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ABSTRACT 

The Western Pacific Seamount Province (WPSP) is an area characterized by an abundance of large 

seamounts which are mostly Cretaceous aged and formed in an intraplate setting.  The WPSP is located in 

an area with some of the oldest oceanic crust on earth, dating to the Jurassic in age. Understanding the 

volcanism in the WPSP has implications for the mechanisms of intraplate volcanism formation, timeline 

reconstructions of the Pacific Plate, and mechanisms for volcanism in deep ocean settings. I examine 

previous investigations into WPSP including ODP drilling investigations and reflection and refraction 

seismic surveys to understand the sediments, volcanic features, and crustal structure of the WPSP. We then 

compare these previous studies to interpretations from more recently acquired reflection seismic data to 

describe the age and stratigraphy of sediments in the WPSP. 

It has been noted in previous studies the prevalence of igneous intrusions which permeate the 

subsurface in many areas of WPSP and in this study we examine in detail the structure and geometry, 

interaction with sediments, and emplacement mechanisms for such features in the seismic data. Our 

observations show that the geometries of igneous intrusions in deep ocean sediments are very different from 

what is observed in thick sedimentary basins, due to differences in the mechanical properties of the host 

rock.  Thick sedimentary basins often cause intrusions to take the form of saucer-shaped sills and inclined 

sills, but this is not seen in the WPSP.  We show that laccolith mounds are not uncommon and both 

laccoliths and sills can create volcanogenic vent complexes which can extend for 100s of meters upwards.  
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1. INTRODUCTION 

 
The Western Pacific Seamount Province (WPSP) is an area located on the oldest part of the Pacific 

plate with Jurassic aged crust (Figure 1) (Müller et al., 2008).  This area of the Pacific Plate is partially 

located in the Jurassic Magnetic Quiet Zone (JQZ), an area where the observed magnetic anomalies are 

small and hard to correlate making timeline reconstructions difficult (Figure 2).  In the Mid to Late 

Cretaceous there were a number of widespread sporadic volcanic events that overlaid the Jurassic crust with 

volcanic intrusions and many seamounts of varying ages (Figure 3). 

 

Figure 1. Bathymetry map showing the general study area with the WPSP outlined in pink (Data 
from Tozer et al., 2019). 
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There are relatively few data of the subsurface in the WPSP. The Deep Sea Drilling Project (DSDP) 

from 1968-1983 made several attempts to drill into the Pacific plate in order to confirm and gather data on 

the Jurassic crust that were unsuccessful. The Ocean Drilling Program (ODP) attempted the same during 

ODP Leg 129 in 1989 and was ultimately able to drill into Jurassic crust at site 801 in Pigafetta Basin 

(Lancelot et al., 1990). The hole was revisited, and the basement rock logged in 1992 (Premoli Silva, et al., 

1993) and again in 1999, when the hole was deepened an additional 341m (Plank, et al., 2000).  Several 2D 

seismic surveys were shot in the areas surrounding these ODP drill sites (MESOPAC II, FM35-12) which 

Figure 2. Map showing the Japanese, Hawaiian, and Phoenix magnetic lineation sets which outline 
the JQZ. Black arrows indicate the spreading direction of early Pacific plate. Grey lines are correlated 
magnetic anomalies. Red lines are the M29 magnetic anomaly which corresponds to ~157Ma. The 
green line represents the TN272 seismic survey track (Modified from Tominaga et al., 2015). 
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show the surrounding extent of the basement rocks and the sedimentary packages above which were 

characterized during ODP Leg 129 (Figure 4). 

Since 1989 two other seismic surveys were shot in the WPSP/JQZ region.  One by the Japanese 

Coast Guard and Oceanographic Department in 2006 (survey MTr), included multi-channel seismic (MCS) 

lines in the northwest portion of the WPSP which surveyed over seamounts in the area. The data were 

analyzed by Stadler and Tominaga (2015) who observed the spatial distributions of the intrusions, their 

apparent ages based on the surrounding host rock, and concluded that they were of a similar age to the 

surrounding seamounts and fit the framework of the WPSP being formed as a result of small thermal 

upwellings originating from a deeper mantle source.  More recently another seismic survey conducted by 

the National Science Foundation in 2011-12 (survey TN272) consists of a single ~800 km MCS line that 

was shot in the northeastern WPSP, in a corridor between seamounts. The following is an analysis of the 

TN272 MCS profile to determine the distribution and ages of the igneous intrusions and what these factors 

say about the formation of the WPSP. Although there are numerous studies using MCS data to show the 

structure and geometry of igneous intrusions in thick sedimentary basins, usually associated with 

Figure 3. Map showing ages of seamounts in WPSP in millions of years. (Age data from Koppers, et 
al., 2003; Clouard & Bonneville, 2005; Yan, et al., 2021. Bathymetry data from Tozer et al., 2019) 
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hydrocarbon exploration, my study will show that the WPSP, being a deep ocean basin environment, 

displays a significant difference in the structure and geometry of igneous intrusions relative to sedimentary 

basins. 

2. BACKGROUND 

 

2.1 Geologic Framework of Western Pacific Intraplate Volcanism 

The study of intraplate volcanism has been tied to the theory of a mantle “hot spot” for many years, 

but the idea of what a hot spot is has evolved to encompass a range of different models.  The Hawaiian 

Islands and the Hawaiian-Emperor seamount trail were demonstrated to be the result of a hot spot possibly 

sourced in the deep mantle (Wilson, 1963; Morgan, 1971).  Applying this model to other linear seamount 

chains is problematic.  Courtillot et al. (2003) argue that only seven of 49 hotspots around the world can be 

explained by the Wilson-Morgan model and could be attributed to a deep mantle “primary plume”.  They 

classify other hot spots as the result of “secondary” thermal plumes, possibly originating from a 

Figure 4. Multi-channel seismic surveys located in the WPSP (Bathymetry data from Tozer et al., 
2019). 
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“superplume”, and “tertiary” hot spots which could have origins due to stresses in the lithosphere and 

decompression melting. Koppers et al. (2003) notes that the majority of seamounts in the WPSP fall under 

the secondary classifcation due to their geochemical composition and short seamount trail length. 

Contrasting mantle plume models are the “plate” class of models, which posit that shallow tectonic 

processes and mantle heterogeneities with low melting points as the cause of hotspots (Anderson and 

Natland, 2007). Simple evidence for the plate model is that most modern hotspots are located either near 

spreading centers or in intraplate settings which are extensional (Foulger, 2007). 

The WPSP in the Western Pacific basin is located in the oldest part of the Pacific plate which was 

formed near the triple junction of the Phoenix-Farallon-Izanagi plates at ~180 Ma (Handschumacher et al., 

1988).  The Pacific plate had a very high, half spreading rate of ~80 – 100 mm/year during the late Jurassic, 

which then slowed to ~30 – 50 mm/year in the early Cretaceous (Müller et al., 2008). Figure 5 shows a 

reconstructed timeline of the Pacific plate growth and how the WPSP was in the southern hemisphere near 

the equator in the Late Jurassic and during most of the Cretaceous. At ~85 Ma the plate motion changed to 

heading northwest and the WPSP eventually crossed the equator sometime after, during the Late 

Cretaceous, and finally migrated to its present location north of the equator. The paleodepth of the Pacific 

ocean is thought to have started at 2750 m at the Pacific-Farallon Ridge (Rea and Leinen, 1986; Rea and 

Lyle, 2005) and  estimations from Van Andel (1975) indicate the area around the WPSP was at 3500 m in 

the Mid Cretaceous and 5500 m by the Late Cretaceous. 
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Figure 5. Reconstruction of the Pacific Plate at (a) 150 
Ma – Late Jurassic, (b) 120 Ma – Early Cretaceous, 
(c) 85 Ma – Late Cretaceous. Pink dots highlight the 
WPSP location. Arrows signify plate motion vectors 
(Modified from Torsvik et al., 2019). 
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2.2 Scientific Ocean Drilling Results 

ODP sites 800 and 801 were both drilled during Leg 129 in 1989 in Pigafetta Basin.  Site 800 never 

reached the Jurassic crust, ending after reaching a Cretaceous doleritic sill at 544 meters below the seafloor 

(mbsf). Site 801 was drilled all the way to the Jurassic crust at 462 mbsf without encountering any 

Cretaceous sills.  Table 1 shows a comparison of the sediment layers recovered at Sites 800 and 801, which 

can be summarized into 4 distinct sections (Lancelot, et al., 1990): 

(1) pelagic brown clay, Cenozoic age; 

(2) chert and porcellanite, deposited from Mid – Late Cretaceous; 

(3) volcaniclastics, deposited from Early – Mid Cretaceous; 

(4) radiolarite deposits, from Mid Jurassic – Early Cretaceous; 

 

During ODP Leg 185, the hole at Site 801 was drilled 341m deeper into igneous basement (Plank et al., 

2000). 

 

Table 1. Comparison between the ODP site sedimentary thicknesses and average sedimentary 
thicknesses from the TN272 MCS profile, measured in meters (m). Unit 5 shows the depth in meters 
below seafloor (mbsf). 
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A similar order of stratigraphic succession was found at Site 800, with the main differences being 

several limestone layers were observed within the Mid Cretaceous (94 – 112 Ma) section, indicating that 

there were sediment sources in the nearby WPSP that were above the carbonate compensation depth (CCD). 

Estimates of the CCD during the Cretaceous indicate a steady depth of ~4000 m (Van Andel, 1975; Lancelot 

et al., 1990), and it was expected that more carbonate sediments would have been observed in the recovered 

cores in Pigafetta Basin; especially in the older sediments when the ocean was shallower. It was postulated 

that a combination of crustal subsidence to a depth deeper than estimated and local fluctuations in the CCD, 

led to the lack of carbonate deposition (Lancelot et al., 1990). 

 

2.3 Previous seismic interpretations 

There were 2 seismic surveys shot during the late 1980s, at and in the vicinity of ODP drill sites in 

Pigafetta Basin (MESOPAC II, FM35-12). Abrams et al. (1992, 1993) used the information from ODP Leg 

129 to make interpretations of these seismic lines and were able to correlate them with the sedimentary 

records at ODP Sites 800 and 801.  In addition to mapping the sedimentary sections, a difference was noted 

in seismic characteristic of underlying basement as being either “rough” or “smooth”. They posited that the 

“rough” basement corresponds to areas where the Jurassic crust is exposed to the overlying sediments and 

“smooth” a result of doleritic sills overlying the Jurassic crust. A “rough smooth boundary” (RSB) was 

mapped where this transition from rough to smooth was noted. 

Kaneda et al. (2010) described the crustal structure of the northern WPSP using refraction seismic 

data from the MTr survey line which passes very near ODP Site 801 (Figure 4).  Using tomographic 

inversion they created a p-wave velocity model outlining the crustal thicknesses.  Based on these velocities 

they interpret the crust in Pigafetta Basin to be 7.5 – 8.0 km thick and in the northern basin to be 6 km thick.  

Studies synthesizing oceanic crustal thickness (Christeson et al., 2019; Van Avendonk et al., 2017) have 

shown average thickness to be ~6 km which would make Pigafetta Basin anomalously thick; however, they 

also show that there is a positive correlation between crustal age and thickness, which might explain the 

anomaly. Moho depth was calculated to be at 14 km in Pigafetta Basin and 12 km in the basin farther north. 
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Underneath the seamount clusters, the crust thickens to a maximum of 16 km with maximum Moho depth 

at 19 km. Kaneda et al. (2010) contend the increased Moho depth is mainly due to plate flexure, but also 

partially due to the increased crustal thickness from igenous intrusions. They also noted that the seamount 

structures consisted of a relatively small intrusive core and that the preponderance of the seamount volume 

is a result of erupted lavas and volcaniclastics. 

Stadler and Tominaga (2015) mapped volcanism in the Pigafetta Basin using MCS data from the 

MESOPAC II, FM35-12, and MTr surveys. They focused on mapping the sedimentary packages and 

interpreted volcanic features, both intrusive and extrusive.  They inferred the intrusive volcanic features in 

Pigafetta Basin to be of similar ages to the surrounding seamounts and noted that the spatial distribution of 

volcanic features are nonsystematic. They interpreted that these two observations suppport the hypothesis 

of a large superplume beneath the WPSP from which many smaller plumelets rose into the crust. They also 

argue that the RSB described by Abrams et al. (1993) is caused by different modes of late stage volcanism 

causing different expressions rather than signifying Jurassic crust or Cretaceous sill.   

 

2.4 Igneous intrusions in seismic data 

Sills and dikes are tabular, sheet, igneous intrusions that commonly intrude sedimentary rocks. 

They can also intrude into crustal rocks and pre-existing lava flows, though this is less commonly observed 

in seismic data due to the low impedance contrast between the intrusive body and the host rock (Á Horni 

et al., 2017).  

Dikes typically propagate vertically to sub-vertically in the direction perpendicular to the minimum 

total stress of the surrounding rock or invade areas of weakness such as beddings planes and fractures 

(Gonnermann, 2015). Dikes can exist as conduits from a magma chamber and serve as vertical piping 

throughout the subsurface magma complex and can form feeder dikes that allow magma to the surface. 

They can also form structures called ring dikes that have concentric circular patterns on top of a magma 

chamber after a magma chamber has drained (Lockwood and Hazlett, 2010).   
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Sills commonly form horizontal sheets parallel to sedimentary bedding planes (Kavanagh et al., 

2006; Lockwood and Hazlett, 2010).  Though they are dominantly layer parallel, in local sections they can 

cut across layers, may exhibit holes, and can split or merge with adjacent sills (Planke et al., 2005). 

Traditionally it was thought that dikes dominated the vertical piping in a subsurface magma complex, but 

more recent evidence from reflection seismic data has shown that this is not always the case. Numerous 

interconnected inclined sills, which are not flat-lying, have been shown to facilitate magma flow for 

distances up to 12 km vertically, without dikes as a primary conduit (Magee et al., 2016).  

While the layer parallel sill is the most common geometry, there are other geometries documented 

in seismic data. Different geometries can imply a geologic setting and parameter constraints of the host 

rock and intruding magma.  Sills, like dikes, can intrude into zones of weakness that can be due to lithology, 

fractures, or unconformities and bedding discontinuities. Kavanaugh et al. (2006) suggest that rigidity 

contrasts also play a role in determining the stratigraphic boundary at which a sill intrudes. They showed 

experientially that with two layers of similar density but high rigidity contrast, the sill will intrude in a plane 

below the more rigid layer. There are examples of this occurring when sills intrude below a previously 

emplaced sill (White et al., 2012) and below rigid sandstones (Hyndman and Alt, 1987). 

There are several different sill geometries that have been documented in seismic data (Figure 6), 

and there are key differences in what causes these differing geometries to form. A layer parallel sheet 

(Figure 6A) typically occurs when the magma follows along stratigraphic boundaries and also is common 

in soft sediments (Magee et al., 2015; Planke et al., 2005). A saucer-shaped sill (Figure 6B) is a common 

morphology when the surrounding rock has elastic strength. It is thought that this shape develops after sills 

reach a critical size where a difference in stress at the sill edges allows them to transgress sedimentary 

layers (Malthe-Sørenssen et al., 2004; Planke et al., 2005). Stair-step sill geometries (Figure 6E) are shown 

to occur when magma follows sub-vertical fractures and also can form at the transgressive edges of saucer-

shaped sills in conditions where the host rock is brittle (Schofield et al., 2012). In addition, Schofield et al. 

(2012) show that the direction of magma flow can be inferred from these step morphologies.  Magma 

fingers (Figure 6F) have been shown to occur in non-brittle, low strength, host rock where the host rock 
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behaves in a ductile fashion, deforming along the magma front and creating a viscous-viscous interface 

where the host rock behaves as a fluid, leading to globular fingers (Magee et al., 2019; Poppe et al., 2019; 

Schofield et al., 2012). Sills can have either bilateral or radial symmetry or can form a more complex hybrid 

of both (Thomson and Hutton, 2004); Kavanagh et al., 2006). More complex structures form over time as 

igneous activity is often incremental and protracted, and deformation from initial intrusions can lead to later 

intrusions as the host rock is less homogenous (Magee et al., 2016). The size of sills complexes can vary 

greatly with large sills extending hundreds to thousands of square km with thicknesses most commonly on 

the order of 50-150 m, whereas smaller sills may only extend a few square kilometers (Francis, 1982; 

Figure 6. Examples of different sill geometries observed in reflection 
seismic (Modified from Magee et al., 2014, 2015). 
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Kavanagh et al., 2006; Magee et al., 2015). Laccoliths (Figure 6D) are sill-like intrusions that are dome or 

lens shaped (Lockwood and Hazlett, 2010). Walker et al. (2020) show that larger domed laccolithic 

structures can be an amalgamation of smaller interconnected sill-like intrusions that build up over time. 

3. METHODS 

 

Seismic data 

The TN272 seismic data were acquired in 2011 on the R/V Thomas G. Thompson and consists of 

a single line ~800 km long and one crossline of ~57 km length. It was acquired with 2 GI guns as a source 

with a 48-channel streamer as a receiver.  The receiver spacing was 12.5 m and the shot spacing was 25m.  

The CDP bins were 6.25m for a fold of 12.  The data were post stack time migrated using Memory Stolt F-

K migration using ProMAX software. The dominant frequency is 60 Hz which gives a vertical resolution 

of about 8 – 10 m using an average velocity of 2000 m/s, a reasonable average velocity for deep sediments. 

The polarity of the data is shown such that a downward increase in acoustic impedance will result in a 

positive amplitude (Figure 7). 

 

 

Figure 7. Polarity convention of the TN272 MCS seismic 
data 
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Bathymetry data 

High-resolution multibeam bathymetry was collected along the TN272 seismic line using a 

Kongsberg Simrad EM302 30 kHz multibeam echo sounder. In addition, multibeam data from 16 other 

bathymetry surveys were combined to make a regional high-resolution map of the area surrounding TN272 

(Table 2).  The data were processed by applying heave, pitch, and roll sensor corrections and a combination 

of automatic and manual filtering techniques to remove erroneous soundings using CARIS software. A 

single regional surface was created from the aggregate of these high-resolution surveys with 100 m grid 

spacing. Finally, the high-resolution surface was combined with a grid of low-resolution, satellite altimetry 

derived bathymetry data, to fill in data gaps (Tozer et al., 2019). 

 

Gravity data 

Gravity anomaly data were extracted from the satellite altimetry derived gridded gravity data by 

Sandwell et al. (2014). 

 

Table 2. List of multibeam bathymetry surveys used 
for high resolution bathymetry maps. 
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Seismic interpretation methods 

In order to interpret the seismic data, seismic facies analysis was performed using seismic 

stratigraphy methods (Mitchum et al., 1977) which examine reflector continuity, configuration, amplitude, 

and frequency to interpret seismic signatures as geologic features. Sills were identified as reflectors with 

the following criteria in order of importance: (1) very high relative amplitude; (2) abrupt terminations; (3) 

attenuation of signal below reflector; (4) low frequency; (5) continuous, (See Figure 8 for an example of 

sill seismic signature). Criteria 1 – 3 have to do with the manifestations of the physical nature of sills in 

seismic data, whereas 4 – 5 are about increasing the probability of a reflector being signal and not noise. 

The identified sills were then classified under one of the geometries in Figure 6. 

 

Figure 8. Example of a sill from the TN272 seismic amplitude data showing the characteristics used to 
classify a sill. The blue line shows one of the stacked seismic traces that make up the image. Image 
color represents the degree of positive (red) or negative (black) amplitude of the seismic trace signal 
(See Figure 6 for polarity convention) 
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4. RESULTS AND INTERPRETATIONS 

 

4.1 Regional observations 

For survey TN272, the depth to the seafloor (Figure 9A) starts at around 5600 m in Pigafetta Basin 

on the SW end of the line. From there, depth decreases for 225 km to a topographic high point at 5100 m, 

and then gradually deepens for the next 575 km to a depth of 5900 m in the basin NE of the seamount 

chains. This latter basin is overall a deeper basin than Pigafetta Basin.  The gravity anomaly derived from 

satellite altimetry (Figure 9B) typically mirrors seafloor topography; however, there are two notable 

deviations. There is a trough of several hundred mGal from 250 – 500 km and another trough, ~100 mGal, 

from 675 – 750 km. The deviation from the seafloor topography was noted by Feng (2016) as being due to 

the survey passing through gravity moats caused by the nearby seamounts, which can be seen in the regional 

2D gravity anomaly grid (Figure 10). The 500 km trough is also enhanced by the fact that preceding it is a 

broad swell in the bathymetry and in the gravity data, from 100 – 400 km. The gravity grid shows that this 

broad swell extends nearly 300 km to the SE and doesn’t appear on the surface to be directly connected 

with any of the surrounding primary seamounts. 

 

 

 

Figure 9. Series of data profiles along the TN272 seismic survey track with the horizontal axis denoting 
distance along survey in km.  (A) Depth to seafloor (m), (B) Gravity (mGal), (C) Reflection seismic 
TWT (s), (D) Reflection seismic with major horizons mapped, (E) Reflection seismic overlain with 
velocity model from Feng (2016) derived from sonobuoy refraction data. Left axis is TWT (s) and right 
axis is depth from sea level (km). The black lines are iso-velocities and the colored lines highlight a 
sudden velocity change. See original velocity model for velocity values (Modified from Feng (2016)), 
(F) Original velocity model from Feng (2016). Depth and distance are in km. Velocities are represented 
by color and range from 1.5 – 8 km/s 
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The reflection seismic profile (Figure 9C) with the major horizons mapped (Figure 9D) shows four 

sedimentary units and the deepest horizon represents the beginning of basement rock.  Beginning from the 

SW end of the line, all four units are present with a total thickness of about 0.6s TWT which continue with 

some interruptions until 200 km.  At that point there is a facies change and the number of significant, 

mappable, horizons decreases and become shallower aside from one deeper reflector.  This area of lesser 

continuity, beginning at 200 km, continues until ~600 km where we again see 4 units which thicken to 1.0s 

TWT. 

Feng (2016) used sonobuoy refraction data from the TN272 survey to create a velocity model 

(Figures 9E and 9F).  The velocity model highlights four velocity horizons, all which correspond to a rapid 

velocity increase.  Feng (2016) interpreted the dark green horizon as the beginning of the sedimentary rock 

and the subsequent light green horizon below, as more compacted sedimentary rock with many igneous 

intrusions. The red line was interpreted as the beginning of Jurassic basement rock, and the final pink line 

indicates a velocity change below the shown reflection seismic record.  

We can compare this velocity model interpretation with the reflection seismic profile. In the SW 

end 0 – 40 km segment, there is a significant difference in the velocity model interpretation of Jurassic 

basement and acoustic basement in the reflection seismic. Using the reflection seismic scale, the difference 

is ~0.5 s TWT. This is evidence that the acoustic basement in this segment is not Jurassic basement but 

instead overlying intrusive sills. 

The 40 – 350 km segment has two areas of thick sedimentation which the velocity model suggests 

are highly intruded and compacted. There are also a number of prominent seamounts in this segment. The 

largest seamounts, located at 40, 110, and 350 km, all appear to have an intrusive core, evidenced by the 

increased, basement-level, velocities. The smaller seamounts, located from 210 – 260 km, do not appear to 

have this intrusive core, indicating they are composed primarily of erupted extrusive material. From 350 – 

550 km the velocity model indicates a thick sediment basin, which we do not see much in the reflection 

seismic. The seamounts at 400 and 510 km don’t exhibit an intrusive core in the velocity model and again 
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probably extrusive. The extrusive material appears to extend to a wider area around the seamount than those 

in the previous segment evidenced by the lack of visible sediments in the reflection seismic for large 

distances in this segment. There are sediments visible from 450 – 490 km, and the sharp slope of the 

basement in the reflection seismic agrees with structure in the velocity model showing a thick sedimentary 

basin, albeit to a lesser degree. The segment from 550 – 800 km again shows another sedimentary basin, 

seen both in the velocity model and the reflection seismic. 

Figure 10. 2D gravity (mGal) grid of the area surrounding TN272 survey (Data 
from Sandwell, et al.; 2014). Pink line represents the TN272 seismic survey 
track. 
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The regional bathymetry surrounding TN272 (Figure 11) shows the range of volcanic features that 

are expressed on the seafloor. For reference, the features can be divided into three groups: primary, 

secondary, and tertiary seamounts, based on size. Primary seamounts are large enough to be easily visible 

with only the satellite bathymetry. Secondary seamounts are medium sized and are only slightly visible in 

the satellite bathymetry with the exact shape being unclear. Tertiary seamounts are the smallest seamount 

Figure 11. Regional multibeam bathymetry (in meters) surrounding the (A) 
NE half of TN272 seismic survey. (B) SW half of TN272 seismic survey. 
Black arrows indicate highlighted volcanic features. and the pink line 
represents the TN272 seismic survey track. 
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cones, only visible in locations where there is multibeam bathymetry data. The data show that the SW half 

of the survey line has more secondary and tertiary volcanic features the NE half, which extends past the 

northern boundary of the WPSP.  Some of the secondary features are directly connected to the primary 

seamounts, such as the NW-SE trending ridge in Figure 11, which rises towards the primary seamount to 

the NW. The features not apparently connected to one of the primary seamounts display a number of 

different spatial distributions including single clusters, linear clusters, linear chains, and random 

distribution. 

Figure 12. Segments of the TN272 seismic profile to be shown starting with 
segment 1 in Pigafetta Basin.  Regional bathymetry scale is the same as Figure 11. 
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4.2 Seismic Profile 

The TN272 seismic profile was separated into different five different segments for presentation 

(Figure 12). The SW segment, located in Pigafetta Basin, three middle segments passing over seamounts 

and areas of heavy surface volcanism, and the segment of the profile located in the NE basin.  Four different 

sedimentary “units” were mapped using seismic facies analysis (See Figure 13 for example). In addition to 

the seismic facies, three horizons were mapped as well. A seafloor horizon, a high amplitude reflector in 

Unit 2 called “Horizon C”, and an acoustic basement horizon that represents the deepest visible reflectors. 

The igneous features were then mapped and identified as sills if they fit the stated criteria listed in the 

methods (ex. Figure 8). Additionally, there were a number of vertical anomalies with chaotic reflections 

which were labeled Vertical Disturbed Zone(s) (VDZ), and which are interpreted as being either poorly 

imaged domed laccoliths or volcanogenic vent systems (Jackson, 2012; Stadler and Tominaga, 2015). 

 

Figure 13. Example seismic facies of mapped sedimentary units 1-4. 
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Segment 1, Pigafetta Basin, 0 – 45 km 

The seismic data in Segment 1 (Figure 14) has four distinct seismic facies. At the top, Unit 1 is a 

thin sequence with low amplitude that is either flat-lying on or onlapping the unit below. Unit 2 is a 

relatively high amplitude sequence that contains a large continuous high amplitude reflector, horizon “C”, 

Figure 14. Segment 1 of TN272 seismic line located in Pigafetta Basin. Above: Local bathymetry in 
meters (m) along TN272 seismic line (pink). Below: Original and annotated reflection seismic profile 
with two-way-traveltime (TWT) on the vertical axis in seconds (s) and distance in kilometers (km) on 
the horizontal axis. Seismic amplitude scale is the same as in Figure 8. Bathymetry scale is the same 
as Figure 11. 
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and is interpreted as the beginning of the chert sequences found at Sites 800/801. The top of Unit 2 is 

discordant with Unit 1, and has internal reflectors that are discontinuous and hummocky. Unit 3 is a lower 

amplitude unit with semi-continuous, semi parallel layers which are concordant with the Horizon C in Unit 

2. The upper half of Unit 3 is characterized by low frequency reflectors and the lower half by higher 

frequency reflectors. The boundary between Unit 3 and 4 is marked by numerous high amplitude reflectors 

of low frequency that terminate abruptly, which are interpreted as intrusive sills. They are marked with an 

“S” and numbered sequentially along the seismic profile. Unit 4 is an entirely chaotic transparent unit with 

almost no visible continuous bedding planes. At the base of Unit 4, at 7.8s TWT, is acoustic basement that 

consists of a semi-continuous, medium amplitude reflector. There are also a couple of deeper lying 

reflectors below basement seen at 15, 24, and 27 km that have a reversed polarity. 

There are 9 sills identified in this section, all of which are layer parallel. From 0-8 km there are two 

reflectors that can be seen which could be classified as sills due to their abrupt terminations, but they are 

much weaker in amplitude and there are not enough visible sediment layers around to compare amplitude. 

S1 – S3 all intrude on the same sedimentary interface between Unit 3 and 4. The group of S4 – S6 are an 

example of a stacked sill complex, as is S8 and S7. Sediments above the sills are frequently disturbed. S1 

and S5 have multiple sediment mounds above them and the sediments above S9 display a broad uplift.   

At 27 and 30 km there are chaotic facies with a vertical trend that cross-cuts horizontal reflectors 

which are labeled VDZ 1 and 2 and which are interpreted as possible volcanogenic vents. Looking more 

closely, Figure 15A shows that VDZ1 is directly above the S7/S8 stacked sill complex. The volcanogenic 

vent is ~500 m wide and it appears to have disturbed sediments and caused a forced fold up through Unit 2 

with the Unit 1 sediments onlapping the mound. In addition, there are normal faults observed on the flank 

of the fold. Figure 15B shows a different type of vertical structure. The volcanogenic vent is ~200 m wide 

and there is no observed underlying sill.  Instead, there is an underlying mound structure with chaotic facies 

which is directly located adjacent to a seamount flank and is interpreted to be an intrusive laccolith. A 

number of reverse faults occur on the SW side of the fold.  The seamount flank with the nearby vent, can 

be seen in the bathymetry profile (Figure 14) to be part of a linear seamount trending NE of the seismic 
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profile. The other seamount in the profile at 45 km is an even larger linear seamount trending perpendicular 

to the first one. 

 

Segment 2, 55 – 215 km 

Segment 2 (Figure 16) is of the 55 – 215 km of the TN272 seismic profile. The bathymetry shows 

the area is dotted with numerous smaller seamounts with the seismic track passing over the flanks of two 
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seamounts at 65 and 95 km and directly over a seamount at 110 km. From 55 km to the seamount at 110 

km there is a thick Unit 1 layer, but Units 2 – 4 are not easily discerned. There is a thick opaque layer of 

highly disturbed and discontinuous reflectors alternating with sections of chaotic facies. The 10 km contains 

a lower transparent unit somewhat similar to Unit 3, but it is highly disturbed. The previously clear horizon 

C is also absent. North of the seamount, the highly disturbed facies continues but some lower sills are visible 

and at the termination of S13 the facies abruptly changes with both the upper layers becoming continuous 

and the lower Unit 3 layer also visible. North of S14, bedding planes are more clearly defined, and deeper 

Unit 4 sediments are visible. The sedimentary units continue until terminating at another seamount at 200  

km where Unit 2 and part of Unit 3 thin and appear to onlap the seamount.  Also, along this segment the 

Unit 2 – Unit 3 interface has a number of unconformable undulations. Basement is at nearly 7.6 s and then 

follows the sediments, gradually sloping upwards to 7.3 s.   

The section from 55 – 90 km and book-ended by seamounts shows acoustic basement at 7.5s. The 

basement is interpreted as being Cretaceous intrusions which are overlying more sediments below. There 

is depth continuity with the gently sloping basement from Segment 1 which is interpreted as Cretaceous, 

and discontinuity with the sediments and basement depth after the seamount at 110 km. It seems unlikely 

that there would be such a rapid decrease in sediment thickness. This interpretation also agrees which was 

previously shown in the regional velocity model from Feng (2016). The visible basement below the 

sediments after the 110 km seamount, from 140 – 210 km, is interpreted as “true” basement rock of Jurassic 

age.  
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There are eight identified sills within this segment, S10-S17, all of them flat lying or layer parallel. 

S10 directly overlies basement rock, and the sediments above have folded and faulted (Figure 17A).  In 

addition, there is a narrow VDZ that extends upward from the basement and is interpreted as a possible 

volcanogenic vent. North of S10 is VDZ3 at 85 km (Figure 17B). The surrounding sedimentary layers 

terminate immediately all the way to basement and there are many diffractive artifacts present in the data.  

The lack of sediment uplift or volcanogenic vents above indicate it might be the buried edge of seamount 

flank which can’t be seen in the local bathymetry grid as there is no off-line, high-resolution data at this 

point.  The seamount at 110 km appears to have intruded post Unit 2 as the Unit does not onlap the seamount 

flank, as does Cenozoic Unit 1.  The shallower sills S9, S10, and S11, disturb overlying sediments from 110-

130 km over the same interval that the facies change from chaotic to continuous.   

Figure 17C shows an unconformable surface between Unit 2 and 3 and a pair of sediment mounds 

in Unit 3 but seem unrelated to any observed volcanism. Unit 4 is very thick at this point and some 

stratigraphic reflectors are visible. The thinning and onlapping of Unit 2 and part of Unit 3 on the flank of 

the seamount at 210 km, indicate that the seamount intruded pre-Unit 2. 
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Segment 3, 215 – 500 km 

Segment 3 encompasses the 215 – 500 km points of the TN272 seismic profile. Bathymetry data 

(Figure 18) show that the seismic line crosses the flank of a low, broad seamount from 230-250 km, a 

seamount at 350 km, and a volcanic rise and seamount associated with a linear seamount ridge at 380 km. 

The seismic data show a new facies at 200 – 230, 390 – 410, and 440 – 460 km. The facies is characterized 

by very high amplitude, low frequency reflectors that are semi-continuous and strongly attenuate the 

seismic signal. This facies differs from the sill facies in that there are multiple reflectors, not as continuous 

as the sills, and they are shallow, only covered by a thin Unit 1.  These features are interpreted as buried 

extrusive flows. There are 6 interpreted sills, all of which are flat lying or layer parallel and none of which 

disrupt or fold the sediments above. While this segment is interpreted as an area of heavy volcanism 

evidenced by the appearance of extrusive facies, it also has two sections of thick sediments from 275-325 

km and 445-490 km where Units 1-4 are visible (Figure 19).  The 445-490 section of sediments does not 

have any sills and as a result all the units display continuous, parallel facies, with no disruptions.   Basement 

is only visible sporadically across the segment starting at 7.2s and ending at 7.6s. At 300 km there is a 

mound structure extending up from the basement into Unit 4. It does not cause any folding or disruption of 

the sediments above and some faint reflectors appear to onlap the structure and therefore is interpreted as a 

buried seamount. 
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Segment 4, 500 – 650 km 

Bathymetry along Segment 4 (Figure 20) begins at a local high at 500 km as the survey line crosses 

the northern flank of a seamount to the south. This is followed by a gentle down slope towards the north. 

From 510 – 540 km there is a single sequence of multiple high amplitude, low frequency, discontinuous 

reflectors that is interpreted as an extrusive flow. At 550 km some of the high amplitude reflectors of this 

facies fall under the criteria for a sill, but they are interpreted as being a continuation of the extrusive flow 

and the gaps between reflectors interpreted as areas where the flow is out of the plane of the seismic profile. 

Below the extrusive flow are two interpreted sills, S26 and S27.  North of the extrusive flow, at 570 km, Units 

2, 3, and 4 can be clearly identified.  

From 580 – 590 km just below Unit 3 there are two features with sill like signatures. They appear 

as mounded structures, one with a disturbed zone (VDZ5) above it. They are both interpreted as laccoliths 

and VDZ5 is interpreted as a volcanogenic vent with disrupted and folded sedimentary layers. Farther north, 

VDZ6 – VDZ8 are identified at 600 – 620 km and VDZ9 at 645 km.  All of them have low amplitude, chaotic 

internal reflections, they fold and uplift the sediments above them, and except for VDZ6, extend all the way 

down to visible basement. The fact that basement is still visible below makes it unlikely for them to be 

structures of igneous rock. A large sill (S28) is interpreted north of VDZ8, below which basement cannot be 

seen. From 620 – 650 km Units 2-4 are visible but with the difference that Horizon C is missing from Unit 

2. 
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Segment 5, northeast basin, 650 – 800 km 

Segment 5 begins at 650 km (Figure 21). There is a bathymetric trough from 650 – 665 km; a result 

of the survey passing over a moat next to a small flat seamount mound.  After this trough the bathymetry 

remains relatively flat and slopes gently northward to the end of the line. Local bathymetry grid data show 

that this part of the seismic line has the least amount of surface volcanism and this is reflected in the clarity 

of the sediments and basement layer.  A crossline at 683 km crosses the flank of a seamount northwest of 

the main line. Basement starts at 8.0 s and then levels off at 8.3 s.  Unit 1 is consistently thicker than any 

other point along the profile and the internal reflectors of Unit 2 are more discontinuous than in Pigafetta 

Basin. 

Five sills are observed in this segment, all of which are flat lying or layer parallel. S30 and S34 both 

forced significant sediment folds above them, but those folds only extended partially into Unit 3, indicating 

they are older than Unit 2 and a subset of Unit 3. S31 did not fit the criteria in some aspects in that it has a 

weaker amplitude than most other interpreted sills and the reflector is rough and discontinuous. It does 

however, terminate very abruptly and stands out from the surrounding sediment.  When looking at the 

crossline (Figure 22A) S31 extends ~10 km to the northwest until it terminates at the seamount. On this 

crossline, it is the deepest reflector, but as it is clear on the main line that this reflector is a sill overlying 

basement below, it can be inferred that the basement on the crossline is Cretaceous. On the main line, S31 

extends to the northeast till it terminates at a mound-shaped laccolith rising from the basement layer at 705 

km.  This laccolith appears to be similar age to S30 and S34. The flanks are visible extending from the 

basement rock and uplifting sediments in the lowest part of Unit 3, but this uplift decreases significantly at 

shallower depths and the sediment reflectors are continuous. VDZs 10 and 11 are both interpreted as being 

volcanogenic vents.  For VDZ10 the vent system is connected to the S32 sill and VDZ11 is a vent above a 

laccolith mound. 
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5. DISCUSSION 

 
Sedimentary layers 

It is reasonable to assume that the sediments mapped on TN272 are similar to those observed at 

ODP Sites 800 and 801 as these drill sites are not far away and in the case of Site 801, the data are from the 

same basin. The biggest difference is that the SW end of TN272 seismic line does not sample an area of 

Pigafetta basin as deep as Site 801 and is in an area of greater volcanism.  Unit 1 is most likely the same 

brown pelagic clay seen at Sites 800 and 801, which was dated to be from the present back to the late 

Campanian (Table 1). Unit 2 is probably the same hard chert and porcellanite layer although there is 

possibly some lithological difference in the northern basin where the NE end no longer has a clear Horizon 

C.  Unit 3, which is a volcaniclastic layer with some pelagic intervals at the ODP sites, is the layer differing 

the most from the TN272 seismic line in terms of thickness; however, the seismic thicknesses are not well 

constrained. The boundary between Unit 3 and 4 on the seismic line was based on the traveltime at which 

the facies changed to one characterized by only chaotic reflectors and was often unclear.  The Unit 4 

observed at Site 801 had a strong reflector at the top of the unit and did contain some continuous internal 

reflectors as well. It is unclear if the chaotic character of the facies is due to the physical characteristics of 

the sedimentary rock. It is possible that the chaotic character is due to a weaker source being unable to 

image Unit 4 properly, most notably in Segments 2 and 3 where Unit 4 thickness is greatest. With the 

boundary between Unit 3 and 4 not well constrained in the TN272 seismic, it is possible a volcaniclastic 

lithology extends deeper into parts of the TN272 Unit 4.  

When comparing the apparent sediment thicknesses of the SW Pigafetta Basin and northeast basin 

of TN272 the NE end appears to be thicker.  The main reason for this is the SW end sediments are invaded 

by sills to a much greater degree. There was very little Unit 4 sediment observed in SW end, and this 

combined with the refraction velocity model data and the depth to basement at Sites 800 and 801 (Table 1), 

indicates that the SW end is completely covered in thick Cretaceous sills. 
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Sill geometries and other igneous bodies. 

Of the 34 identified sills in the seismic profile, all of them have flat-lying or layer-parallel 

geometries with very little apparent cross-cutting of sedimentary layers. There is some limited evidence 

from other seismic observations of sills, which are mostly in sedimentary basins, showing that layer parallel 

geometries are more commonly found at very shallow emplacement depths (<500m) than other geometries 

(Jackson et al., 2013; Magee et al., 2014; Mark et al., 2015). Experimental studies show that this is a result 

of mechanical properties of shallow unconsolidated sediments, in which intrusions usually display a magma 

finger geometry rather than saucer-shaped geometry (Schofield et al., 2012; Magee et al., 2019, Poppe et 

al., 2019).  Saucer shaped sills can form at relatively shallow depths, <1000m (Jackson et al., 2013; Magee 

et al., 2014; Mark et al., 2015), but require sediments to be consolidated and have strength (Galland et al. 

2009, Schmiedel et al., 2017).  In addition to the host rock, the viscosity, flux, and size of the magma source 

is a factor in sill geometry, and in the case of layer parallel sills, the rigidity contrasts between host rock 

layers is also a factor (Kavanaugh et al., 2006).   

Most sills on the seismic line were emplaced at one of two levels in the sedimentary sections. One 

is at the horizon defining the boundary between Units 3 and 4, and the other is at the base of Unit 4, directly 

overlying basement. The consistent emplacement at those levels suggests a set of physical parameters that 

is constant throughout the area. The base of Unit 3 which is primarily volcaniclastics, may explain this as 

volcaniclastics are among the mechanically weakest sediments (Frolova. 2008). 

After sills, the next most common feature observed are intrusive laccolith mounds (Figures 13, 19, 20).  

They are characterized by chaotic facies and vertically crosscut the sedimentary layers. They are believed 

to be intrusive due to the presence of mounded sediments above them and the lack of onlapping sediments 

on their flanks, although at times it is difficult to discern the structure with certainty because most of the 

mounds are in Unit 4 where little sedimentary layering is visible. It also might be expected that igneous 

intrusive bodies should display a hard reflector as is the case with the laccolith example in Figure 6D.  

However, when looking at most of the extrusive igneous seamounts along the seismic profile, they also do 
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not display a strong impedance contrast, due to the quality of the data and issues with imaging steeply 

dipping structures. These issues extend to intrusive mounds as well. 

 

Forced folding and disturbed sediments above igneous features 

All of the intrusive mounds in the seismic profile affect the surrounding sediment by causing forced 

folding of the sedimentary layers above the intrusion. Most of the sills show little to no forced folding but 

there are a few examples that do: sills S9 (Figure 14), S10 (Figure 16), S30, and S34 (Figure 21). Forced 

folding can be used to date the intrusion and it is evident that both S26 and S30 formed midway during Unit 

3 where the folding ends.  

 

Forced folding has been documented in sedimentary basins above saucer-shaped sills and is thought 

to form through (1) differential compaction where the fold is formed post-intrusion from sediment 

compacting less above an intrusive body than adjacent sediments with no intrusion below, and/or (2) 

intrusion induced uplift in which the sediments fold as a direct result of the pressure from the intruding 

body and consequent elastic bending of the overburden and is followed by sediment onlap around the fold 

(Hansen and Cartwright, 2006; Jackson et al., 2013; Magee et al., 2019).  The latter process seems more 

likely for sills observed in the seismic profile because of the shallow emplacement of the igneous features 

and low compaction at shallow depths. The laccolith mound in Figure 22B with onlapping sediments above 

demonstrates this. The lack of folding above most of the sills is also probably due to the shallow 

emplacement depth and lack of sediment consolidation.  Einsele et al. (1980) show an example of deep 

ocean sediments being intruded by magma at shallow depths (<300m) and leading to rapid ejection of pore 

fluids from the host rock. They argue that the fluid removal creates enough space for the intruding magma 

to not cause any apparent folding in the overlying sediments. In addition, Einsele et al. (1980) observed 

volcanogenic vent systems above the sills due to the fluid removal, a phenomenon observed on the TN272 

seismic profile. The seismic interpretation of the volcanogenic vents is a hypothesis based on studies using 

3D seismic data where there is a high correspondence of mound structures forming above sills and which 
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suggests a causal connection between the sills and the mounds.  That connection is reinforced by the 

observation of chaotic and disrupted reflection chimneys often with increased impedance contrast (Davies 

et al., 2002; Holford et al., 2017; Jackson, 2012; Magee et al., 2015b; Planke et al., 2005; Reynolds et al., 

2016; Sun et al., 2019). Figures 13 and 20 show examples of large paleo-volcanogenic vent systems that 

extend almost to the surface, but many of the sills observed have highly disturbed sediments above them 

that are most likely also smaller volcanogenic vent systems as a result of this rapid fluid ejection (e.g., sills 

S1 and S5, Figure 14).  

 

Regional Cretaceous volcanism in the WPSP 

The evidence from the igneous features that display forced folding suggests that the much of the 

volcanism along the seismic profile occurred during Unit 2 deposition, which if extended to ODP Sites 800 

and 801, would date the volcanism to the Late Cretaceous, from 72-94 Ma (Table 1). This agrees with the 

ages for the primary seamounts in the area (Figure 3).  The similar age to the surrounding seamounts also 

suggests that the intrusions were formed from the same anomaly which formed the primary seamounts.  

Stadler and Tominaga (2015) saw no apparent lineation or grouping of the secondary volcanic features in 

Western Pigafetta Basin from interpretation of the MTr and FM35-12 seismic profiles, and they also 

concluded that these secondary features are the same age as the primary seamounts. These observations 

together, they believed, reinforce the idea that the secondary features formed from the same intraplate 

process as the surrounding primary seamounts.  Along the TN272 profile there is a mixture of random and 

non-random spatial distributions of the secondary and tertiary volcanic features in Pigafetta Basin (Figure 

11).  The non-random distributions are evidence that there are mechanisms that can cause such distributions 

even at a small scale and further study is required to understand them and how they are connected to the 

primary seamounts.  

What is certain is that a tremendous amount of melt material was introduced into the crust in this 

region. The broad regional swell observed in the gravity and bathymetry from 100 – 400 km indicates a 

large amount of igneous material being introduced into the crust but appears to have formed from a different 
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melt transport process than most of the surrounding primary seamounts. The reflection seismic data 

indicates that this swell consists of many lateral flows and which appear to be more diffuse than the flows 

of the surrounding primary seamounts. Whether or not and in what manner the swell was connected with 

the melt transport of the surrounding seamounts is uncertain.  

6. CONCLUSIONS 

(1) The primary sedimentary units observed in seismic and ODP sites 800 and 801 in West Pigafetta Basin, 

can be extended across Pigafetta Basin and past the edges of the WPSP to the northeast, and can be used as 

a rough estimate for the age of intrusive igneous features. 

(2) There are 34 sills and 6 laccoliths along the TN272 seismic line. Based on stratigraphic level of 

emplacement, these were predominantly emplaced during the Late Cretaceous (72 – 94 Ma). 

(3)  Intrusive sills in the WPSP display a dominantly layer parallel geometry and are rarely saucer shaped 

like sills in other sedimentary basins. 

(4) Forced folding is rare above sills in WPSP but is displayed more commonly above laccolith mounds. 

Volcanogenic vent zones and altered sediments are common above both igneous sills and laccoliths. 

(5) The Northeast Pigafetta Basin has an abundance of Cretaceous sills which, in places, completely cover 

Jurassic crust and sediments below. 

(6) Significant igneous melt was introduced into the crust in the WPSP through multiple means of transport, 

and can be expressed as sills and laccoliths, broad surface flows, and acute seamount structures. 
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