andes concluded that a long-wavelength surface dome 
(~1.2 km uplift, 460 km wavelength) associated with the Altiplano-Puna Magma 
Body has developed as a consequence of buildup of a giant mid-crustal level 
magma chamber over the last 11 m.y. (Perkins et al., 2016). Similarly, the uplift 
of Horizon 4 around the Kora Volcano could be related to emplacement of a 
magma chamber below the sills investigated in this study. The map of thickness 
changes of the sill affected interval suggests where shallow sill-related uplifts 
are likely to be the most important, and although the sill interval thickness map 
generally follows contours of the uplift map in Figure 22B, there are high-fre-
quency differences that suggest the contribution of shallow sills to the uplift is 
insufficient to impose certain trends (e.g., a NE uplift trend in the north of the vol-
cano, and an uplift trend to the west of the volcano) on the uplift map. Hence it is 
considered that the surface uplift is partially related to a broad, domed magma 
chamber that lies at an unknown depth below the Late Cretaceous syn-rift sec-
tion, and partially related to intrusions within the Late Cretaceous–Paleogene 
section. Magma rising from this magma chamber has probably used the syn-rift 
normal faults as well as vertical intrusions as conduits to the shallower section.

The scoping estimates above indicate that a large volume of the magma 
was intruded (~124 km3) rather than extruded (~40 km3). The result was folding 
and uplift of the sedimentary section at various scales to accommodate the 
large volume of intrusions present within the syn-rift section (Fig. 21).

Volcanic activity can progress in various ways. For example, emptying of a 
large magma chamber results in explosive destruction of much of the edifice 
and extensional collapse of the underlying section and edifice (see review in 
Tibaldi, 2015). Eruption of the volcano beneath a body of water can result in 
the development of shallow, broad explosive diatremes, as can the interaction 
of the volcano with an extensive supply of ground water (phreatomagmatic 
eruptions, e.g., Lorenz, 1975; Sheridan and Wohletz, 1981; Wohletz, 1986). The 
early growth of the Kora volcano must have been sub marine, given the paleo- 
water depths of the adjacent formations. In the Kora-1 Well report, paleo-water 
depths estimated for the Paleogene from microfossils have  error bars ranging 
between 650 m and 2000 m with the preferred depth being ~1200 m, simi-

lar water depths are estimated for Kora-4 (Petroleum Report Series, 1985, 
1988). However, growth of the edifice probably resulted in the summit of the 
volcano becoming subaerial during some of its history, although deposition 
on the flanks was submarine, as evidenced by the presence of foraminifera 
within volcani-clastic deposits in Kora-1 (Petroleum Report Series, 1988). The 
sub aerial summit could have developed as a consequence both of the broad 
domal uplift beneath the volcano, and the construction of the volcanic edifice. 
Overall the preserved shape of the volcano, the absence of circumferential 
faults consistent with caldera collapse, and the possible subaerial setting of 
the summit suggest that there was no highly destructive end to the volcano. 
The absence of a planar erosive surface to the top of the volcano (indicative 
of subaerial erosion) is possibly explained by later modification of the volcano 
by the short eruptive phase at 12 Ma, and the effects of fault offset, and slope 
instability caused by the late radial faulting.

6.3. Importance of Sills versus Dikes in Volcanic Plumbing Systems

While the proposal that the shallow (upper 6  km) section beneath Kora 
Volcano is dominated by a network of sills and laccoliths departs from the 
most common models involving some combinations of magma chambers, 
dikes and pipes (see Section 3), the proposal is not without precedent. For 
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example, Marsh (2004) proposed that magmatic mush columns in sill com-
plexes can make important volcanic feeder systems (Fig. 7E). The large sill 
systems described by Marsh et al. (1997), Marsh (2004), and Muirhead et al. 
(2012) are in a different tectonic setting from the Kora Volcano, and the sills fed 
flood basalts not a stratovolcano. However, the presence of extensive layered 
sill complexes is the most important aspect stressed here, and they occur to 
greater or lesser degrees in a variety of igneous provinces. Perhaps a closer 
example is the possible association of classic areas of cone sheets with large 
laccolith or sill-like intrusions (Burchardt et al., 2013). Numerical modeling of 
such features suggests the presence of a sill-like magma chamber (Pollard and 
Johnson, 1973; Galerne et al., 2011). About 12 km of vertical sill to sill ascent 
was documented by Cartwright and Hansen (2006) from 3-D seismic data, 
demonstrating that inter connected sill complexes could be the dominant pro-
cess in vertical magma transport, including feeding extrusive vents.

The dominance of intrusive dike models for igneous systems in active 
rifts, as described in Section 3, can be argued from a range of perspectives 
including: (1) the sheeted dike complexes associated with ophiolites; (2) the 
extensive occurrence of dikes in outcrop in regions like the East African Rift, 
(3) monitoring of seismicity associated dike intrusion in areas of active rift-
ing, and (4) that dikes best fit the orientation of intrusions expected for an 
extensional stress field (i.e., where the maximum principal stress is vertical; 
e.g., Rubin, 1995; Le Corvec et al., 2013). However, most of these observations 
are made from areas of very advanced crustal thinning in continental rifts, 
or from areas of seafloor spreading. In the Kenya rift for example, there is a 
clear switch in structural style from early fault-controlled extension involving 
half grabens, to a later style involving swarms of relatively low-displacement 
normal faults, dikes, and extensive volcanism (Mohr, 1987; Morley, 1994). It 
could be argued that volcanism during the half graben stage of rifting might 
be more amenable to the development of extensive sill/laccolith complexes 
as seen in the Kora Volcano, then as these intrusions become more closely 
spaced the original structural/stratigraphic anisotropy is destroyed, and hence 
later intrusions start to be dominated by dikes. In this regard it can be noted 
that the Cenozoic Phitsanulok and Phetchabun rift basins in Thailand, and the 
Cretaceous–Cenozoic Anza graben in Kenya, are low-extension (beta factor 
~1.3–1.5) rifts, where the igneous intrusions exhibit extensive development of 
sills (Morley et al., 1999; Barr and Cooper, 2013; Naviset et al., 2017).

Perhaps the most unusual aspect of the plumbing system is the combi-
nation of doming of the strata beneath the volcano and the intrusion of sills 
within that dome, which produces a ring of intrusions in plan view (Figs. 21B 
and 23). Opposite to ring dikes, which tend to dip toward the volcano feeder 
pipe, the sills predominantly dip away from the core of the volcano, following 
the general dip of the domed strata (Fig. 23). The term “ring sills” is suggested 
for these structures.

The Kora Volcano demonstrates how syn-rift structure, and the related 
thickness variations of the syn-rift section play a role in the geometry and dis-
tribution of sills. However, the subduction-related volcano was active during 
the post-rift stage, and prior to a second phase of extension in the Middle Mio-

cene (Giba et al., 2009). Hence it was not intruded under the same tectonic and 
stress regime that formed the syn-rift structure. This marks a departure for 
using the Kora Volcano as an exact analogue for volcanism in a syn-rift setting.

7. CONCLUSIONS

The shallow (>8 km) architecture of intrusions associated with the Kora Vol-
cano are dominated by stacked sill, transgressive sill, and laccolith complexes. 
Syn-rift structure profoundly affected upper crust intrusion distribution, their 
stacking patterns, and volcano-feeder intrusive network geometry. Intrusive 
complexes form an oval shape indicating a point source for the volcano, and 
a central feeder system at depth (i.e., within the pre-rift section). There is also 
a strong syn-rift structural/stratigraphic control on the sill distribution, with 
the thickest sill complexes occurring in the thickest (fault-controlled) syn-rift 
depocenters, and local N-S elongation of sill complexes following structural 
trends, particularly north of the volcano. Seismic data shows numerous exam-
ples of sills locally following segments of large normal faults, or sill complexes 
terminating at the normal faults (Figs. A1.9–A1.11). Secondary volcanic (flank) 
cones have stacked sill complexes beneath them that are focused on faults 
(Fig. A1.11). Up to 15 km north of the Kora Volcano are found the most laterally 
extensive sill complexes, which lie close to the base of the syn-rift/top of pre-
rift contact. The combination of structural geometry (half graben dip direction) 
and lithology variations may have been ideal in promoting sill development, 
but alternatively a deep feeder system may be present in the area. However, 
the sills do follow the general pattern that the lowest-level sills are the most 
laterally extensive, and the shallower sills lie closer to the volcano. In Figure 
24 it is suggested that the sills are predominantly fed by intrusions following 
faults that intersect a broad upper crustal magma chamber located within the 
pre-rift section. The extent of this magma chamber is suggested by the uplift 
geometry of the Miocene section below the Kora Volcano (Fig. 22).

Individual mapped sills range in area from less than 1 km2 to ~27 km2. Aver-
age dips within individual sills tend to range up to 35° (Fig. 19), although locally 
higher dips up to 58° are observed (e.g., Fig. A1.5). Some of the high dips are 
independent of structure at the upper segments of saucer-shaped sills, while 
others follow steeply inclined bedding or faults.

The strong preference for sill/laccolith stacking in the thick syn-rift section 
appears to have had four effects. (1) In the upper 7–8 km the volcano is inferred 
to have been fed by a network of sills linked by short dikes and pipes, not a 
simple single pipe (Fig. 21). (2) The extensive intrusions resulted in folding/
doming of the Paleogene section in several places, most significantly under 
the central volcano (uplift ~1.1 km; Fig. 21). (3) In the absence of a simple vol-
cano plumbing system (e.g., pipe connected to a magma chamber) it appears 
that much of the magma was stored in intrusive complexes within the syn-
rift section, instead of being erupted. (4) The partial subaerial emergence of 
the Kora Volcano and the extensive accumulation of magma in relatively thin, 
sill complexes (that could cool relatively rapidly and solidify) avoided a cata-
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strophic end to the volcanic edifice that typically is the result of interaction with 
large volumes of water or caldera collapse.

From this study it is suggested that sills in the upper crust can dominate 
the early-stage history of intrusions within the syn-rift section. However, as the 
increasing volume of intrusions destroys the syn-rift anisotropies related to 
faulting and stratigraphic mechanical contrasts, dikes are likely to become the 
dominant mode of intrusion later in the history of rifting. As documented, for 
example, in the East African Rift.
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Figure 24. Schematic block diagram illus-
trating the key features of the Kora Vol-
cano, in the Taranaki Basin, offshore New 
Zealand, plumbing system and the influ-
ence of the syn-rift stratigraphy and faults 
on intrusion geometry and distribution. 
A—intrusions causing forced fold; B—in-
trusions along boundary fault curving into 
sills in the basin. C—main volcanic pipe, 
possibly diatreme due to inter action with 
sea water. May pass into more diffuse sill 
and dike complexes at depth. D—ring sills 
intruding forced fold around core of the 
volcano; E—complex of sills at depth form-
ing feeder system to the volcano; F—sills 
within syn-rift depocentre; G—sills tend to 
build up extensively along the syn-rift-pre-
rift unconformity; H—sills stack up in par-
ticular localities, location H lies between 
two such stacks where the sills tend to 
curve upward; I—high level sill and feeder 
dike complexes that lead to secondary 
volcanic cones; J—intrusions along fault 
planes feeding magma from the magma 
chamber to sill complexes within the syn-
rift section; K—feeder intrusions along fault 
planes to location G sills; L—sills curving 
upward following fault propagation fold- 
related dips in upper part of syn-rift section; 
M—saucer-shaped sill; N—laccolith-type 
intrusions in core of volcano feeder system.
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Figure A1.1. Crossline 940. (A) Uninter-
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horizon (1)—base Late Cretaceous syn-rift 
section, Green horizon (2)—top syn-rift 
(Late Cretaceous–Paleogene), and Blue 
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Figure A1.2. Crossline 1220. (A) Uninter-
preted line. (B) Interpreted line. For legend 
and location, see Fig. A1.1.
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Figure A1.3. Crossline 1350. (A) Uninter-
preted line. (B) Interpreted line. For legend 
and location, see Fig. A1.1.
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Figure A1.4. Crossline 1620. (A) Uninter-
preted line. (B) Interpreted line. For legend 
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Figure A1.5. Crossline 2200. (A) Uninter-
preted line. (B) Interpreted line. For legend 
and location, see Fig. A1.1. 38°, 45°, 51°, 
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Figure A1.6. Crossline 2290. (A) Uninter-
preted line. (B) Interpreted line. For legend 
and location, see Fig. A1.1.
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Figure A1.7. Crossline 2490. (A) Uninter-
preted line. (B) Interpreted line. For legend 
and location, see Fig. A1.1.
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Figure A1.8. Line 1570. (A) Uninterpreted 
line. (B) Interpreted line. For legend and 
location, see Fig. A1.1.
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line. (B) Interpreted line. For legend and 
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Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/6/2533/4578982/2533.pdf
by mmetropolis@EBSCO.com
on 05 December 2018

http://geosphere.gsapubs.org


Research Paper

2574Morley | Plumbing system of Kora VolcanoGEOSPHERE | Volume 14 | Number 6

42°

1.0

4.5

1.5

2.0

2.5

3.0

3.5

4.0

1.0

4.5

1.5

2.0

2.5

3.0

3.5

4.0

III

Kora-1-1A

Kora-1-1A

A

B

WNW ESE

Tw
o 

w
ay

 tr
av

el
 ti

m
e 

(s
.)

Tw
o 

w
ay

 tr
av

el
 ti

m
e 

(s
.)

Fault 2 Fault 3

II

2 km

9730

–9730

0

Figure A1.13. Line 1250. (A) Uninterpreted 
line. (B) Interpreted line. For legend and 
location, see Fig. A1.1. 42°—dip of Eocene 
beds in Kora 1-1A Well.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/6/2533/4578982/2533.pdf
by mmetropolis@EBSCO.com
on 05 December 2018

http://geosphere.gsapubs.org


Research Paper

2575Morley | Plumbing system of Kora VolcanoGEOSPHERE | Volume 14 | Number 6

A
B
C

D

H
Intrusive complexes
present, with little or no 
uplift of overlying strata

E
F
G IXVIIVI

5.0

4.5

5.5

2.0

2.5

3.0

3.5

4.0

A WNW ESE

Tw
o 

w
ay

 tr
av

el
 ti

m
e 

(s
.)

5.0

4.5

5.5

2.0

2.5

3.0

3.5

4.0

Tw
o 

w
ay

 tr
av

el
 ti

m
e 

(s
.)

B
2 km

9730

–9730

0

Figure A1.14. Line 1130. (A) Uninterpreted 
line. (B) Interpreted line. For legend and 
location, see Fig. A1.1. A–H—local layers 
showing forced folds VI, VII, and IX.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/14/6/2533/4578982/2533.pdf
by mmetropolis@EBSCO.com
on 05 December 2018

http://geosphere.gsapubs.org


Research Paper

2576Morley | Plumbing system of Kora VolcanoGEOSPHERE | Volume 14 | Number 6

5.0

4.5

5.5

2.0

2.5

3.0

3.5

4.0

A WNW ESE

Tw
o 

w
ay

 tr
av

el
 ti

m
e 

(s
.)

B

5.0

4.5

5.5

2.0

2.5

3.0

3.5

4.0

Tw
o 

w
ay

 tr
av

el
 ti

m
e 

(s
.)

2 km

9730

–9730

0

Figure A1.15. Line 940. (A) Uninterpreted 
line. (B) Interpreted line. For legend and 
location, see Fig. A1.1.
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Figure A2.1. Thumbnail maps of sills from 
Area 1 (see Fig. 10 for location of areas). 
Colors have different time-depth ranges in 
each map, blue—relatively deep, yellow—
relatively shallow. Absolute time-depth 
ranges in seconds two way travel time 
(s TWT) are provided below each map. 
The line separates saucer-shaped sills 
(1–11) from other morphologies (12–30).
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Figure A2.2. Thumbnail maps of sills from 
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each map, blue—relatively deep, yellow—
relatively shallow. Absolute time-depth 
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Figure A2.3. Thumbnail maps of sills from 
Area 4 (see Fig. 10 for location of areas). 
Colors have different time-depth ranges in 
each map, blue—relatively deep, yellow—
relatively shallow. Absolute time-depth 
ranges in seconds two way travel time 
(s TWT) are provided below each map. The 
line separates saucer-shaped sills (50–58) 
from other morphologies (59–65).
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Figure A2.4. Thumbnail maps of sills from 
Area 5 (66–78) and Area 6 (79–82) (see 
Fig. 10 for location of areas). Colors have 
different time-depth ranges in each map, 
blue—relatively deep, yellow—relatively 
shallow. Absolute time-depth ranges in 
seconds two way travel time (s TWT) are 
provided below each map. The single line 
separates saucer-shaped sills (66–69) from 
other morphologies (70–78). Double lines 
separate sills from different areas.
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Figure A2.5. Thumbnail maps of sills from 
Area 7 (83–108) (see Fig. 10 for location of 
areas). Colors have different time-depth 
ranges in each map, blue—relatively 
deep, yellow—relatively shallow. Absolute 
time-depth ranges in seconds two way 
travel time (s TWT) are provided below 
each map. The single line separates saucer- 
shaped sills (83–90) from other morpholo-
gies (91–108).
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