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Abstract  10 

Technological advances of our modern society motivated an unprecedented necessity to 11 

find natural resources in the subsurface of our planet. The search for these valuable 12 

resources has revealed an unexpected number of ancient volcanoes buried and preserved 13 

within sedimentary basins globally. Continuous improvements in remote sensing 14 

techniques such as seismic reflection can provide a valid opportunity to observe these 15 

extinct buried volcanic systems. In this paper, we present the Maahunui Volcanic Field 16 

(MVF), a cluster of Miocene volcanoes and shallow intrusions currently buried by more 17 

than 1000 m of sedimentary strata of the Canterbury Basin, New Zealand. This ‘fossil” 18 

volcanic field was imaged by high-quality 2D seismic lines and representative igneous 19 

rocks were recovered by the exploration borehole Resolution-1. Here, we present the 20 

reconstructed regional paleogeography in which eruptions and shallow (<2 km) 21 

intrusions occurred, as well as the original morphology of the volcanoes found in the 22 

MVF. Volcanism in the MVF occurred over an area of ca 1,520 km2, comprising at 23 

least 31 crater-and cone-type volcanoes. Eruptions in the MVF typically produced 24 

small-volume volcanoes (< 1 km3), controlled by a plumbing system that fed magma to 25 

disperse eruptive centres, a characteristic of monogenetic volcanic fields. The MVF 26 
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plumbing system emplaced a number of shallow intrusive bodies up to 2.5 km3 in 27 

volume, typically within the Cretaceous-Paleocene sedimentary strata. In many cases, 28 

these intrusions have served as a shallow stationary magma chamber that possibly fed 29 

eruptions onto the paleo-middle Miocene sea-floor. Eruptions were entirely submarine 30 

(500 to 1500 m), producing deep-water morphologies equivalent of maar-diatreme and 31 

tuff cones. The morphology of the volcanoes is interpreted to be primarily controlled by 32 

high-energy pyroclastic eruptions, in which coeval thermogenic gases and CO2 33 

incorporated in the magmatic system could have had an important role in the 34 

fragmentation and dispersion of erupted material. In addition, post-eruptive degradation 35 

has changed the original volcanic morphology, which was controlled by the height of 36 

the edifices and by their location in relation to a major base-level fall. By the late 37 

Miocene, high volcanic edifices (> 200 m) located in a neritic setting were possibly 38 

emergent at the paleo-sea surface, forming an archipelago of nine small extinct volcanic 39 

islands. This study demonstrates that despite a number of perceived limitations, the 40 

geological history of ancient volcanoes now buried and preserved in sedimentary basins 41 

can be reconstructed by detailed seismic stratigraphic mapping and analysis of borehole 42 

data. 43 
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Introduction 48 

Over the last two decades, a growing number of studies have identified the 49 

presence of ancient volcanic systems buried and preserved within sedimentary basins 50 

(e.g. Field et al. 1989; Herzer 1995; Planke et al. 1995; Planke and Alvestad 1999; 51 



Holford et al. 2012; Schofield et al, 2016; Bischoff et al. 2017). Characterization of 52 

these buried volcanoes relies on modern techniques used to observe the Earth’s 53 

subsurface, such as seismic reflection and borehole drilling (e.g. Planke et al. 2000; 54 

Klarner and Klarner 2012; Magee et al. 2013; Penna et al. 2018). However, all remote-55 

sensing and borehole datasets have limitations which place constraints on the resulting 56 

interpretations. For example, the quality and resolution of seismic surveys are primarily 57 

controlled by geophysical parameters such as signal scattering due to changes in rock 58 

velocity and density, energy attenuation with depth, and small geobody thickness 59 

relative to the signal wavelength (Abdelmalak et al. 2016; Marfurt 2018). Boreholes can 60 

provide valued physical evidences of the subsurface geology, although drilling samples 61 

and wireline-logs typically add little information about the geometries and lateral 62 

variations within complex three-dimensional rock bodies (Miall, 2000). 63 

To address these limitations, studies of buried volcanoes frequently integrate 64 

observations from seismic-scale analogues into the interpretation workflow (e.g. Planke 65 

et al. 2017; Gallant et al. 2018; Planke et al. 2018; Bischoff 2019). For example, the 66 

morphology of outcropping volcanoes is classically considered to contain valid 67 

information of the past eruptive styles, edifice growth mechanisms, and processes of 68 

cone degradation experienced during the evolution of a volcanic system (e.g. Cas and 69 

Wright 1993; Fornaciai et al 2012; Kereszturi and Németh 2013). However, volcano 70 

morphology can be complicated by a number of competing processes including steady 71 

vs. dynamic mechanisms of fragmentation, fixed vs. variable locus of explosions, and 72 

single vs. multiple eruption phases (Kereszturi and Németh 2013). In addition, 73 

morphometric parameters of distinct volcano-types can overlap (Silva and Lindsay 74 

2015), thus, interpreting the past processes that construct and degrade volcanoes based 75 

exclusively on their morphology can be problematic. This is especially true for buried 76 



volcanoes because, in addition to volcanic complexity and limitations to observe the 77 

subsurface geology, the original morphology of these “fossil” volcanoes are likely 78 

transformed by superimposed post-eruptive processes such as erosion and compaction 79 

(Reynolds et al. 2016; Bischoff 2019). 80 

Despite the perceived difficulties in interpreting volcanoes preserved in the 81 

subsurface, seismic reflection interpretation can provide a unique opportunity to observe 82 

the complete architecture of buried volcanic systems, combining insights from their 83 

plumbing system, morphology of eruptive structures, and impacts of igneous activity on 84 

the host sedimentary strata (e.g. McLean et al. 2017; Holford et al. 2017; Bischoff et al. 85 

2019b). 86 

Here, we present the reconstructed morphology and paleogeography of a cluster 87 

of Miocene volcanoes currently buried by ca 1000 m of sedimentary strata in the 88 

Canterbury Basin, New Zealand’s South Island (Figure 1). We refer to this volcanos to 89 

as the Maahunui Volcanic Field (MVF). The name Maahunui is derived from the 90 

legendary canoe that the demigod Maui used to sail the Pacific Ocean. In the legend, 91 

Maui hooked the great fish Waro, which dragged him for a long distance. When Maui 92 

hauled Waro to the surface, the fish transformed himself into land, the North Island of 93 

New Zealand, and Maui’s canoe became the South Island. Local Māori people use the 94 

name Maahunui for the stretch of coast south of Banks Peninsula (aka Canterbury 95 

Bight) and immediately adjacent to the study area. It is notable that modern technology 96 

has allowed us to haul rocks of an ancient volcanic field enclosed in the subsurface for 97 

more than 10 million years.  98 

MVF was imaged by high-quality 2D seismic lines, with representative igneous 99 

rocks collected by the petroleum exploration well Resolution-1 (Figure 1). These 100 

datasets have been used to characterize the main eruptive mechanisms that formed some 101 



of the volcanoes in the MVF, and to interpret the environments in which intrusions and 102 

eruptions occurred in the vicinities of Resolution-1 (Bischoff et al. 2019a). In the 103 

present paper, we upscale these interpretations to a regional scale, based on seismic 104 

stratigraphic mapping in correlation with data from another five boreholes, and 105 

information from outcropping volcanic and sedimentary rocks (Figure 1, 2 and 3). 106 

Interpretation of these data has been aided by observations from dozens of outcropping 107 

and buried volcanoes imaged by 3D seismic surveys from New Zealand and elsewhere. 108 

The datasets are complementary, providing information about the rock-types, eruptive 109 

styles, magma-host rocks interactions, volcanic morphologies and volcanic architecture 110 

within the Canterbury Basin strata. 111 

 Insights from this work help to improve understanding of the processes that 112 

control the formation, evolution and preservation of volcanoes now buried in 113 

sedimentary basins. The knowledge obtained from the MVF can provide useful insights 114 

of how volcanic fields form and evolve elsewhere, including their perceived geological 115 

hazards, and potential to contain natural resources. 116 

Geological Setting 117 

Sedimentation in the Canterbury Basin began in the middle Cretaceous (ca 112-118 

105 Ma), synchronous with the rifting event that initiated the separation of Zealandia 119 

from west Antarctica and Australia (Laird and Bradshaw 2004; Mortimer et al. 2004). 120 

Lithospheric extension created NE-SW and E-W trending grabens in the northern 121 

Canterbury Basin, predominately infilled by non-marine late Cretaceous sediments 122 

(Sahoo et al. 2015; Strogen et al. 2017; Barrier 2019). Post-rift quiescence and thermal 123 

subsidence promoted deposition of marine sequences during the Paleogene, culminating 124 

with a maximum transgression during the late Oligocene (Field et al. 1989; Ballance 125 

1993). The present oblique-convergent boundary between the Pacific and Australian 126 



tectonic plates has produced tectonic cycles of uplift and erosion in the western border 127 

of the basin. These cycles have induced rapid progradation of a thick sequence of 128 

continental and marine sediments into the basin since the early Miocene (Suggate et al. 129 

1978; Kamp et al. 1992; Batt et al. 2004; Lu et al. 2005; Figure 1 and 3). 130 

Volcanism occurred semi-continuously throughout the geological evolution of 131 

the Canterbury Basin (Field et al. 1989; Barrier et al. 2017; Figure 1). During the 132 

Cenozoic, the Canterbury Basin and south-eastern Zealandia experienced widespread 133 

and long-lived intraplate volcanism. These magmatic events are not adequately 134 

explained by mantle plume or extensive lithosphere thinning models. Two hypotheses 135 

have been proposed to explain this atypical magmatic activity: (a) sudden detachment 136 

and sinking of a remnant late Cretaceous subducted slab (Finn et al. 2005), and (b) 137 

asthenosphere upwelling induced by removal of parts of the subcontinental lithosphere 138 

throughout the Cenozoic (Timm et al. 2010). Independent of the geodynamic processes 139 

that control this Cenozoic magmatism, the observed products are primarily basaltic in 140 

composition, and formed both monogenetic volcanic fields, such as the 141 

Waiareka/Deborah and Waipiata Volcanic Fields (Coombs et al. 1986; Németh and 142 

White 2003), and large polygenetic volcanic complexes like those of Banks and Otago 143 

Peninsulas (Coombs et al. 1960; Sewell 1988). 144 

Scattered large volcanic complexes as well as clusters of smaller volcanoes have 145 

been identified buried within offshore strata of the Canterbury Basin since the mid-146 

1970s, with some of the representative igneous rocks penetrated by petroleum 147 

exploration wells (e.g. Milne 1975; Field et al. 1989; Blanke 2010; Bischoff 2016; 148 

Barrier et al. 2017; Barrier et al. in prep; Figure 1). In the study area, volcanic activity 149 

of Miocene age was previously suggested by interpretation of 2D seismic reflection 150 

surveys, and by igneous rocks collected by the borehole Resolution-1 (Milne 1975; 151 



Field et al. 1989). Bischoff et al. (2019a) proposed that these seismic anomalies and 152 

counterpart igneous rocks are part of a deep-water volcanic field erupted in the northern 153 

Canterbury Basin during the middle Miocene. The magmatic products of MVF melts 154 

are primarily basaltic-alkaline in composition. Deep-water volcaniclastic rocks of the 155 

MVF correlate both in age and in volcanic lithologies with the Wairiri Volcaniclastite, 156 

which was erupted in shallow-water and outcrops near Coalgate (Milne 1975; Carlson 157 

et al. 1980; Bischoff et al. 2019a; Figure 1). 158 

Dataset, Methods and Limitations 159 

Seismic reflection and well data used in this work were sourced from the 2017 160 

New Zealand Petroleum and Minerals petroleum exploration data pack, which includes 161 

a large database of reports, maps, boreholes and seismic surveys loaded into Kingdom© 162 

software. We use more than 40,000 km of high-quality 2D seismic lines acquired during 163 

the 1970s and 1980s, tied to six boreholes drilled in the northern Canterbury Basin 164 

(Leeston-1, Clipper-1, Ealing-1, Resolution-1; Charteris Bay-1 and 2; Figure 1 and 3). 165 

Seismic lines typically space <2 km horizontally (maximum of 8 km), with vertical 166 

samples recorded at 0.004-second intervals, and depth of imaging up to 6 seconds in 167 

penetration (ca 8 km). The borehole datasets vary in quality. Resolution-1 and Clipper-1 168 

contain a more complete set of data that includes lithological, geochemical, 169 

geochronological, petrographic and biostratigraphic information from wireline-logs, 170 

cuttings and drilling cores (Milne 1975; Hawkes and Mound 1984; Schiøler et al. 2011). 171 

Rock-types and interpretations of cuttings and borehole cores from the Resolution-1 172 

well are presented in Bischoff et al. (2019a). 173 

Combining seismic reflection interpretation and borehole analysis, we mapped 174 

ten regional chronostratigraphic surfaces from the late Cretaceous to the modern seabed, 175 

along with two important unconformities from the early and late Miocene (Figure 1, 2 176 



and 3). The mapping follows sequence stratigraphic principles such stratal reflection 177 

relationship and depositional trends within seismic facies (e.g. Mitchum et al. 1977; 178 

Hunt and Tucker 1992; Catuneanu et al. 2010). In addition, we have undertaken a 179 

seismic volcano-stratigraphic analysis of the study area (Planke et al. 1999) by mapping 180 

the lateral continuity of the pre-eruptive surface (PrErS) and post-eruptive surface 181 

(PoErS) of the MVF, tied to the first and last occurrence of middle Miocene extrusive 182 

rocks identified in Resolution-1 (Bischoff et al. 2019a; Figure 2 and 3). Additional 183 

stratigraphic analysis of the study area includes mapping of the post-degradational 184 

surface (PoDgS) and the post-burial surface (PoBuS), according to the method proposed 185 

in Bischoff (2019). These stratigraphic surfaces bind stages of degradation and burial of 186 

the MVF edifices after volcanic activity has ceased in the field. They correspond to the 187 

time in which the burial rate exceed the erosion rate in the MVF (PoDgS), and when the 188 

presence of the buried volcanoes of the MVF no longer impact sedimentation in the 189 

study area (PoBuS). 190 

Seismic facies analysis was conducted for all anomalies that could represent 191 

middle Miocene igneous bodies buried in the northern Canterbury Basin. This 192 

characterization is based on criteria such as geometry, internal and external 193 

configuration of seismic reflectors, deformation of enclosing strata, and stratigraphic 194 

position of the anomaly in relation to the mapped chronostratigraphic surfaces 195 

(Mitchum et al. 1977). 196 

Detailed morphologic characterization was undertaken for each seismic anomaly 197 

that is considered to possibly correspond to a middle Miocene volcano of the MVF 198 

(Figure 4 and 5; Appendix 1). To reconstruct the original morphometric parameters of 199 

volcanoes now buried in the subsurface, three key parameters have to be addressed: i) 200 

the acoustic velocity of the material within and enclosing the igneous seismic 201 



anomalies, ii) the amount of post-eruptive degradation of the volcanoes before burial, 202 

and iii) how much compaction the volcanoes experienced during their burial, from the 203 

the time of their formation at the surface to their actual depth in the basin. Table 1 204 

shows the parameters, assumptions, and limitations necessary to characterize and 205 

reconstruct buried volcanoes. 206 

Initially, we classify the post-burial morphology of potential volcanoes in the 207 

MVF (i.e. as the volcanoes appear on seismic lines) according to their geometry as 208 

cone-and crater-type morphologies (Figure 4 and 5). Next, we divide the cone-type 209 

morphologies into four classes: positive symmetric cone, positive asymmetric cone, 210 

positive trapezium and positive mound. Crater-type morphologies were divided into 2 211 

classes: funnel-and basin-shaped geometries. Basal width (W) of cone-type volcanoes 212 

was measured by the horizontal distance between the inflection points of the PoErS 213 

horizon in relation to the PrErS horizon (Figure 4a). The width of crater-type volcanoes 214 

corresponds to the horizontal distance between the edges of their craters at the PrErS 215 

level (Figure 4b). 216 

The edifice height and depth of craters was initially recorded as two-way-time 217 

(TWT) in seconds (Figure 4a and b). To convert this TWT measurement to an 218 

acceptable distance in meters, we evaluate the apparent acoustic impedance of volcanic 219 

seismic facies in contrast to seismic facies that correspond to the enclosing Tokama 220 

Siltstone. The acoustic velocity of this siltstone averaged around 2700 m/s, which is 221 

recorded in sonic wire-line logs of the Resolution-1 borehole. Thus, volcanic seismic 222 

facies with similar impedance contrast compared to enclosing siltstones were assigned a 223 

velocity of 2700 m/s, while seismic facies showing stronger and weaker acoustic signals 224 

were assigned as 3000 m/s, and 2500 m/s respectively. 225 



To estimate post-eruptive degradation of MVF volcanoes, we mapped seismic 226 

features that could indicate those parts of the edifices that were eroded and remobilized. 227 

These features include volcanoes that display flattened tops concordant with the 228 

stratigraphic position of major base-level-falls, and the presence of localized seismic 229 

facies that may indicate debris material deposited next to the edifice flanks. In all cases 230 

of inferred edifice degradation, we have estimated the amount of erosion by measuring 231 

the distance between the top of the eroded edifice (PoErs), and the intersection of lines 232 

projected along the volcano flank towards its estimated original summit (Figure 5). 233 

Thus, the amount of degradation was classified as low (< 20 m vertically), moderate (20 234 

to 100 m), high (> 100 m), or “unsure” in cases where the volcanic seismic facies 235 

showed poor seismic resolution. 236 

To estimate the amount of compaction experienced by the volcanoes in the 237 

MVF, we assess seismic features that could indicate differential compaction between 238 

the buried volcanoes in contrast to the surrounding Tokama Siltstone. Compaction 239 

curves for sediments in the Canterbury Basin indicate that siltstones buried at 1000 m 240 

(average burial depth of the MVF), typically have compacted around 30% relative to silt 241 

at the surface (Field et al. 1989). Volcanoes showing a domed configuration of 242 

overlying reflectors indicate that enclosing siltstones compacted more than the MVF 243 

volcanic rocks during progressive burial (e.g. Planke et al 2005; Bischoff et al. 2017; 244 

Holford et al. 2017). Flat reflectors overlying volcanoes indicate no differential 245 

compaction, while reflectors showing a ‘seagull wing-shaped’ configuration suggest 246 

that the enclosing Tokama Siltstone was compacted less than the volcano. Thus, we 247 

assign 20% compaction for volcanic seismic facies showing burial doming, 30% when 248 

displaying flat overlying reflectors, and 40% when associated with “seagull wing” 249 

configuration (Figure 4 and 5). 250 



With the available dataset (Appendix 1), we reconstruct a proxy original 251 

morphology of the MVF volcanoes. Table 2 shows the equations applied to calculate 252 

the morphometric parameters of these ancient volcanoes. Further information of the 253 

method applied to reconstruct the morphology of the MVF is detailed in Bischoff 254 

(2019). 255 

Paleogeography of the MVF 256 

Pre-eruptive stage (prior to 12.7 Ma) 257 

During the early Miocene and prior to the onset of volcanism in the MVF at 12.7 258 

Ma (Bischoff et al. 2019a), seismic stratigraphic mapping shows that sedimentation in 259 

the northern Canterbury Basin was controlled by a low-gradient ramp aligned with the 260 

Chatham and Endeavour structural highs (Field et al. 1989; Barrier 2019; Figure 3 and 261 

6). This smooth ramp has a concave geometry gently dipping towards the regional basin 262 

depocenter in the SE (Figure 6d). At the location of Resolution-1, biostratigraphic data 263 

presented in Schiøler et al. (2011) indicates a deep-lower bathyal setting (1500 to 2000 264 

m) during the Altonian (18.7 to 15.9 Ma). This paleoenvironmental condition changed 265 

to lower bathyal (1000 1500 m) at ca 15 Ma, which occurs in association with a major 266 

base-level fall and development of an early Miocene unconformity in the study area 267 

(Table 3; Figure 2). 268 

Integration of the results from borehole data, seismic stratigraphic analysis and 269 

information from paleogeographic maps presented in Field et al. (1989) and Sahoo et al. 270 

(2015) indicates that the pre-eruptive bathymetry of the study area ranges from lower 271 

bathyal at its shallowest, to deep-lower bathyal at its deepest segment (Figure 6d). 272 



Syn-eruptive stage (12.7 to 11.5 Ma) 273 

During the syn-eruptive stage of the MVF, a deep-water setting remained 274 

relatively stable in the study area (Bischoff et al. 2019a; Figure 6; Table 3). Lower 275 

bathyal conditions (1000 to 1500 m water depths) favour the deposition of fine-grained 276 

sedimentary rocks of the middle Tokama Siltstone unit until ca 11 Ma (Bischoff et al. 277 

2019a; Figure 2), which is evident in biostratigraphic data of the Resolution-1 well 278 

(Schiøler et al. 2011). The middle Tokama Siltstone depositional unit is locally 279 

interbedded with volcaniclastic rocks comprising abundant glassy shards, relics of 280 

bubble walls, spheroidal fragments enveloped in a palagonite film (possible armoured 281 

lapilli), broken phenocrysts, and lithics, indicating that eruptions near the location of 282 

Resolution-1 occurred in a deep-submarine environment (Milne 1975; Bischoff et al. 283 

2019a). 284 

The chronostratigraphic map of 11.5 Ma shows that the paleo-seafloor 285 

morphology of the study area drastically changed from a smooth ramp (Figure 6d) to a 286 

hilly ramp (Figure 6c) after volcanic activity in the MVF. Results from seismic 287 

stratigraphic analysis indicate that this morphological modification is associated with a 288 

rise of the paleo-seafloor above shallow intrusive bodies (< 1 km), and the addition of 289 

cone-type volcanoes onto the middle Miocene paleo-seafloor (Figure 3 and 4c and d). 290 

Isochron maps of the interval from 15.9 to 11 Ma indicate that a thick pile of 291 

rocks was deposited in association with the edifices of the MVF (Figure 7b). 292 

Accumulation of material within these volcanoes formed a localized bathymetric high in 293 

the northern Canterbury Basin during the middle Miocene (MVF submarine high; 294 

Figure 6c and 7b). Seismic stratigraphic mapping indicates that initial stages of 295 

construction of a pronounced shelf-break morphology is associated with the location of 296 

the MVF volcanoes. In the area surrounding the MVF, this prominent basin-slope 297 



morphology initiates to form during the middle to late Miocene, which is not observed 298 

in other parts of the basin until the early Pliocene (Lu et al. 2003; Figure 3, 5 and 8a).  299 

During its active stage all volcanoes in the MVF appear to be located in a lower 300 

bathyal environment, however, some shallower bathymetries are expected to have been 301 

present at the location of volcanic edifices and above large intrusions (Figure 4; Figure 302 

6c). 303 

Post-eruptive stage (11.5 to 11 Ma) 304 

After volcanism ceased around 11.5 Ma (Bischoff et al. 2019a), the MVF was 305 

progressively buried by an increase in sediment influx from the NW, which is 306 

interpreted to be derived from the early uplift events that built the New Zealand 307 

Southern Alps (Field et al., 1989). Chronostratigraphic and isochron maps show that the 308 

presence of the extinct submarine volcanic edifices had a local influence on the 309 

distribution of sediments in the area (Figure 6 and 7b). Seismic imagery displays a 310 

distinctive low-gradient setting occurring among cone-type edifices of the MVF, which 311 

is interpreted as a low-energy sedimentary environment in Bischoff (2019b). 312 

By 11 Ma, most volcanoes in the MVF were completely buried in a lower to 313 

uppermost bathyal setting, with the exception of the pc14 and pc09, as both of these 314 

volcanoes were partially buried and located in deeper waters (Figure 6b). After 11 Ma, 315 

the remaining deep-water cone-type volcanoes pc09 and pc14 were buried by the 316 

progressive NW-SE basin-slope progradation, which occurred simultaneously with the 317 

establishment of Banks Peninsula in the late Miocene (Figure 3, 6 and 7). 318 

Igneous Seismic Facies 319 

We describe six distinctive igneous seismic facies in the study area: (1) crater-320 

type, (2) cone-type, (3) saucer high-amplitude, (4) disrupted, (5) tabular sub-vertical, 321 



and (6) horizontal high-amplitude (Figure 8). Table 4 shows the main characteristics of 322 

these seismic facies. 323 

Crater-type seismic facies (Figure 8b) are characterized by funnel-and basin-324 

shaped geometries that penetrate into the PrErS horizon. Internal reflectors within this 325 

negative seismic facies are moderate-amplitude, chaotic, and disrupted at its lower part, 326 

which gradually becomes sub-parallel and continuous towards the upper part. External 327 

reflectors below the PrErS horizon are parallel and semi-continuous. Immediately above 328 

the PrErS, a set of symmetric high-amplitude reflectors occur laterally to both sides of 329 

the central part of the funnel-shaped craters (Figure 8a and b). The amplitude of these 330 

symmetrical reflectors decreases in intensity as the distance from the crater increases 331 

(Figure 8a). In magma-rich sedimentary basins, crater-type seismic facies usually are 332 

interpreted as negative buried volcanic and/or hydrothermal vents (e.g. Planke et al. 333 

2005; Alvarenga et al. 2016; Oliveira et al, 2018), showing morphological equivalence 334 

to those classified as crater dominated-type volcanoes in the Earth’s surface (Kereszturi 335 

and Németh 2013). 336 

Cone-type seismic facies are characterized by convex upward projections 337 

between the PrErS and PoErS horizons, forming morphologies such as mounds, 338 

trapeziums and cone-shaped structures (Figure 8). The central part of cone-type seismic 339 

facies typically displays disrupted, chaotic, and inward-dipping internal reflections, 340 

which laterally grade to semi-continuous and outward-dipping sub-horizontal reflectors 341 

(Figure 8c). These lateral reflectors occur as stacked sets on both sides of the central 342 

cone-shaped structures, showing downlap terminations onto the PrErS horizon distal to 343 

its central part. In sedimentary basins affected by magmatism, cone-type seismic facies 344 

are typically interpreted as positive buried volcanic vents (e.g. Holford et al. 2012; 345 



Reynolds et al. 2016; Barrier et al. in prep.), such as those classified as cone dominate-346 

type volcanoes by Kereszturi and Németh (2013). 347 

Saucer high-amplitude seismic facies typically show a single high-amplitude 348 

reflector with saucer-shaped morphology. In cross-sectional view, this seismic facies 349 

presents a sub-horizontal inner sheet parallel to the enclosing strata, and two peripheral 350 

inclined sheets cross-cutting adjacent strata (Figure 8d). This seismic facies is 351 

commonly interpreted to correspond to igneous intrusions emplaced into sedimentary 352 

rocks. These saucer-bodies occur in great numbers in the Canterbury Basin (Blanke 353 

2010; Barrier et al. 2017), and are described in the literature as saucer-shaped sills (e.g. 354 

Hansen and Cartwright 2006; Holford et al. 2012; Gallant et al. 2018), although their 355 

contact with enclosing strata typically shows both sill and dike relationships. 356 

Disrupted seismic facies are zones in which continuous, parallel and horizontal 357 

basinal reflectors are displaced in simple and complex patterns, and/or are offseted by 358 

intruding cross-cutting reflectors (Figure 8e). The upper part of disrupted seismic facies 359 

usually shows reflectors in a dome geometry, while its lower part is commonly 360 

associated with loss of seismic reflectivity, typically displaying chaotic aspect and 361 

reflectors in a cross-cutting relationship (e.g. Jackson 2012; Schofield et al. 2016; 362 

McLean et al. 2017). Disrupted seismic facies are interpreted to indicate brittle 363 

deformation of host strata due to emplacement of intrusive bodies (e.g. Infante-Paez and 364 

Marfurt 2017; Bischoff et al. 2017; Angkasa et al. 2017). 365 

Tabular sub-vertical seismic facies correspond to steeply inclined, moderate-to 366 

high-amplitude reflectors with tabular geometry (Figure 8f). This sub-vertical seismic 367 

facies typically occurs below the top basement horizon of the Canterbury Basin, in 368 

alignment with pre-Cretaceous fault structures and in a cross-cutting relationship with 369 

the basement fabric. However, this seismic facies also occurs in shallower levels, cross-370 



cutting sedimentary sequences. Spatially, this seismic facies can occur as a single 371 

inclined reflector, or in association with saucer-shaped high-amplitude, disrupted 372 

seismic facies, and also below crater-and-cone type seismic facies. Tabular seismic 373 

facies as those described in the MVF are typically interpreted as dikes and magmatic 374 

conduits cross-cutting host rocks elsewhere (Infante-Paez and Marfurt 2017; Bischoff et 375 

al. 2017, Morley 2018). 376 

Horizontal high-amplitude seismic facies show tabular geometry and have a 377 

parallel relationship with the basin strata (Figure 8g). These horizontal reflectors differ 378 

from the seismic expression of typical basin strata because of the the strong high-379 

amplitude contrast with adjacent layers, commonly occurring in association with 380 

underlying disrupted seismic facies. Horizontal high-amplitude seismic facies indicate 381 

the emplacement of large sill intrusions parallel with the host sedimentary strata 382 

(Schofield et al. 2012; Gallant et al. 2018), commonly displaying the highest impedance 383 

peaks in seismic imagery of the study area. 384 

Volcano Morphology Reconstruction 385 

We reconstruct the proxy morphology of 31 crater-and cone-type seismic 386 

features that could represent ancient volcanoes of middle Miocene age buried in the 387 

northern Canterbury Basin. The constraints applied to characterize each of these 388 

volcanoes are shown in Appendix 1. 389 

Results of the post-burial morphological analysis (i.e. as the volcanoes appear in 390 

seismic lines) show that 81% of the volcanoes in the MVF have a cone-type 391 

morphology, most of which are positive cones (42%). Volcanoes that excavate into the 392 

PrErS horizon (crater-type) comprise only 19% of the MVF (Figure 9a). The width (W) 393 

of the MVF volcanoes ranges from 550 to 6350 m. Most volcanoes (71%) have a W 394 

between 1000 and 3000 m (Figure 9b). The anomalous volcano with W > 6000 m was 395 



interpreted from a low confidence seismic anomaly, and may correspond to a cluster of 396 

highly eroded amalgamated volcanoes, rather than a single edifice. 397 

Results from estimation of the magnitude of degradation of the cone-type 398 

volcanoes (Figure 9c) shows that most edifices experienced low (erosion has removed < 399 

20 vertical meters) to moderate degradation (20 to 100 m), while seven volcanoes were 400 

probably highly eroded (>100 m). It was not possible to determine the magnitude of 401 

degradation for five volcanoes due to poor seismic quality. Most crater-type volcanoes 402 

(84%) have overlying domed reflectors or show no evidence of differential compaction 403 

relative to the enclosing Tokama Siltstone. This result suggests that the majority of 404 

crater-type volcanoes have compacted ca 20 to 30 % from their original post-eruptive 405 

form (9d). 406 

The reconstructed volcanic morphology indicates that the original edifice 407 

heights of the MVF volcanoes varied from around 60 to 430 m, while original slopes 408 

ranged from 5⁰ to 24⁰ (Figure 9e and f; Appendix 1). Cone-type volcanoes mostly range 409 

in original height from 100 to 300 m, with only 16% of the volcanoes falling outside of 410 

this range. Original slope angles of cone-type volcanoes typically are low-angle, with 411 

84% of the data ranging from 5⁰ to 15.9⁰. The original volume calculated for cone-type 412 

volcanoes show results varying from 0.0057 to 3.2610 km3, in which 83% of the 413 

edifices are <1 km3 (Figure 9h). The total depth of crater-type volcanoes vary from 90 414 

to 230 m (Figure 9g). Three of these craters have overlying small cone-type volcanoes. 415 

Contrasting the results of the reconstructed morphology vs. the paleogeographic 416 

position of the volcanoes in the MVF suggests that at 11 Ma (post-eruptive stage), cone-417 

type edifices higher than 200 m and located proximal to the shelf-break experience 418 

intense degradation when compared with cone-type edifices located in deep-waters 419 

(Figure 10). 420 



Plumbing System and Eruptive Vent Distribution  421 

Seismic reflection interpretation revealed that the MVF plumbing system 422 

emplaced a number of intrusive bodies into the sedimentary strata of the northern 423 

Canterbury Basin (seismic facies d to g in Figure 8). The upper part of the MVF 424 

plumbing system is characterised by a network of shallow intrusions (< 3 km), 425 

comprising individual and swarms of sills, dikes, saucer-sills, and stocks (Bischoff et al. 426 

2019b). The emplacement of these intrusions produced intense deformation of the host 427 

basin strata, forming complex arrays of faults and folds that tilted and disrupted layers 428 

of pre-magmatic sequences (Figure 4, 5 and 8). 429 

Large intrusions typically display a saucer-shaped geometry (Figure 11), in 430 

which the most expressive bodies are ca 25 km2 in area, and have an estimated 431 

thickness of approximately 100 m, considering the acoustic velocity recorded for the 432 

monzogabbro intrusion penetrated by Resolution-1 (ca 5000 m/s; Milne, 1975). This 433 

suggests that individual saucer-intrusions could have volumes as great as 2.5 km3. In 434 

this work, we did not calculate the total volume of magma crystalized within the 435 

shallow MVF plumbing system due to a perceived limitation to characterize the 3D 436 

geometry of complex igneous intrusions using 2D seismic reflection datasets. However, 437 

the great number of intrusive bodies observed in the seismic data of the study area 438 

suggests that the total volume of all of the shallow intrusions of the MVF could be 439 

greater than 50 km3. 440 

Seismic mapping of eruptive vents and their associated seismically detected 441 

volcanic apron indicates that volcanism in the MVF covers an area of ca 1,520 km2. 442 

These volcanoes typically erupted at individual locations (Figure 1 and 12), forming a 443 

cluster of crater-and cone-type small-volume volcanoes. Together, cone-type volcanic 444 

edifices have an estimated volume around 20 km3, excluding any erupted material that 445 

may have drifted in the water column or was deposited as thin ash layers (< 1m) 446 



interbedded with the Tokama Siltstone (Appendix 1). Comparing results from the 447 

intrusive and extrusive parts of the MVF, it is likely that a greater volume of magma has 448 

been emplaced within the basin sedimentary strata, while a smaller volume would have 449 

reached the surface. 450 

In many cases, we observe a relationship between the location of large intrusive 451 

bodies and overlying cone-and crater-type volcanoes, which is evident by an array of 452 

faults and fractures that connect these intrusions to the root of eruptive vents (Figure 4, 453 

11 and 13). Most volcanoes (68%) are likely related to these large and shallow saucer-454 

shaped intrusions, suggesting that these igneous bodies could have fed eruptions in the 455 

MVF (Appendix 1 and 2). In addition, Bischoff et al. (2019a) observed a petrogenetic 456 

relationship between the middle Miocene intrusive and extrusive rocks perforated by the 457 

borehole Resolution-1. 458 

The constrained observations indicate that the MVF plumbing system comprised 459 

numerous isolated and/or interconnected shallow magma batches that have possibly 460 

served as stationary magma chambers for eruptions onto the middle Miocene paleo-461 

seafloor. However, a deeper (>5 km from the limits of our dataset) source-to-surface 462 

plumbing system is also likely to have fed some of the volcanoes in the MVF (Bischoff 463 

et al. 2019b; Appendix 2). Clusters of small-volume volcanoes controlled by a 464 

plumbing system that feeds magma to disperse eruptive centres are characteristic of 465 

monogenetic volcanic fields (e.g. Cas and Wright 1993; Németh 2010; Kereszturi and 466 

Németh 2013; Silva and Lindsay 2015; Németh and Kereszturi 2015). 467 

Controls on Volcano Morphology 468 

Volcano morphology can provide important insights of processes such as past 469 

eruptive styles and edifice growth mechanisms experienced during the evolution of 470 

volcanoes (e.g. Dohrenwend et al. 1986; Takada 1994; Tibaldi 1995; Vesperman and 471 



Schmincke 2000; Martin and Németh 2006; Corazzato and Tibaldi 2006; Valentine et 472 

al. 2007; apud Fornaciai et al. 2012). Integration of the results from morphological and 473 

paleogeographic reconstruction of the study area allows us to understand that two main 474 

processes controlled the morphology of the MVF volcanoes: i) eruptive-style, which 475 

produced distinguishable cone-and crater-type morphologies, and ii) differential 476 

degradation of cone-type volcanoes, which is a consequence of volcanic edifices been 477 

exposed to different paleoenvironmental conditions. 478 

Eruptive Styles and Volcanic Growth Mechanisms 479 

Crater-type volcanoes 480 

Combining the results of seismic morphological reconstruction and information 481 

from volcaniclastic rocks of the Resolution-1 borehole (Bischoff et al. 2019a) suggests 482 

that MVF crater-type volcanoes experienced some form of intense material 483 

fragmentation and dispersion, as is typically accredited with the formation of maar-484 

diatreme volcanoes (e.g. Kereszturi and Németh 2013; Silva and Lindsay 2015; White 485 

and Valentine 2016; Figure 13a). The 2D seismic morphology of this volcano-type 486 

shows a large inward-dipping and steep central crater. Both sides of the crater display 487 

low angle (ca 5⁰) outward-dipping flanks that extend up to 5 km in width (Figure 13a). 488 

The structure of the central crater varies from unbedded and chaotic in the lower 489 

part, to bedded and sub-horizontal in the upper part, as observed in maar-diatreme 490 

volcanoes elsewhere (Lorenz 1985; White and Ross 2011; Figure 4b). The formation of 491 

these craters is likely related to processes such as brittle deformation, mass collapse and 492 

adjustment of pre-eruptive material into large depressions created by high-energy 493 

pyroclastic eruptions (Kereszturi and Németh 2013). Deep excavations into pre-eruptive 494 

host rocks requires significant energy and intense material fragmentation (Zimanowski 495 



et al. 1997; White and Valentine 2016). The interpretation of high-energy pyroclastic 496 

eruptions is also supported by the large symmetrical flanks of the crater-type volcanoes, 497 

which possibly indicate widespread dispersion of erupted material and deposition at a 498 

low angle of repose next to the crater zone (Figure 8a and b). 499 

Cone-type volcanoes 500 

Results from the reconstructed morphology of the MVF cone-type volcanoes 501 

indicate that this volcano-type was constructed by accumulation of layers of tephra near 502 

to a vent zone. The seismic morphology of cone-type volcanoes is dominated by a set of 503 

reflectors superimposed onto and above the pre-eruptive horizon. These staked 504 

reflectors form a convex-upward seismic facies, in which the PoErS horizon is projected 505 

above a relatively flat PrErS horizon, becoming parallel to basinal layers with 506 

increasing distance from the centre of the structure (Figure 4a and 5). 507 

This geometric relationship indicates that material was sourced from a central 508 

location, which we interpret to correspond to the eruptive centre of crater-type 509 

volcanoes (Figure 8a and c). The interpretation of a central vent is supported by 510 

reflectors dipping inward towards the centre of the structure, while peripheral reflectors 511 

are outward-dipping and downlap onto the PrErS horizon. These peripheral outward-512 

dipping reflectors are interpreted to correspond to the flanks of crater-type volcanoes 513 

(Figure 13b). In addition, the central part of cone-type volcanoes often displays a 514 

relationship with underlying intrusive bodies (Figure 8 and 15). 515 

The structure of the conduit zone shows minor excavations into the pre-eruptive 516 

horizon, which indicates that mechanisms of fragmentation and dispersion of erupted 517 

material had less energy that the processes that formed the crater-type volcanoes (White 518 

and Valentine 2016). Below the MVF cone-type volcanoes, disrupted pre-eruptive strata 519 

with layers upward-dipping are commonly observed, which likely indicates processes of 520 



magmatic deformation at sub-volcanic level (Figure 4). We consider that seismic 521 

artefacts such as pull-up of velocities (Jackson 2012; Magee et al. 2013) have little 522 

effect on the configuration of reflectors below the MVF volcanic vents. Typically, the 523 

reflector configuration of the sub-volcanic zones of the MVF do not show a direct 524 

geometric relationship with the overlying vent. In counterpart, sub-volcanic zones of 525 

MVF cone-type volcanoes typically show structural patterns coherent with the position 526 

of underlying intrusive bodies, and have a spatial relationship with seismic facies that 527 

indicate the presence of magmatic conduits, faults and fractures (Figure 5, 8, 13b and 528 

15). Magmatic deformation of host sedimentary strata are commonly reported to occur 529 

beneath volcanic edifices (Planke et al. 2005, Bischoff et al. 2017; McLean et al. 2017; 530 

Morley 2018; Gallant et al. 2018). 531 

The flanks of cone-type volcanoes show abrupt topographic inflections above 532 

the vent zone, with average reconstructed slope angles <16° (Figure 4a and 9f). The 533 

width of these flanks typically extend < 2 km from the vent. These are common 534 

morphometric ranges of outcropping tuff cones (Kereszturi and Németh 2013; Silva and 535 

Lindsay 2015), and indicate that ejected tephra material accumulates nearly to the vent 536 

zone, when compared with crater-type volcanoes (Figure 13). In addition, representative 537 

MVF rocks from Resolution-1 contain fine-grained particles with broken crystals, 538 

possible armored lapilli and ash aggregates (Bischoff et al. 2019a), which are typical 539 

textures of deposits formed by eruption-fed density currents (White 2000). 540 

The reconstructed paleogeography of the MVF indicates that cone-type 541 

volcanoes formed in water-depths ranging from a minimum of 500 m to a maximum of 542 

1500 m depth (Figure 12). This suggests that cone-type volcanoes likely erupted 543 

entirely submarine, seeing that the highest edifice located at shallower waters has an 544 

original height estimate of 420 m. Although our dataset indicates entirely submarine 545 



volcanism in the MVF, we cannot discard that minor subaerial or Surtseyan eruptions 546 

have occurred, mainly from volcanoes located in an ultra-proximal setting. This is also 547 

true for volcanoes not imaged on our seismic dataset. 548 

Cone-type volcanoes of the MVF can include deep-water equivalent of tuff 549 

cones and maybe spatter cones. Tuff cones are typical products of phreatomagmatic 550 

eruptions (Kereszturi and Németh 2013; Silva and Lindsay 2015), in which ballistics 551 

comprised of blocks and bombs and turbulent jets represent the main mechanisms of 552 

particle dispersal (Cas et al. 1989; Kaulfuss et al. 2012). Spatter cones are usually the 553 

products of lava fountaining, commonly formed during Hawaiian and Strombolian type 554 

eruptions (Kereszturi and Németh 2013; Silva and Lindsay 2015). These volcano-types 555 

have been reported in both subaerial and subaqueous environments (e.g. Deardoff et al. 556 

2011; White et al. 2015a; White et al. 2015b; Cas and Giordano 2014). 557 

In the MVF, the shallow slope angle (<16⁰) of the flanks cone-type volcanoes 558 

suggests that they may correspond to tuff cones, however, the seismic expression of tuff 559 

and spatter cones may be difficult to distinguish based on morphometric parameters. 560 

Thus, we do not discard the occurrence of spatter cones in the MVF. Pillow-mounds are 561 

also possible to have formed in the MVF, however our dataset indicates that cone-type 562 

volcanoes are more likely formed by the accumulation of tephra material rather than 563 

superimposed layers of lava deposits. Mound and trapezium-shaped seismic anomalies 564 

are interpreted to represent progressive degradation of original cone-shaped volcanoes 565 

(Figure 5 and 15), as a result of exposure of the cone crest to wave erosion during the 566 

lM unconformity, discussed in the next section. 567 

Post-Eruptive Degradation 568 

After the MVF eruptions ceased around 11.5 Ma, seismic stratigraphic and 569 

biostratigraphic analysis indicate a progressive shallowing in water depths. This event 570 



occurs simultaneously with the wake of the basin-slope progradation from NW to SE in 571 

the northern Canterbury Basin. By ca 11 Ma, the MVF can be divided into two halves 572 

by the position of a proto-shelf break (Figure 12). The shallower NW part was located 573 

in an outer neritic environment (<100-200 m), while the deeper SE was set in an 574 

uppermost to mid bathyal setting (>200-1000 m). Volcanoes with original heights >200 575 

m and located proximal to the 11 Ma proto-shelf break show increasing amounts of 576 

degradation (e.g. flattened-tops relative with the lM unconformity, reflectors 577 

downlaping from the edifice into basin strata), while volcanoes located distal to the 578 

proto shelf-break were buried and well preserved independent of their original post-579 

eruptive height (Figure 5 and 14). In addition, volcanoes classified to have had a low 580 

amount of degradation show a cone morphology in both shallow and deep-water 581 

settings, while highly degraded volcanoes are always located proximal to the 11 Ma 582 

shelf-break position (Figure 10; Appendix 1). This differential degradation suggests that 583 

the top of volcanoes located at shallower waters may have been removed by erosion. 584 

Clague et al. (2000a) demonstrates that flat-topped volcanoes in Hawaii can 585 

form as continuously overflowing lava ponds, even in deep-water environments. This 586 

situation is unlikely to explain the flattened-tops of the MVF cone-type volcanoes 587 

because the accumulation of lava deposits typically displays high-amplitude reflectors 588 

in seismic imagery (e.g. Planke et al. 1999; Holford et al. 2012; Reynolds et al. 2017). 589 

The MVF volcanoes do not show tops with high-amplitude reflectors, with the 590 

exception of the volcano pm02 (Figure 5). In addition, the volcanoes with flattened-tops 591 

in the MVF always have their upper part associated with the position of the lM 592 

unconformity (Figure 5 and 15). We interpret that some originally high (>200 m) cone-593 

type volcanoes located at shallower waters at 11 Ma may have emerged above sea-level. 594 

In this case, these emergent volcanoes have likely experienced degradation of their tops 595 



by wave erosion, and may have formed an archipelago of at least nine small volcanic 596 

islands by ca 11 Ma (Figure 12). 597 

Discussion  598 

The MVF shows random vent distribution of cone and crater-type volcanoes in 599 

relation to water-depth (Figure 12). Magma decompression and fragmentation in deep-600 

water settings are still mechanisms not completely understood (e.g. White et al. 2015a; 601 

Cas and Giordano 2014; Cas and Simmons 2018). Observations from the Kermadec 602 

Island Arc indicate a transition from explosive to effusive volcanism around 1000 m 603 

(Wright et al. 2006), however, products of explosive eruptions have been inferred to 604 

also occur in deeper settings elsewhere (e.g. Clague et al. 2000a; Planke et al. 2005; 605 

Head and Wilson 2003; White et al. 2003). 606 

Zimanowski and Büttner (2003) argue that subaqueous volcanic 607 

thermohydraulic explosions become increasingly improbable at water depths >100 m, 608 

and practically impossible in settings deeper than 1000 m. However, Clague et al. 609 

(2000a) inferred that phreatomagmatic activity occurred at a depth of ca 1300 m at the 610 

Loihi seamount, offshore Hawaii, which is approximately equivalent to the depth of the 611 

root zone of the volcanoes studied here. Cas and Simmons (2018) point out that 612 

subaqueous effusive eruptions can produce fallout deposits of ash-size autoclastic vitric 613 

material similar to typical deposits of subaqueous pyroclastic eruptions. This autoclastic 614 

process could explain the textures of the volcaniclastic rocks recovered in the 615 

Resolution-1 without necessarily requiring a large explosive process. However, 616 

autoclastic mechanisms of fragmentation cannot explain the large craters excavated into 617 

the PrErS horizon, nor the seismic facies that suggests high-energy mechanisms of 618 

fragmentation and dispersion of material (e.g. Lorenz 1985; White 2000; Kereszturi and 619 

Németh 2013; White and Valentine 2016). 620 



The reconstructed paleogeography of the MVF allows us to confidently interpret 621 

that crater-type volcanoes were erupted at waters depths around 1000 m (Figure 12). It 622 

is notable that most of the volcanoes in the MVF show a relationship with large 623 

intrusive bodies emplaced into organic-rich host rocks. In addition, the high content of 624 

coal lithics and limestones found in the volcaniclastic rocks representative of the MVF 625 

(Bischoff et al., 2019a) could indicate that CO2 and CH4 were incorporated into the 626 

magmatic system (Aarnes et al. 2015). These gases may have contributed additional 627 

energy to overcome the hydrostatic pressure typically imposed in deep-water settings, 628 

as proposed by Sversen et al. (2004) and Agirrezabala et al. (2017). In normal 629 

conditions, it would be expected that the elevated hydrostatic pressure will supress the 630 

development of large pyroclastic eruptions (Zimanowski and Büttner 2003). 631 

The constraining dataset indicates that crater-and cone-type seismic 632 

morphologies were mainly formed by large deep-water pyroclastic eruptions. However, 633 

some volcanoes in the MVF could have experienced different dominant eruptive 634 

mechanisms rather than high-energy eruptions. Possible eruptive-types of the MVF 635 

could also include phreatic activity in the absence of magma (Planke et al. 2005), or 636 

subaqueous processes similar to those observed in Strombolian and Vulcanian 637 

eruptions, which can form the submarine equivalent of spatter cones (e.g. Deardoff et al. 638 

2011; White et al. 2015a; Cas and Giordano 2014). 639 

The crucial challenge of modern deep-water volcanology is the need to improve 640 

understanding of how diverse mechanisms of fragmentation, dispersal and deposition of 641 

volcanic material are not affected by changes in the hydrostatic pressure alone. Factors 642 

such as deformability vs. compressibility and the critical point of the water, thermal 643 

conductivity, incorporation of CH4 and CO2 into the magmatic system, and the degree 644 

of induration of the country rock are dynamic forces that together with hydrostatic 645 



pressure play an important role in the final style of subaqueous eruptions (e.g. Sversen 646 

et al. 2004; Kereszturi and Németh 2013; White et al. 2015a and b; Cas and Giordano 647 

2014; Agirrezabala et al. 2017; Cas and Simmons 2018). 648 

Conclusions 649 

Volcanism in the Maahunui Volcanic Field (MVF) occurred over an area of ca 1,520 650 

km2, comprising of a cluster of at least 31 middle Miocene volcanoes. These volcanoes 651 

are currently buried by approximately 1000 m of sedimentary strata in the offshore part 652 

of the northern Canterbury Basin. Seismic reflection interpretation coupled with 653 

information from borehole data allow us to reconstruct the proxy paleogeography of the 654 

study area, and to estimate the original morphology of the volcanoes of the MVF. 655 

Volcanic edifices typically had a small-volume (<1 km3) immediately after their 656 

eruptive phase. MVF eruptions were short-lived and controlled by a plumbing system 657 

that fed magma to dispersed eruptive centers, a characteristic observed in monogenetic 658 

volcanic fields. The MVF plumbing system emplaced a number of shallow (<1000 m 659 

depth) intrusive bodies, commonly within Cretaceous-Paleocene sedimentary strata. 660 

Saucer-shaped sills are the typical intrusion-style, presenting estimated volumes of up to 661 

2.5 km3. These shallow intrusions likely fed magma to some, if not most, of the MVF 662 

volcanoes. It is estimated that a greater volume of magma has been emplaced within the 663 

basin sedimentary strata, than magma that was likely erupted. Eruptions were entirely 664 

submarine (500 to 1500 m), most likely producing subaqueous equivalents of maar-665 

diatreme and tuff cone volcanoes. The morphology of the MVF volcanoes is interpreted 666 

to be primarily controlled by high-energy pyroclastic eruptions in which incorporation 667 

of coeval thermogenic gas and CO2 into the magmatic system likely have an important 668 

role in the fragmentation and dispersion of ejected material. In addition, post-eruptive 669 

degradation has changed the original volcanic morphology, which was influenced by 670 



the height and the position of the volcanic edifices in relation to a late Miocene base-671 

level fall. After volcanism ceased, volcanoes located in a bathyal setting were rapidly 672 

buried and preserved, while volcanoes located in a neritic setting and with edifice 673 

heights >200 m were likely emergent at the paleo sea-surface. By the late Miocene, 674 

these emerged volcanoes have possibly formed an archipelago with at least nine small 675 

extinct volcanic islands. This study demonstrates that perceived limitations to interpret 676 

the geological history of ancient volcanoes now buried and preserved in sedimentary 677 

basins can be overcome by detailed seismic stratigraphic mapping and analysis of 678 

borehole data. Insights from this work can help to improve understanding of the 679 

processes that control the formation, evolution and preservation of these buried 680 

volcanoes. The knowledge obtained from the ancient volcanoes of the MVF can 681 

contribute to the understanding of how volcanic fields form and evolve elsewhere, 682 

including their perceived geological hazards, and their potential to contain natural 683 

resources such hydrocarbons, groundwater, metals and geothermal energy. 684 
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Table 1: Attributes and parameters used to characterize the seismic morphology, and to 695 

reconstruct the volcanoes in the MVF. See Appendix 1 for details. 696 

Seismic morphometric 
parameters 

Shape of the anomaly after burial, basal diameter (m), height after burial (s) for 
cone-shaped anomalies, depth after burial (s) for crater-shaped anomalies. 

Assumptions and 
estimations 

Post-eruptive degradation, burial compaction and acoustic velocity of the volcanic 
seismic facies. Edifice volume calculation approximated to the volume of a cone. 

Other considerations Seismic data quality, position of the 2D seismic line relative to the centre of the 
seismic anomaly, evidence for large intrusions underlying anomalies, paleo-
geographic position relative to major base-level falls, seismic facies that suggest 
reworking of the volcanic anomaly. 

 697 

Table 2: Equations used to calculate seismic morphometric parameters of the MVF 698 

volcanoes. 699 

Abbreviations Equations 

HaBs: height after burial in seconds 

Vel: estimated acoustic velocity in m/s  

HaBm: height after burial in meters 

comp: estimated amount of compaction (%) 

HbBm: height before burial in meters 

degr: estimated amount of degradation in meters 

oHm: estimated original eruptive height in meters  

W: basal width in meters 

Rt: basal radius in meters 

HW: height vs. basal width ratio 

oS: estimated eruptive flank slope in degrees 

atan: arc cotangent  

oV: estimated edifice original volume in km3 

π: 3.141592 

𝐻𝑎𝐵𝑚 =  
𝐻𝑎𝐵𝑠 × 𝑉𝑒𝑙

2
 

𝐻𝑏𝐵𝑚 =  𝐻𝑎𝐵𝑚 + (𝐻𝑎𝐵𝑚 × 𝑐𝑜𝑚𝑝) 

𝑜𝐻𝑚 =  𝐻𝑏𝐵𝑚 + 𝑑𝑒𝑔𝑟 

𝐻𝑊 =  
𝑜𝐻𝑚

𝑊
 

𝑜𝑆 = 180⁰ ×
atan (𝑜𝐻𝑚/𝑅𝑡)

𝜋
 

oV = πr2 (oHm/3) 
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Table 3: Main stratigraphic and paleoenvironmental characteristics of the MVF area. 710 

Interval highlighted in red corresponds to the active eruptive time in the volcanic field. 711 

  Age Regional 
Morphology 

Magmatic 
stage 

Depositional 
setting 

Shallower 
waters (NW) 

Deeper waters 
(SE) 

11 Ma and 
younger 

Slope-and-basin  Complete Neritic to 
uppermost 

bathyal 

100 to 200 m and 
progressively 

shallower 

200 to 400 m and 
progressively 

shallower 

Post-degradational surface (unconformity lM) and rapid progradation 

11.5 to 11 
Ma 

Onset of slope-
and-basin in the 
MVF area 

Degradational Uppermost 
bathyal to mid 
bathyal 

200 to 400 m 
(volcanoes  ≥ 200 
m were emerged 
above sea-level) 

600 to 1000 m 
(≥ 100 m at 
volcano summits) 

Post-eruptive surface and onset of progradation 
12.7 to 11.5 
Ma 

Ramp, hilly at the 
MVF location 

Syn-eruptive Lower bathyal  500 to 750 m 
(≥ 80 m at 
volcano summits) 

1000 to 1500 m 
(≥ 200 m at 
volcano summits) 

Pre-eruptive surface 
Early 
Miocene 
and priory 
to 12.7 

Smooth ramp Pre-eruptive Lower to deep 
bathyal 

1000 to 1500 m 1500 to 2000 m 

 712 

Table 4: Main aspects of the middle Miocene igneous seismic facies of the study area. 713 

Seismic 
facies 

Geometry External Internal Below Above 
Strat. 

location 
Interpret. 

Crater-type 
Funnel-and 
basin-
shaped 

Semi-
continuous 
and parallel 

Chaotic, 
offset and 
parallel 

Offset, 
saucer-
shaped, loss 
of reflection 

Flat, 
domed 

Into PrErS 
Crater-
type 
volcanoes 

Cone-type 

Cone, 
mound and 
trapezium-
shaped 

Oblique, 
continuous 
and parallel 

Chaotic, 
inward-and 
outward 
dipping 

Offset, 
saucer-
shaped, loss 
of reflection 

Domed, 
onlap 

Above 
PrErS and 
below 
PoErS 

Cone-type 
volcanoes 

Saucer 
high-amp 

Saucer-
shaped 

Parallel, 
cross-cut 

High-amp, 
continuous 
to offset 

Offset, 
complex 

Flat, 
domed, 
offset 

Cretace. 
Paleocene 

Saucer-
shaped 
intrusions 

Disrupted Complex 
Parallel, 
offset, 
cross-cut 

High-amp to 
loss of 
reflection 

Offset, loss 
of reflection 

Domed, 
offset 

Within all 
seismic 
facies 

Bridged 
host 
strata and 
dikes 

Tabular 
sub-vertical 

Tabular 
inclined 

Cross-cut 

Single of 
group of 
cross-cutting 
reflectors 

Offset, loss 
of reflection 

Domed, 
flat 

Basement 
and below 
vents 

Dikes and 
magmatic 
conduits 

Horizontal 
high-amp 

Tabular sub-
horizontal 

Parallel 
High-amp 
continuous 

Offset, loss 
of reflection 

Domed, 
flat 

Cretace. 
to 
Miocene  

Large sill 
intrusions 
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 717 

Figure 1: (a) Map showing the age and location of volcanic rocks onshore and offshore 718 

of the northern Canterbury Basin, together with the main seismic and well data used in 719 

this work. Onshore volcanic rocks are from Forsyth et al. (2008). Red dots indicate the 720 

location of volcanoes in the MVF. (b) New Zealand topographic and bathymetric map 721 

from the NZ Petroleum Exploration 2018 datapack. Black square in (b) shows the 722 

location of the detailed map in (a). 723 
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 726 

Figure 2: Local chronostratigraphic chart of the study area with emphases on the 727 

extrusive part of the MVF. Stratigraphic ages follow the International 728 

Chronostratigraphic Chart 2014 and the New Zealand Geological Time Scale 2015 729 

(Raine et al. 2015). See Bischoff et al. 2019a for characterization of the Tokama 730 

Siltstone depositional units (lower to uppermost). 731 

 732 

 733 

 734 



 735 

Figure 3: 2D seismic lines showing the offshore basin architecture of the northern 736 

Canterbury Basin from Cretaceous to recent, and the location of MVF. Arrows show the 737 

position of the shelf-break during the latest Neogene, with the arrowhead pointing in the 738 

direction of progradational and retrogradational depositional trends. Abbreviations are: 739 

pre-eruptive surface (PrErS), post-eruptive surface (PoErS) and post-gradational surface 740 

(PoDgS). 741 

 742 

 743 



 744 

Figure 4. Examples of volcanoes of the MVF. (a) shows the morphology of a positive 745 

symmetric cone (cone-type). (b) shows a compound morphology. The bottom part (nf01 746 

in light red) has a negative funnel-shaped geometry (crater-type) and shows the lateral 747 

seismic facies association. The upper part (pc13 in light yellow) shows a positive 748 

asymmetric cone shape (cone-type) and its lateral seismic facies association. Data in the 749 

white squares refer to morphometric parameters of pc06 (a) and nf01 (b). Abbreviations 750 

are shown in Table 2. (c and d) uninterpreted and interpreted 2D seismic image of the 751 

volcano pc03 and part of the MVF shallow plumbing system. Note the deformed pre-752 

eruptive strata above intrusions. 753 



  754 

Figure 5: 2D dip section (line CB-82-06) showing the morphology of some of the 755 

volcanoes in the MVF. Note a progressive degradation from the volcano pc08 to pm02, 756 

relative with the development of a late Miocene (lM) unconformity. Morphometric 757 

parameters of these volcanoes are shown in Appendix 1. 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 



 767 

Figure 6: Neogene chronostratigraphic maps of the study area. During the Miocene, the 768 

paleogeography of the northern Canterbury Basin evolved from a smooth ramp (d) to a 769 

basin-slope morphology (a). MVF erupted entirely in a lower bathyal setting during the 770 

middle Miocene (d and c). The addition of these volcanic edifices onto the paleo-sea 771 

floor of the northern Canterbury Basin has formed a localized elevated topography 772 

(shown as Maahunui high in c). The volcanic field was buried during the late Miocene 773 

in a lower to uppermost bathyal setting due to rapid SE sediment progradation (b and a). 774 

Inland paleoenvironments compiled from Field et al. (1989). 775 

 776 



 777 

Figure 7: Neogene isochron maps of the northern Canterbury Basin. Note in (b) that a 778 

thick pile of sediments were deposited within the MVF edifices. The isochron map in 779 

(b) includes pre-magmatic strata from 15.9 Ma and post-eruptive strata up to 11 Ma. By 780 

the late Miocene (after 11 Ma), most volcanoes were buried by the slope progradation 781 

associated with increasing sediment supply from the NW, simultaneously with the 782 

emplacement and eruptions of the Banks Peninsula (a). 783 

 784 

 785 

 786 



 787 

 788 

Figure 8: Igneous seismic facies of the study area. (a) Regional 2D strike/oblique 789 

seismic line showing the lower (PrErS) and upper (PoErS) stratigraphic limits of the 790 

MVF and the location of representative igneous seismic facies. (b and c) show volcanic 791 

(extrusive) seismic facies, while figures (d to g) show images of parts of the MVF 792 

plumbing system. Morphometric parameters of these volcanoes are presented in 793 

Appendix 1. High-amplitude reflectors in the upper right corner of (a) are interpreted as 794 

the termination of lava flows deposits of the Banks Peninsula volcanoes. 795 



 796 

Figure 9: Diagrams showing the morphometric results from the volcanoes of the MVF. 797 

See text for details. 798 

 799 

 800 



 801 

Figure 10: Morphometric analysis of MVF volcanoes relative to their post-eruptive 802 

paleoenvironmental location (ca 11 Ma). Blue bars show the height of volcanoes after 803 

burial (HaBm). Orange bars show values of the decompacted volcanic heights (HbBm). 804 

Grey bars show values of the reconstructed original height of the MVF volcanoes 805 

(oHm). Red dashed line shows the interpreted limit between preservation and 806 

degradation of the MVF cone-type volcanoes (e.g. pm03 vs. pc04). Numbers 807 

highlighted in green are cone-shaped morphologies. Numbers highlighted in yellow are 808 

mounds-and trapezium-shaped morphologies, and in white are crater-type volcanoes. 809 

The red arrow points to the only pc volcano located in deeper waters at 11 Ma which 810 

shows evidence of being eroded by canyons.  811 

 812 

 813 

 814 

 815 



 816 

Figure 11: (a) seismic line at the location of the borehole Resolution-1 showing a 817 

saucer-shaped sill in 2D section. Red dashed lines indicate potential pathways for 818 

magma and hydrothermal fluids to migrate up-sequence. Vertical scale is shown in 819 

milliseconds (ms). (b) example of 3D visualization of a saucer-shaped sill emplaced in 820 

sedimentary strata of the Taranaki Basin, North Island of New Zealand. The 3D 821 

morphology of this intrusion was mapped by extracting the seismic amplitude of an area 822 

of interest (red). (c) Google Earth image of saucer-shaped sills outcropping in the Karoo 823 

Basin, South Africa (Gallant et al. 2018). Note the dominant morphology of the saucer-824 

sills that show an inner sill morphology, and a ring of peripheral inclined sheets. See 825 

Bischoff et al. (2019a) for complete petrographic characterization of the igneous rock-826 

types of the Resoltuion-1. 827 

 828 

 829 



 830 

Figure 12: Composite paleogeographic and paleoenvironmental map of the study area 831 

from 12.7 to 11 Ma. Abbreviations correspond to their morphology and are plotted at 832 

the location of the volcanoes. Pc’s are positive cones, pt’s are positive trapezium, pm’s 833 

are positive mounds, nf’s are negative funnel-shaped structures and nb’s are negative 834 

basin-shaped seismic anomalies. Red dashed lines show the approximate bathymetry at 835 

the onset of eruptions in the MVF. Blue dashed line shows the position of ta proto-836 

shelf-break at 11 Ma. Note that all pm’s and pt’s are located within relatively shallower 837 

waters, proximal the 11 Ma shelf-break. Volcanoes distal to the 11 Ma proto-shelf break 838 

show a sharp increase in slope towards their summit, while volcanoes located proximal 839 

to this line show shallower slopes, which suggest a progressive degradation of cone-840 

shaped to mound-shaped morphologies. Volcanoes highlighted in purple possibly 841 

correspond to an ancient archipelago comprising nine small extinct volcanic islands. 842 



 843 

Figure 13: (a and b) shows a 2D seismic section of both crater-and a cone-type 844 

volcanoes. (c and d) show analogue crater-and a cone-type morphologies in subaerial 845 

monogenetic volcanoes. The crater-type shown in (c) is the maar-diatreme volcano 846 

McDougal Crater, in the USA. The cone-type example is the scoria cone SP Crater 847 

(USA). Note the geometric similarity between the seismic images and the examples of 848 

modern volcanoes, such as the presence of a crater zone with layers inward-dipping, and 849 

peripheral flanks with layers outward-dipping. Number in red circles are syn-intrusive 850 

bodies, in green are syn-eruptive deposits, and in yellow are post-eruptive deposits. 851 

Numbers are: (1) intrusions, (2) root zone, (3) unbedded lower diatreme, (4) bedded 852 

upper diatreme, (5) tephra ring, (6) ring plain, (7) central crater, (8) tephra flank, (9) 853 

cone apron, (10) canyons. The complete seismic architecture of these volcanoes is 854 

shown in Bischoff et al. (2019b). 855 

 856 

 857 

 858 



 859 

Figure 14: Morphology of the volcanoes pt03 and pc17. Note the mound-shaped 860 

morphology of pt03 in contrast to the cone-shaped morphology of pc17. WD and blue 861 

line show an interpreted bathymetric depth at ca 11 Ma. Pt03 was likely exposed to the 862 

sea-level at 11 Ma and had its form altered by erosional processes, while pc17 was 863 

below sea-level and remains well preserved. 864 

 865 

 866 

Figure 15: 2D dip section showing the shallow plumbing systems and some of the 867 

eruptive vents of the MVF. Note the relationship between the location of intrusive 868 

bodies, overlying deformed host strata, and eruptive vents. Below the top of the 869 

basement horizon, seismic signal is scattered, and loss of reflectivity produce low 870 

quality seismic facies. However, it is still possible to roughly map the location of MVF 871 

magmatic conduits based on geometric aspect of internal fabric of the basement. 872 

 873 
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