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Abstract 34 

 35 

We present a ~900 m-thick, mid- (3.3-3.0 Ma) to late Pliocene (3.0-2.6 Ma), shallow-marine, 36 

cyclical sedimentary succession from Whanganui Basin, New Zealand that identifies 37 

paleobathymetric changes, during a warmer-than-present interval of Earth history, relevant 38 

to future climate change. Our approach applies lithofacies, sequence stratigraphy and 39 

benthic foraminiferal analyses to two continuously-cored drillholes integrated with new and 40 

existing outcrop studies. We construct a depositional model of orbitally-paced, global sea-41 

level changes on a wave-graded continental shelf. Unlike many previous studies, these shelf 42 

sediments were not eroded during sea-level lowstands and thus provide the potential to 43 

reconstruct the full amplitude of glacial-interglacial sea-level change. Paleobathymetric 44 

interpretations are underpinned by analysis of extant benthic foraminiferal census data and 45 

a statistical correlation with the distribution of modern taxa. In general, water depths 46 

derived from foraminiferal Modern Analogue Technique (MAT), are consistent with 47 

variability recorded by lithofacies.  48 
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The inferred sea-level cycles co-vary with a qualitative climate record reconstructed from a 49 

census of extant pollen and spores, and a modern temperature relationship. A high-resolution 50 

age model is established using magnetostratigraphy constrained by biostratigraphy, and the 51 

dating and correlation of tephra. This integrated chronostratigraphy allows the recognition of 52 

23 individual sedimentary cycles, that are correlated across the paleo-shelf and a possible 53 

“one-to-one” relationship is made to orbital time series and the deep-ocean benthic oxygen 54 

isotope (δ 18O) record. In general water depth changes were paced by ~20 kyr duration 55 

between 3.3-3.0 Ma, after which cycle duration is ~40 kyr during the late Pliocene (3.0-2.6 56 

Ma). This record provides a future opportunity to evaluate the amplitude and frequency of 57 

global, Pliocene glacio-eustatic sea-level change, independent of the global δ18O benthic 58 

record.  59 

 60 

1. Introduction  61 

 62 

1.1 Pliocene climate and sea-level change 63 

 64 

The mid- to late Pliocene (3.3-2.6 Ma) spans one of the most significant climatic transitions 65 

of the Cenozoic. It is characterised by global cooling from a climate with an atmospheric CO2 66 

concentration of ~400 ppm and temperature of 2-3°C warmer-than-present (summarised in 67 

Masson-Delmotte et al., 2013), to one marked by the progressive expansion of ice-sheets on 68 

northern hemisphere continents (e.g. Raymo, 1994) as CO2 fell below 300 ppm (DeConto et 69 

al., 2008). Consequently, the mid-Pliocene warm period (3.3-3.0 Ma) provides the most 70 

accessible and recent geological analogue for global sea-level variability relevant to future 71 

warming.  72 



 73 

Pliocene sea-level changes have been reconstructed using a variety of geological techniques, 74 

including benthic δ18O records and Mg/Ca paleothermometry, submerged coral reefs, the 75 

relationship between water-depth and salinity in the Red Sea (Rohling et al., 2014) and 76 

backstripped continental margins (Miller et al., 2012 and refs. therein). Although there are 77 

considerable uncertainties with all these techniques, a central value for peak global mean 78 

sea-level (GMSL), during the mid-Pliocene centred on ~20±10 m (above present day), has 79 

become widely accepted (Miller et al., 2012; Dutton et al., 2015).  80 

 81 

However, it now appears that estimating the absolute magnitude of peak Pliocene GMSL, 82 

with respect to present day, is beyond our current capability due to Earth deformation 83 

processes. Global mantle dynamic processes (Moucha et al., 2008; Müller et al., 2008) could 84 

contribute more than ±10 m to the uncertainty when reconstructing paleo sea-level. Visco-85 

elastic response of the crust and gravitational changes (glacio-isostatic adjustment; GIA) 86 

associated with the redistribution of water between ice sheets and the oceans can cause 87 

deviations from GMSL of the order of 5 to 30 m for sites in the far and near fields of ice 88 

sheets respectively (Raymo et al., 2011). Consequently, both GIA and dynamic topography 89 

signals can be as large as the sea-level estimate itself and current estimates of their 90 

amplitudes carry large uncertainties.  91 

 92 

While benthic δ 18O records provide the most detailed and well-dated proxy of climate 93 

variability during the Pliocene and Pleistocene (e.g. Lisiecki and Raymo, 2005), their signal 94 

reflects ocean temperature and ice volume. Calibration of the ice volume component of the 95 

δ18O record using sea-level reconstructions from far-field shallow-marine continental 96 



margins (Naish 1997; Miller et al. 2005; Naish & Wilson, 2009; Miller et al., 2012) is also 97 

complicated by uncertainties and assumptions. Backstripping approaches to date have 98 

uncertainties resulting from the broad depth ranges inherent to faunal paleodepth 99 

indicators. An additional impediment is that in many cases sea-level lowstand 100 

unconformities result in incomplete records which hinders determination of full amplitude 101 

sea-level variability. 102 

Notwithstanding this, far-field shallow-marine continental margins are less affected by GIA, 103 

and have the potential to capture the full amplitude of global sea-level changes on glacial-104 

interglacial time-scales (e.g. Naish and Wilson, 2009; Miller et al., 2012). Moreover, mantle 105 

dynamic processes are negligible at orbital timescales. If a more precise paleobathymetry 106 

can be reconstructed (e.g. Dunbar & Barrett, 2005), then a backstripping approach would 107 

produce a sea-level curve. Such a curve would be independent of the δ18O record that will 108 

allow the assumptions and uncertainties in the δ18O record to be assessed. 109 

Suitable continental margins require shallow-marine, sedimentary basins with high 110 

sedimentation rates (>1 m/kyr), where accommodation space (subsidence rate) has been 111 

sufficient to prevent shallow-marine or subaerial erosion during sea-level lowstands. This 112 

type of depositional setting can be a very sensitive recorder of multi-metre-amplitude, cyclic 113 

changes in water depth. 114 

 115 

Such sedimentary basins are rare, but do occur on convergent plate margins (e.g. Italy, 116 

Japan, New Zealand). Whanganui Basin, New Zealand, comprises one of the highest-117 

resolution, shallow-marine records of orbitally-paced, late Neogene global sea-level change 118 

(e.g. Naish et al., 1998). Its ~5 km thick, composite sedimentary-fill (Fleming, 1953; 119 



Anderton, 1981) accumulated as a consequence of relatively linear rate of basin subsidence 120 

due to plate boundary interactions behind the Hikurangi subduction zone off eastern New 121 

Zealand (Stern et al., 1992; Fig. 1). Sediment deposition in the basin has more-or-less kept 122 

pace with the rate of accommodation creation through the past 5 Ma (e.g. Naish et al., 123 

1998; Saul et al., 1999).  124 

 125 

 126 

Figure 1. a) Location map of Whanganui Basin in relation to the Pacific and Indo-127 

Australian Plate boundary (Hikurangi Trench). ODP site 1124 lies ~500 km offshore to 128 

the northeast of Wellington.  B) The location of the cores (Siberia-1 and Tiriraukawa-1; 129 

this study) and outcrop sections (Turakina: Patterson, 2014, Watershed Road: Sefton, 130 

2015 and Rangitikei: Journeaux et al., 1996; Kamp et al., 1998) are shown on the 131 

geological map with formation names and both the New Zealand stage names and 132 



international epochs noted. Strata generally dip at 5° southwest. C) The A – A’ schematic 133 

cross-section conceptually illustrates the southward migration of the depocentre and 134 

contemporaneous uplift in the north, exposing the geological units onshore (after Stern 135 

et al., 2013).  136 

 137 

1.2 Aims of this paper 138 

 139 

In this paper, we report on two new sediment cores (Siberia-1 and Tiriraukawa-1) that 140 

recovered a continuous and high-resolution (~1 m/kyr sedimentation rate) succession of 141 

cyclical environmental change from laterally adjacent outer to middle shelf environments, in 142 

Whanganui Basin, New Zealand. In contrast to Pleistocene-age cycles from Whanganui 143 

Basin, these have not been eroded during sea-level lowstands (Fig. 1). These cores, together 144 

with regional outcrop stratigraphy, provide the opportunity to fully resolve glacial-145 

interglacial sea-level changes between 3.3 and 2.6 Ma. 146 

 147 

The approach applied here involves a sedimentological description, down-core physical 148 

property measurements, and grainsize analysis to support a sedimentary facies 149 

interpretation of environmental change. We establish water depth changes using statistical 150 

analysis of extant benthic foraminiferal census data and Modern Analogue Technique (MAT) 151 

to reconstruct paleobathymetry of the continental shelf transect (e.g. Hayward et al., 1999; 152 

Hayward and Triggs, 2016). Sequence architecture across the SE-NW deepening wave-153 

graded paleo-shelf transect allows the lateral sedimentary expression of cyclical 154 

bathymetric changes to be evaluated in the context of changes in sediment supply, basin 155 

subsidence and sea-level change.  156 



 157 

Finally, we present an integrated age model, developed from magnetostratigraphy (Tapia et 158 

al., submitted), biostratigraphy and tephrochronology. Correlation of the sedimentary cycles 159 

identified within the two drill cores with cycles in other regional outcrop successions (Fig. 1) 160 

in the Rangitikei River Section (Kamp et al., 1998; Turner et al., 2005), Turakina River Section 161 

(Turner et al., 2005; Patterson, 2014) and Watershed Road Section (Sefton, 2015), 162 

constrained by the new chronostratigraphic framework, enables orbital-scale, glacial-163 

interglacial changes of water depth to be determined. We discuss the potential application 164 

of the new drill cores for quantitative reconstruction of the frequency and amplitude of 165 

global mean-sea-level change between 3.3-2.6 Ma, independent of the global δ18O benthic 166 

stack (Lisiecki & Raymo, 2005). 167 

 168 

 169 

2. Geologic setting 170 

 171 

The Whanganui Basin (Fig. 1) in western North Island is located southwest of an active 172 

volcanic arc (Taupo Volcanic Zone), and west of the accretionary prism that forms the 173 

leading edge of the overriding part of the Hikurangi Margin, where the oceanic Pacific Plate 174 

is subducting below continental crust of the Indo-Australian Plate (e.g., Kamp et al. 2004). 175 

The basin’s depocentre has migrated southwards since the Miocene at ~30 mm/yr from the 176 

King Country to the presently subsiding river valleys in the North Marlborough region (Fig. 177 

1c), as a topographic wave in response to redistribution of lithosphere over the mantle 178 

(Stern et al., 2013). Consequently, the position of the paleo-shoreline during deposition of 179 

the mid- to late Pliocene sediments was controlled by the southwest passage of the east-180 



west trending tectonic hinge line. Paleogeographic reconstructions (Bunce et al., 2009; 181 

Trewick and Bland, 2012) describe a broad west-facing marine embayment with an arcuate 182 

shoreline running along the north and western boundary, and exposed basement forming 183 

the ranges along its eastern margin (Fig. 2). Progressive uplift to the northeast and 184 

subsidence to the southwest has resulted in southward tilting of the strata on the order of 3 185 

- 15° to the southwest (Stern et al., 2013; Naish and Kamp, 1995; Journeaux et al., 1996). 186 

Additional influences arising from local isostatic rebound from subsequent erosion of over 187 

2000 m of exhumed material, exacerbated the uplift of the basin to the north (Pulford and 188 

Stern, 2004). 189 

 190 

 191 



Figure 2. A simplified paleogeographic reconstruction after Bunce et al., (2009) and 192 

Trewick and Bland (2012), displaying a semi-enclosed  embayment open to the 193 

dominant westerly wind, with an arcuate shoreline and a deepening shelf westward. 194 

Continental shelf (0-200 m) and deep marine (>200 m) are approximate. The location of 195 

outcrop sections and cores shown in Fig.1 are indicated.  196 

 197 

Previous attempts to reconstruct the amplitude of sea-level changes in Pliocene shallow-198 

marine cycles have been made from outcrops in the shallower eastern margin of the basin 199 

(Rangitikei River Section). However, these sediments accumulated in inner shelf to shoreline 200 

water depths, punctuated by erosional unconformities formed during glacial sea-level 201 

lowstands (Naish, 1997; Naish and Wilson, 2009). Accordingly, the sea-level estimates could 202 

only constrain minimum amplitudes.  203 

 204 

This paper addresses the mid- to late Pliocene (3.3-2.6 Ma) part of the stratigraphic 205 

succession exposed in the basin between the Rangitikei and Turakina Rivers (Fig. 1).  206 

 207 

3. Stratigraphic framework 208 

The Pliocene succession has been subdivided into three broad lithostratigraphic units, which 209 

display higher order sedimentary cyclicity (Journeaux et al., 1996; Naish and Kamp, 1995):  210 

(i) Upper part of the Tangahoe Formation deposited on the upper slope and outer 211 

shelf during the earliest part of the Waipipian Stage (early Pliocene, ~3.7-3.2 212 

Ma);  213 

(ii) The Utiku Group deposited on the outer to inner shelf during the late Waipipian 214 

Stage (mid-Pliocene; ~3.2-3.0 Ma); 215 



(iii) Mangaweka Mudstone deposited on the outer to middle shelf during the 216 

Mangapanian Stage (late Pliocene, ~3.0-2.6 Ma). 217 

 218 

Sediments forming the ~350 m-thick Utiku Group deepen laterally to the west across the 219 

basin starting at middle and inner shelf depths in the Rangitikei River Section and deepening 220 

to outer and middle shelf depths in the Turakina River Section. A regional subsidence event 221 

marks an abrupt deepening in the Rangitikei River Section at the top of the Utiku Group 222 

from inner shelf (50 m) to outer shelf (~150 m) depths, possibly in response to southward 223 

migration of the depocentre (Kamp et al., 1998). The overlying Mangaweka Mudstone was 224 

deposited in outer to middle shelf depths in the Rangitikei River Section and deepens west 225 

across the study area where it was deposited in an outer shelf to upper slope environment.  226 

 227 

The two drill sites were targeted to recover age-equivalent, continuous records of mid-228 

Pliocene strata, from different locations on a westward deepening paleo-shelf transect. The 229 

sites were chosen to avoid missing section due to lowstand erosion that characterises the 230 

Rangitikei River Section.  231 

 232 

3.1 Siberia-1 drill core 233 

 234 

Siberia-1 was spudded in July 2014, at Siberia Station 300 m east of the Turakina River 235 

(S39.6964° E175.5241°) into the lowermost part of the Mangaweka Mudstone (Fig. 1). It was 236 

cored continuously to a depth of 352 m with the exception of the upper 40 m, which was 237 

poorly-recovered unconsolidated recent colluvium. The recovered stratigraphic record 238 

contains 13 full sedimentary cycles, ranging from 10 to 50 m in thickness, within the Utiku 239 



Group that spans a downhole interval between 40-276 m. The cycles are characterised by 240 

oscillations in grainsize from 10-60% sand, and lithologic changes ranging from clay-rich 241 

mudstone and mudstone to fine-sandy mudstone/muddy sandstone (Fig. 3a). Cycle 242 

boundaries are conformable and correspond to the inferred shallowest paleobathymetry as 243 

expressed by maximum sand percentage. Physical properties logs of the borehole and the 244 

core also co-vary cyclically with grainsize, lithology and lithofacies variations (Fig. 3a). 245 

Elevated Natural gamma-radiation (NGR) activity associated with increased uranium, 246 

potassium and thorium in clay-rich sediments typically correspond to fine-grained 247 

lithologies. Likewise, magnetic susceptibility is stronger in finer-grained sediments 248 

containing a higher proportion of sub-micron ferromagnetic grains in the 249 

superparamagnetic state (Hunt, 1995). Sandier sediments in the core are characterised by 250 

relatively high resistivity and density, and low magnetic susceptibility and low NGR activity. 251 

 252 



 253 



 254 

Figure 3 (a) Siberia-1 and (b) Tiriraukawa-1 drill core showing core magnetostratigraphy 255 

and stratigraphy, lithofacies, clay/silt/sand percentage, natural gamma-ray (NGR) and 256 



magnetic susceptibility physical property logs, planktic foraminiferal percentage and 257 

palynological glacial-interglacial indices (for Siberia-1 only). Water depths derived by the 258 

benthic foraminiferal MAT (outlined in section 5.2) are displayed as mean values (dark 259 

blue rectangle) and minimum and maximum values (light blue bar). 260 

 261 

3.2 Tiriraukawa-1 drillcore 262 

 263 

Tiriraukawa-1 was spudded in August 2014, at Watershed Road, near Tiriraukawa 264 

approximately 18 km southeast of Siberia-1 and roughly halfway between the Rangitikei and 265 

Turakina rivers (S39.7625° E175.6689°; Fig. 1). It was cored continuously to a depth of 384 m 266 

with the exception of the upper 43 m, which also contained poorly-recovered 267 

unconsolidated recent colluvium. The recovered stratigraphic record contains 14 full 268 

sedimentary cycles, ranging from 10-60 m in thickness, within the Utiku Group spanning the 269 

downhole interval between 43-376 m. The cycles are generally sandier than Siberia-1 270 

reflecting a more shoreline-proximal location, and are characterised by oscillations in 271 

grainsize from 20-80% sand, and lithologic changes ranging from clay-rich 272 

mudstone/mudstone to fine-sandy mudstone/muddy sandstone/sandstone (Fig. 3b). Cycle 273 

boundaries are all conformable and correspond to the inferred shallowest points as 274 

expressed by maximum sand percentage. Physical properties logs of the bore hole and the 275 

core also co-vary cyclically with grainsize, lithology and lithofacies variations (Fig. 3b) and 276 

display a similar relationship to that described for the Siberia-1 core. 277 

 278 

3.3 Rangitikei River Section 279 



 280 

Rangitikei River Section in eastern Whanganui Basin contains a well-exposed 750 m thick 281 

Pliocene sedimentary succession that accumulated between 3.3–2.6 Ma (Journeaux et al., 282 

1996; Fig. 1). Lithofacies analysis, including laboratory grain-size determinations, and 283 

benthic foraminiferal paleowater depth estimates show that the lower 350 m (Utiku Group) 284 

accumulated predominantly in a shoreface to inner shelf environment. The overlying 400 m 285 

thick Mangaweka Mudstone accumulated in a middle to outer shelf environment (Kamp et 286 

al., 1998). Combined with the identification of sequence stratigraphic boundaries, 14 287 

sedimentary cycles were identified in the Utiku Group. In the outwardly structureless 288 

Mangaweka Mudstone, 9 sedimentary cycles are defined by changes in grain size, lithofacies 289 

and foraminiferal faunas (Fig. 4; Journeaux et al., 1996). Rapid deepening of greater than 290 

100 m across the Utiku Group-Mangaweka Mudstone boundary at ca 3 Ma occurs within a 291 

30 m thick stratigraphic interval. 292 

 293 

3.4 Watershed Road Section 294 

 295 

Late Pliocene Mangaweka Mudstone is exposed in a semi-continuous 672m thick road 296 

section south of Tiriraukawa, on the Watershed Road between the Rangitikei and Turakina 297 

River valleys (Fig. 1). A recent study by Sefton (2015) using lithofacies and benthic 298 

foraminiferal paleoecology shows that the section is dominated by clay-rich mudstone and 299 

mudstone, with 10-30% sand, deposited in outer shelf to upper slope water depths (Fig. 4). 300 

A silty sandstone lithology occurs at the top of the section near the boundary with the 301 

overlying Rangitikei Group (Naish and Kamp, 1995). While not continuously exposed, 7 302 

cycles of grainsize and benthic foraminiferal depth assemblages have been identified. 303 



 304 

3.5 Turakina River Section 305 

 306 

We present a new detailed middle Utiku Group stratigraphy based on river valley outcrop 307 

description and sedimentological analyses by Patterson (2014) at Siberia Station in the 308 

Turakina Valley south of Papanui Junction (Fig. 1; S39.69425 E175.52151). The 309 

stratigraphy provides a higher-resolution description and grainsize measurements in the 310 

context of broad regional mapping by McGuire (1989). The ~140 m-thick composite section 311 

fines upwards from 60% to 10% sand and is dominated by 6 cyclic-alternations of clay-rich 312 

mudstone and mudstone interpreted to be deposited on the middle to outer shelf. The 313 

succession includes the Kaena reversed- geomagnetic polarity subchron and spans ~3.12-3.0 314 

Ma (Turner et al., 2005). The stratigraphy and grain-size curve (sand percentage curve) can 315 

be readily correlated with Siberia-1 due to their close proximity and overlapping 316 

stratigraphy (Fig. 4). 317 

 318 



 319 

Figure 4. Correlation of sedimentary cycles independently-constrained by 320 

paleomagnetostratigraphy (pmag. strat.; black: normal; white: reversal; grey: uncertain) 321 

and tephra identified in outcrop sections of the Utiku Group and Mangaweka Mudstone 322 

(Rangitikei River, Watershed Road and Turakina River Sections) and drillcores 323 

(Tiriraukawa-1; Siberia-1) with published oxygen isotope records (ODP846, Shackleton et 324 

al., 1995 and LR04, Lisiecki and Raymo, 2005) and the global polarity timescale. Sand 325 

percentage provides a high resolution signature for lithofacies cycles not always 326 

identified visually by lithology, which are numbered 1 to 23. Water depths have been 327 

derived by application of the benthic foraminifera MAT . The paleomagnetic stratigraphy 328 



is after Turner et al., (2005) and Naish et al., (1997) for the Rangitikei section, Turner et 329 

al., (2005) for the Turakina section and Tapia et al., (submitted) for the drill cores. 330 

Biostratigraphic datums are after Cooper et al., (2004) and Raine et al., (2015). Tephra 331 

correlation and numeric ages discussed in the text are shown. This integrated 332 

chronostratigraphic framework allows correlation of Whanganui cycles 1-23 with the 333 

high-resolution, deep sea benthic δ18O record of ODP Site 846 (Shackleton et al., 1995; 334 

using the age model provided by Lisiecki and Raymo, 2005) and the benthic δ18O stack 335 

(LR04; Lisiecki and Raymo, 2005). 336 

 337 

4. Lithofacies analysis and sequence stratigraphy 338 

 339 

The twenty-three cycles identified within the Utiku Group (Cycles 1-14) and the Mangaweka 340 

Mudstone (Cycles 15-23) display continuous, recurrent vertically-stacked cyclical facies 341 

successions, whose identification is augmented by continuous grain-size analyses 342 

summarised as sand percentage (Fig. 4). Each sequence or sedimentary cycle is bounded by 343 

conformable boundaries (correlative conformities: CC) marking the shallowest point as 344 

shown by sand percentage. However, erosional unconformities mark some sequence 345 

boundaries in the shallow water Utiku Group facies cycles described in the Rangitikei River 346 

Section (e.g. Fig. 4; Kamp et al., 1998). Five lithofacies, identified on the basis of lithology, 347 

bioturbation and sedimentary structures, and their interpreted depositional environments, 348 

are used to highlight cyclicity (Table 1). The vertical occurrence of the facies in each of the 349 

23 sedimentary cycles is shown in Fig. 4. Later in this paper we provide a high-resolution age 350 

model that allows individual sedimentary cycles to be mapped from the shallow eastern 351 

margin (Rangitikei River Section) across the basin to the deeper water Turakina River 352 



Section/Siberia-1 drillcore further west, and correlated with orbital scale, glacial-interglacial 353 

cycles in the benthic oxygen isotope curve (Fig. 4). 354 

 355 

Table 1. Lithofacies codes, names, description, lithology and depositional environments 356 

observed in the cores (Facies 1-4) and Facies 5 -described in outcrop by Journeaux et al., 357 

1996. This facies scheme was also applied to the Mangaweka Group outcrop sections 358 

(described by Journeaux et al., 1996; Sefton, 2015).   359 

Code Facies Description Lithology Depositional 
Environment 

5 Well sorted 
Sandstone 

Fine Sandstone, brown, moderately to highly bioturbated, 
sparsely fossiliferous, massive to crudely bedded m-scale. 

Fine Sandstone Shoreface to 
Inner shelf 

4 Silty 
Sandstone 

Silty-Sandstone, green grey to grey brown, moderately 
bioturbated, burrowed. Sparsely to moderately fossiliferous, 
cm-scale bivalve fragments <15mm and dm-scale 
disarticulate and articulate bivalves up to 40 mm. Common 
discontinuous mm-scale lenticular laminae and sand-silt cm-
scale lenses. 

Silty Sandstone Inner shelf 

3 Fine sandy 
Mudstone 

Sandy Mudstone, green-grey, firm, moderately to highly 
bioturbated, discontinuous mm-scale very fine sand laminae, 
cm-scale bivalve fragments <15mm 

Fine Sandy 
Mudstone 

Middle shelf 

2 Weakly 
Stratified 
Mudstone 

Sandy- Siltstone, grey-brown, firm, moderately bioturbated 
and occasional burrows. Moderately fossiliferous, bivalve 
fragments <5mm on mm to cm-scale. Weakly stratified with 
mm-scale silt horizontal lenses. 

Very fine sandy 
Mudstone 

Outer to middle 
shelf 

1 Massive 
Mudstone  

Clay-rich Siltstone, blue grey, firm, moderately to highly 
bioturbated, chondrites, rare wispy silt-sand lenses. Sparsely 
fossiliferous, dm-scale frequency of disarticulate bivalves and 
gastropoda. 

Clay-rich 
Mudstone 

Outer shelf 

 360 

 361 

We have developed a sequence stratigraphic model (Fig. 5) based on the identification of 362 

fining- (deepening) upwards facies successions assigned to the transgressive systems tract 363 

(TST), and coarsening- (shallowing) upwards facies successions assigned to the regressive 364 

systems tract (RST; e.g. Naish & Kamp, 1997a). Given the lack of erosional unconformities 365 

and the relatively low amplitude of sea-level change implied by our data, our sequence 366 



model has similarities to the two-systems tract, transgressive-regressive model of Embry 367 

(1993). The boundary between the TST and RST is the maximum flooding surface (MFS) and 368 

marks the deepest part of each cycle corresponding to minimum percentage sand. The 369 

sequence boundary is defined by the maximum sand percentage, and corresponds to the 370 

deep-water correlative conformity coincident with relative sea-level lowstand, similar to a 371 

surface of maximum regression (Embry, 1993). We have identified five characteristic 372 

sequence motifs (Fig. 6) representing deposition on different parts of a shoreline to outer 373 

shelf continuum, during a cycle of relative sea-level change (Figs. 5 & 6). While we 374 

acknowledge they are laterally-grading variants along a depositional transect, these motifs 375 

are distinguished on the basis of the regular vertical recurrence.  Our interpretation of water 376 

depth is based on both sedimentological and benthic foraminiferal indicators, described in 377 

more detail below. The model substitutes time for space based on cycle correlations and 378 

time-depth relationships shown in Fig. 4. The idealised sequence architecture therefore 379 

results from a combination of descriptive facies analysis and the overlying 380 

chronostratigraphic template provided by the correlation of distinctive surfaces (sequence 381 

boundaries and maximum flooding surfaces, defined by sediment grain size) within the 382 

constraints of our age model. In the following section, the characteristics of each sequence 383 

motif are described from shallowest to deepest. 384 



 385 

Figure 5. Conceptual model developed chiefly from lithofacies and sequence stratigraphic 386 

analysis of the mid- to late Pliocene outcrop sections and drillcore illustrated in Fig. 4.  Five 387 

representative sedimentary motifs (A: Watershed; B: Rangitikei; c: Siberia-1; D: Tiriraukawa-388 

1; E: Utiku), named after the sections from which they have been synthesised, show the 389 



inferred stratigraphic position of sequence boundaries and intervening flooding surface. 390 

This helps infer transgression and regression in a cycle of relative sea-level change.  391 

 392 

Figure 6. Figure showing five sedimentary motifs (Fig. 5) arranged at increasing water depth 393 

across a shore-normal shelf cross-section to characterise the changes in lithofacies 394 

character and relative height of sequence stratigraphic surfaces in a typical mid- to late 395 

Pliocene Whanganui Basin sedimentary record of a sea-level cycle in the Utiku Group and 396 

Mangaweka Mudstone. Note how the sequence surfaces correspond to the relative sea-397 

level cycle shown on the right. 398 

 399 

4.1 Utiku motif  400 

 401 

Utiku motifs occur in the Utiku Group exposed in the Rangitikei river section. They are up to 402 

60 m-thick and contain the shallowest facies alternating between shoreface sandstone 403 

(Facies 5) and inner shelf silty sandstone (Facies 4). In some cases the lower boundary of the 404 

TST is unconformable and interpreted as erosion during subaerial exposure at sea-level 405 

lowstands and subsequent shoreline transgression (e.g. Kamp et al., 1998; Saul et al., 1999). 406 



 407 

4.2 Tiriraukawa-1 motif 408 

 409 

Tiriraukawa cycles typically occur in the Utiku Group in the Tiriraukawa-1 drillcore. They are 410 

up to 50 m thick and display alternations between inner shelf silty-sandstone (Facies 4) and 411 

middle shelf fine sandy-mudstone (Facies 3). They are laterally equivalent to Utiku cycles 412 

and bounded by correlative conformities (no lowstand erosion). Both magnetic 413 

susceptibility and NGR logs are markedly cyclic with finer grained clay-rich facies displaying 414 

higher values compared to clay-poor sandy facies.  415 

 416 

4.3 Siberia-1 motif 417 

 418 

Siberia cycles typically occur in the Utiku Group in the Siberia-1 drillcore. They are up to 20 419 

m thick and display alternations between fine sandy-mudstone and mudstone (Facies 3/2) 420 

deposited on the middle shelf and clay-rich mudstone deposited (Facies 1) on the outer 421 

shelf. They are laterally equivalent to Utiku and Tiriraukawa cycles and are bounded by 422 

correlative conformities (no lowstand erosion) further out on the shelf. Both magnetic 423 

susceptibility and NGR logs are markedly cyclic.  424 

 425 

4.4 Rangitikei and Watershed motifs 426 

 427 

Rangitikei cycles are exposed in outcropping Mangaweka Mudstone in the Rangitikei River 428 

section. Finer-grained, marginally deeper-water laterally-equivalent Watershed cycles are 429 

exposed in outcrop on the Watershed Road south of Tiriraukawa. Both sets of cycles are up 430 



to 60 m-thick and display alternations between middle shelf mudstone (Facies 2) and outer 431 

shelf clay-rich mudstone (Facies 1). While younger than the Utiku, Tiriraukawa and Siberia 432 

cycles, Rangitikei and Watershed cycles represent the deepest water sedimentary cycles in 433 

our model. They are generally thicker than the other inner to middle shelf cycle motifs, 434 

reflecting higher sedimentation rates during accumulation of the Mangaweka Mudstone, or 435 

a longer cycle duration. 436 

 437 

 438 

5. Reconstruction of paleoenvironment, water depth & climate 439 

 440 

The relative abundance of benthic foraminifera species preserved in marine sediments 441 

provides an environmental proxy sensitive to changes in wave and current energy, light 442 

penetration in the euphotic zone, bottom oxygenation and food availability. These 443 

environmental variables are often a function of water depth (e.g. Hayward, 1986; Hayward 444 

et al., 1999). Extant benthic foraminifera can be used to reconstruct broad changes in 445 

paleoecology, and thus determine water depth ranges. Cluster analysis of extant benthic 446 

foraminiferal faunas from the New Zealand continental shelf and shoreline, based on the 447 

relative abundance of species, has enabled the recognition of characteristic faunal 448 

associations with depositional environments (summarised in Hayward et al., 1999; Naish & 449 

Kamp, 1997b; Kamp et al., 1998; Naish and Wilson, 2009). While a statistical comparison of 450 

the presence and relative abundance of extant foraminifera in the Whanganui Basin Plio-451 

Pleistocene sediments, to modern sediments (MAT; Hayward and Triggs, 2016) has allowed 452 

a more quantitative reconstruction of water depth changes. 453 

 454 



5.1 Depositional environments from extant benthic foraminiferal associations 455 

 456 

Samples selected for census counts were split before dry sieving at 150 µm (Rangitikei and 457 

Watershed sections) and 125 µm (drill cores), from which a minimum of 200 specimens 458 

were counted and identified at species level. We have grouped these counts at genus level 459 

because of evolutionary changes and ambiguities with nomenclature. This allows 460 

comparison of our drillcore census data with those from the Rangitikei section (Journeaux, 461 

1995; Journeaux et al., 1996; Kamp et al., 1998) and the Watershed Road Section (Sefton, 462 

2015) which use a different species terminology.  463 

 464 

Q-mode cluster analysis using PAleontolgical STatistics software (PAST; Hammer et al., 465 

1999) was undertaken on 221 samples, from the two drill cores (65 samples) and outcrops 466 

in the Rangitikei (104 samples; Kamp et al., 1998) and Watershed Road sections (47 467 

samples; Sefton, 2015). PAST uses an unweighted, pair group average algorithm where 468 

clusters are joined on the basis of the chord distance between normalised vectors to 469 

produce a dendrogram from which associations were selected (Fig. 7). Six broad clusters 470 

were recognised, differentiated by a threshold of 0.9 on the chord distance scale, where 471 

branching occurs. Following Hayward and Triggs (2016), our chord distance was chosen to 472 

reduce the importance of highly abundant depth-insensitive (eurybathyal) genera (Hammer 473 

et al., 2001), such as Uvigerina, that while extant are not present in such large relative 474 

abundances today (Hayward, et al., 1999). In Table 2, we list abundant extant genera (> 5%) 475 

in each cluster, calculated after removing extinct genera.  476 



 477 

Table 2. Extant genus abundant over 10 % and 5 % (in brackets) for the six clusters identified 478 

in Fig. 7 with interpreted depositional environments. 479 

  Genus >10 % and (5 %) abundance  

Depositional 

environment 

Cluster 1 Anomalinoides, Uvigerina, Astrononion, (Elphidium) Inner to middle shelf 

Cluster 2 Anomalinoides, Uvigerina, Bulimina, Cibicides, 

(Notorotalia, Lenticulina) 

Outer shelf 

Cluster 3 Notorotalia, Uvigerina, Astrononion, (Elphidium) Mainly middle shelf, 

extending to inner shelf  

Cluster 4 Uvigerina, Notorotalia, Astrononion, Epistomina, 

(Anomalinoides, Bulimina, Cibicides) 

Mainly middle shelf, 

extending to inner shelf  

Cluster 5 Uvigerina, Cibicides, (Notorotalia, Astrononion, 

Anomalinoides) 

Mainly middle shelf, 

extending to inner shelf  

Cluster 6 Bulimina, Notorotalia, Cassidulina, (Astrononion, 

Uvigerina, Nonionellina)  

Outer shelf 



 480 

Figure 7. Dendrogram classification of the 221 samples referred to in the text (Rangitikei 481 

River Section, Journeaux et al., 1996; Watershed Road Section, Sefton, 2015; Siberia-1 and 482 

Tiriraukawa-1 cores, this study) for which six clusters are identified. Samples denoted TJ are 483 

for the Rangitikei section (Journeaux et al., 1996), WS apply to the Mangaweka Mudstone 484 



samples at the Watershed Road location (Sefton, 2015) and Tf (Tiriraukawa-1) or Sf (Siberia-485 

1) samples were specifically collected for this investigation.  486 

 487 

While benthic foraminifera that favour shallow marine environments (<100 m) are typically 488 

viewed as more sensitive to changes in water depth than deep marine species, the 489 

minimum range of water depths inhabited by the majority of species is on the order of 50 490 

m, which can lead to significant overlap of interpreted environments (Figure 4.6; Hayward et 491 

al., 1999). Most studies using paleoenvironmental information derived from foraminiferal 492 

assemblages have assessed changes of large-scale water depths on the shelf representing 493 

discrete environments  (~50-150 m; e.g. Naish and Kamp, 1997b; Hayward and Triggs, 494 

2016). Foraminiferal assemblages previously recognised could not be discriminated 495 

conclusively on the basis of assemblages identified in this study, as most genera were 496 

common to many samples (Table 2).  497 

 498 

However, Canonical Correspondence Analysis (CCA; Fig. 8) clearly displays a correlation 499 

between the faunal pattern, represented by the clusters/associations and percentage sand 500 

(lithology), interpreted as reflecting water depth on a wave-graded shelf, as the percentage 501 

sand vector is aligned with the first (x) axis, accounting for 62% of the variability. Known 502 

deep-water taxa such as Epistomina elegans (previously Hoeglundina elegans), Sphaeroidina 503 

bulloides and Hauslerella parri are positioned at the opposite end of the x-axis to genera of 504 

shallow-water affinity such as Zeaflorilus, Elphidum and Ammonia, consistent with the x-axis 505 

representing changes in water depth (Fig. 8). The sand percentage vector supports the 506 

general observation that changes in grainsize and benthic foraminiferal associations, and 507 

therefore sedimentary facies, reflect changes in water depth. The planktic percentage 508 



vector (Fig. 8) is commonly used as an oceanicity index (higher planktic percentage is 509 

associated with deeper waters; Hayward and Triggs, 2016), however we observe an 510 

opposite relationship in this dataset, suggesting that this relationship is less defined when 511 

only assessing shallow-marine environments.     512 

 513 

While systematic up-core or up-section cycles in clusters do occur and broad water depth 514 

ranges can be interpreted from the depositional environments, deepening and shallowing 515 

cycles were not readily identifiable using this approach, which is relatively insensitive as a 516 

quantitative method for identifying small changes in water depth (< 50 m) at shelf depths.  517 

 518 

 519 

  520 

 521 

Figure 8. Two-dimensional Canonical Correspondence Analysis (PAST; Hammer et al., 2001) 522 

of Pliocene foraminiferal census data, with the genus, six clusters (identified in Fig. 7) and 523 

vector arrows of the proxy environmental factors: sand and planktic foraminiferal 524 

percentage, for the two primary axes.  525 



 526 

Based on the clusters and CCA, Cluster 1 represents the shallowest environment of the inner 527 

to middle shelf. Clusters 2 and 6, suggest relatively deeper outer shelf environment, and 528 

Clusters 3, 4 and 5 suggest middle shelf depth ranges, extending into the inner shelf. We 529 

conclude from the census data and cluster analysis that the sediments were mainly 530 

deposited within a broad inner to outer shelf depositional setting and the cluster analysis 531 

does not systematically distinguish between inner to middle or middle to outer shelf 532 

environments.  533 

 534 

5.2 Depth estimates from extant benthic foraminiferal  535 

 536 

MAT (Hayward and Triggs, 2016) was applied to the census counts of extant benthic 537 

foraminiferal genera in the core and outcrop samples. This utilised a database of 240 538 

samples of the available 626 samples (< 300 m water depth) from estuarine to deep marine 539 

environments around New Zealand (Hayward et al., 1987; Hayward et al., 1999; Hayward 540 

and Triggs, 2016). The MAT determines the squared chord correlation coefficient between 541 

the Pliocene samples and modern database with known water depths (Hayward and Triggs, 542 

2016). The taxa selected for statistical comparison, were reduced from the 38 to 11 extant 543 

genera, using only those that showed a significant positive or negative correlation (> 0.3) 544 

with sand percentage in the samples considered as most depth sensitive (Table 3). Uvigerina 545 

was excluded due to the anomalously high counts, which are unprecedented in modern 546 

waters, leading to overestimated water depths in the Pliocene samples. Quinqueloculina 547 

was also excluded as it showed a strong negative correlation with sand percentage, whereas 548 

the modern environment shows a positive correlation.  549 



 550 

Table 3. Genus used in MAT determined by a significant correlation distance (1-r of 551 

Pearson’s r; Hammer et al., 2001) of more than ± 0.3 where 1 is a total positive correlation 552 

and -1 is a total negative correlation.  Bold genus were excluded for reasons outlined in the 553 

text. 554 

  Correlation 

Cibicides/Dyocibicides 0.73185746 

Elphidium 0.7003301 

Epistomina -0.65935378 

Gavelinopsis 0.53104466 

Ehrenbergina 0.47862384 

Zeaflorilus 0.37718921 

Nonionella/Nonionellina 0.36662149 

Cassidulina 0.3586587 

Gyroidinoides 0.35365782 

Sphaeroidina -0.35122694 

Trifarina 0.31889233 

Uvigerina -0.48496252 

Quinqueloculina -0.4522516 

 555 

A running weighted mean of the nearest three modern samples to the Pliocene samples 556 

(determined by the chord distance) was used, with the lowest and highest estimates used as 557 

the error in the method. Paleo-water depth estimates based on MAT from the foraminiferal 558 

census data are plotted with the graphical logs in Figs. 3 & 4 for all drillcore and outcrop 559 

stratigraphic sections and confirm a consistent relationship between percentage sand, facies 560 

and water depth.  561 



 562 

The Utiku Group described at the Rangitikei and Tiriraukawa-1 sites does not display 563 

sufficient sensitivity of the foraminiferal-derived paleobathymetry to resolve individual 564 

sedimentary cycles identified by the grainsize, lithofacies and sequence stratigraphy (Fig. 4). 565 

Siberia-1 appears to represent a “sweet-spot” on the paleo continental shelf where the MAT 566 

is sensitive to glacial-interglacial, fluctuations between middle and outer shelf water depths, 567 

and co-varies closely with facies and grainsize cycles. This likely reflects the presence and 568 

absence of key outer shelf genera (e.g. Epistomina, Sphaeroidina; Hayward et al., 1999).  569 

 570 

The Mangaweka Mudstone, described in the Rangitikei and Watershed Road sections, 571 

represents a significant deepening from the Utiku Group, and as such, the Rangitikei River 572 

Section records middle and outer shelf environments, while the Watershed Road Section, 573 

westward on the shelf transect, records outer to upper slope environments (Figure 4.5). Thus 574 

the Mangaweka Mudstone of the Rangitikei River Section and Siberia-1 core, represent 575 

similar  water depth ranges  throughout the deposition of the Utiku Group.  576 

The water depths determined by the MAT regularly display changes of ~100 m in Siberia-1, 577 

between minimum and maximum percent sand. This range of water depths is not supported 578 

by the paleoenvironmental interpretation of the lithofacies and sequence stratigraphy. 579 

However, they do match the phase and frequency of the shallowing and deepening cycles 580 

previously identified (Fig. 4).  581 

 582 

5.3 Climate variability from terrestrial palynology from Siberia-1 drill core 583 

 584 



Twenty-seven samples between 39.89 m and 299.99 m, with a sample resolution of 585 

approximately 10 m, from Siberia-1 were analysed for palynology, to determine the 586 

relationship between changes in terrestrial climate and the reconstructed water depth 587 

changes. Pollen and spore census counts were continued until one hundred pollen grains 588 

were counted on each slide and identified following the taxonomic groupings used in a 589 

comparable Pliocene marine study from ODP Site 1123, east of New Zealand (Mildenhall, 590 

2003; Mildenhall et al., 2004). At ODP Site 1123,  glacial-interglacial climate cycles are 591 

recorded as variations in carbonate percentage and showed a strong correlation with two 592 

glacial-interglacial climate-related  pollen indices:  593 

 Interglacial Vegetation (IGV)  warm climate index: (Podocarpidities species + 594 

Dacrydiumites praecupressinoides [Dacrydium]+ Araucariacites australis 595 

[Agathis]) / (Parvisaccites catastus [Halocarpus] + Microalatidites paleogenicus 596 

[Phyllocladus] + Nothofagidites lachlaniae [Fuscospora]+ Palaeocoprosmadites 597 

zelandiae [Coprosma]). 598 

 Glacial Vegetation (GV) a cool climate index, but with the possible bias from 599 

more easily transported bisaccate grains removed: (Parvisaccites catastus + 600 

Microalatidites paleogenicus + Nothofagidites lachlaniae 601 

+Palaeocoprosmadites zelandiae) / (total pollen- Podocarpidities species) 602 

 603 

Pollen preservation was frequently poor, and assemblages were of low diversity. Spores 604 

were approximately twice as abundant as pollen and were dominated by Cyathidites species 605 

(Cyathea). Pollen assemblages were dominated by Podocarpidites species., with common 606 

Dacrydiumites praecupressinoides and Nothofagidites lachlaniae. 607 



Variation in pollen assemblages were positively correlated with water depth changes 608 

inferred from the other environmental datasets, such that warm climate pollen assemblages 609 

(IGV) coincided with finer grained sediment and deeper water facies, and colder climate 610 

pollen assemblages corresponded with sandier sediments, and shallower facies (Fig. 3a). 611 

Although the depositional environment of the Siberia-1 core is considerably more proximal 612 

to land than ODP Site 1123, these ratios confirm climatically-driven vegetation changes 613 

were associated with our reconstructions of mid- to late Pliocene glacial-interglacial water 614 

depth variability.  615 

The variability of palynology index values on glacial-interglacial timecales is generally less 616 

than reported for the Middle and Late Pleistocene from ODP Site 1123 (Mildenhall et al., 617 

2004). There, IGV index values (typically  18-20 units), varied between -10 and +10. In 618 

contrast, IGV variation in the Siberia-1 core was in most cases <10 IGV units. For the GV 619 

index, the glacial-interglacial variation at ODP Site 1123 was ~50 units, again about twice as 620 

large as the glacial-interglacial in GV index values in the Siberia-1 core. This may reflect 621 

relatively muted vegetation change on glacial-interglacial scales during the mid-Pliocene 622 

(this study) compared to those driven by Pleistocene glacial-interglacial climate variability.  623 

 624 

6. Chronostratigraphy 625 

 626 

A chronostratigraphic framework for the mid- to late Pliocene sedimentary cycles is 627 

presented in Fig. 4. It allows recognition and correlation of 23 individual glacial-interglacial 628 

sedimentary cycles within drill core and outcrop data sets with individual cycles in benthic δ 629 

18O oxygen isotope record between 3.3 and 2.6 Ma. Our age model is based on the 630 



integration of previously published chronologies for the Rangitikei and Turakina river 631 

sections (Journeaux et al., 1996; Naish et al., 1998; Kamp et al., 1998; Turner et al., 2005) 632 

with a new high-resolution magnetostratigraphy for the Siberia-1 and Tiriraukawa-1 drill 633 

cores and the Watershed Road outcrop section (Tapia et al., submitted). It is constrained by 634 

biostratigraphy, numeric ages on rhyolitic tephra and their correlation to well-dated IODP 635 

Site 1124 record off eastern New Zealand (Fig. 4). 636 

 637 

6.1 Tephrostratigraphy & Tephrochronology 638 

 639 

Silicic arc volcanism, associated with the evolution of subduction of the Pacific Plate under 640 

western North Island, has regularly contributed both primary and secondary silicic 641 

volcaniclastic deposits to Whanganui Basin (Naish et al., 1996; 1998; Pillans et al., 2005) 642 

over the last 5 Ma. The well-dated ODP Site 1124 core, located east of New Zealand and 643 

downwind from onshore eruptive centres (Fig. 1), preserves a detailed eruption history of 644 

distal airfall deposits from both the Coromandel and Taupo volcanic centres over the last 645 

10-2 Ma and <2 Ma years, respectively (Carter et al., 2003, 2004). Many of these ODP Site 646 

1124 tephra have been geochemically characterised using glass shard major and trace 647 

element chemistry, and correlated to equivalent-aged tephra preserved within Whanganui 648 

Basin (e.g. Alloway et al., 2004, 2005).  649 

 650 

Siberia Tephra 651 



An ~40 cm thick, laterally-discontinuous, white-grey vitric-rich lapilli and ash bed, outcrops 652 

within fine-sandy mudstone of the Utiku Group in the Turakina River Section (McGuire, 653 

1989; Patterson, 2014), and occurs stratigraphically within Kaena Subchron (33 m above the 654 

base; Fig. 4; Turner et al., 2005). Its type section is located on the true right bank of the river 655 

(S 39.69576 E 175.52099) near a farm track bridge. Its base is marked by a sharp and wavy 656 

erosional lower contact with mudstone containing fine to medium pumiceous lapilli, grading 657 

upwards to fine vitric sand and silt that typically exhibit cm-thick parallel and planar cross-658 

stratification.  Increased bioturbation towards the upper gradational contact is indicated by 659 

distinctive 10 cm-long burrows backfilled with marine mudstone.  660 

 661 

Siberia Tephra resembles a shelf turbidite occurring within fine sandy-mudstone (Facies 3) 662 

at its type locality. Based on both the sedimentological architecture of this unit together 663 

with glass-shard geochemistry, which indicates a homogeneous composition (see below), 664 

we interpret this deposit as a submarine non-cohesive mass flow that likely originated as 665 

remobilised silicic volcaniclastic material that was channelised in the aftermath of a large 666 

onshore eruption and then transported offshore. Presently it is unknown if the Siberia 667 

Tephra at this occurrence represents the distal end-member of a proximal gas- (i.e. 668 

pyroclastic flow) to distal water- (i.e. hyperconcentrated- to flood-flow) supported 669 

continuum. 670 

 671 

While this channelised tephra was not identified in the Siberia-1 drillcore, located only 300 672 

m to the east of the type locality, its stratigraphic position was established on the basis of 673 

the similarity of grainsize curves, which allows accurate correlation of the sedimentary 674 

cycles described in outcrop with the drill core (Fig. 4). 675 



 676 

Major and trace element compositions of individual glass shards from both the Siberia tephra, 677 

at its type locality, and potential correlatives in the ODP Site 1124C core were characterised 678 

using electron microprobe and Laser Ablation-ICPMS techniques (see Supplementary 679 

Material). Selected major element bivariate plots (Fig. 9) and a similarity coefficient of >0.92 680 

establishes a strong correlation between Siberia Tephra and an equivalent-aged tephra (M12-681 

upper and M12-lower; see Fig. 9) occurring within a paleomagnetic interval of ODP Site 1124C 682 

identified as the Kaena subchron (3.116-3.032). ODP Site 1124 tephra beds have been dated 683 

by linear interpolation of sedimentation rates between astronomically-tuned key 684 

paleomagnetic polarity boundaries and isothermal plateau fission-track dated tephra (Carter 685 

et al., 2003, 2004; Alloway et al., 2005). Consequently, the base of M12 tephra has an 686 

estimated age of 3.090 Ma. Originally, the M12-upper (this study) was previously named M11 687 

(Stevens, 2010) and occurred at the base of core section 1124C-9H-2W-145 at mbsf 87.10 m. 688 

However, this tephra layer is now recognised as a continuation of M12 occurring within the 689 

uppermost part of the immediately underlying core section (1124C-9H-3W-20 at mbsf 87.40 690 

m), and therefore, is regarded in this study as a discrete layer representing the same eruptive 691 

event. Correlation between Siberia tephra and M12 is further supported by selected trace 692 

element bivariate plots (i.e. Sr v’s Nd, Zr, Zr v’s Nd, Y and Nd v’s Th; Fig. 10; Table 5). 693 

 694 

An age for the Siberia Tephra of 3.12 ± 0.18 Ma was established from U–Th–Pb analyses of 695 

zircon at Victoria University of Wellington, New Zealand, following the methods of Sagar 696 

and Palin (2011). This age confirms the more precise stratigraphic age established on the 697 

basis of tephrostratigraphy, but more importantly constrains the magnetostratigraphic 698 

interpretation (Fig. 11). 699 



 700 



Figure 9. A. Plots of SiO2 vs Na2O + K2O (wt. %) compositions of glass shards from mid- to 701 

late Pliocene tephra beds exposed in Whanganui Basin compared with similar aged tephra 702 

from ODP Site 1124C. All tephra are rhyolitic in composition (after Le Maitre, 1982) except 703 

for M14 (ODP Site 1124C), which straddles the rhyolite-dacite domains; B-D. Selected major 704 

element compositions (weight percent FeO vs CaO, K2O and TiO2) of glass shards from 705 

Kowhai, Tiri-1, Eagle Hill, Tiri-2, and Siberia tephra (Sefton, 2015) in comparison with seven 706 

tephra (M9, M10, M12 (upper; formerly M11), M12 (lower), M13, M14 and M15) of broadly 707 

similar age analysed from ODP Site 1124C (Stevens, 2010). The ODP-tephra beds have been 708 

dated by linear interpolation of sedimentation rates between astronomically-tuned key 709 

paleomagnetic polarity boundaries and ITPFT-dated tephra (Carter et al., 2003, 2004; 710 

Alloway et al., 2005). Insets highlight those tephra that are correlated in this study.  711 

 712 



Table 4. Summary of individual glass shard major-element compositions of tephra beds from the Mangaweka Mudstone at the Watershed 713 

Road section (Tiri-1 and -2 tephra), Ruahine Road Section, Mangaweka (Eagle Hill and Kowhai tephra), and the Siberia tephra located in Utiku 714 

Group in the Turakina Valley (Sefton, 2015). M12 tephra from ODP-1124C (Stevens, 2010) are included for comparison. Data displayed are 715 

weight percent means calculated on a water-free basis. Standard deviation (±1 SD) is indicated in brackets below mean values. All major 716 

element determinations were made on a JEOL Superprobe (JXA-8230) housed at Victoria University of Wellington, using the ZAF correction 717 

method. Analyses were performed using an accelerating voltage of 15 kV under a static electron beam operating at 8 nA. The electron beam 718 

was defocused between 10 to 20 m.   719 

 Mount position 
probe run 

SiO2 Al2O3 TiO2 FeO MgO MnO CaO Na2O K2O Cl H2O n 

Kowhai Tephra 

 

10-06-04 

(Aug. 21, 2014) 

77.77 
(0.58) 

12.67 
(0.19) 

0.10 
(0.02) 

1.37 
(0.09) 

0.08 
(0.06) 

0.03 
(0.01) 

0.92 
(0.10) 

3.55 
(0.37) 

3.33 
(0.19) 

0.18 

(0.01) 

3.91 
(0.92) 

20 

Tiri-1 tephra 

 

14-J1-4 

(Aug. 21, 2014) 
76.42 
(0.90) 

12.60 
(0.12) 

0.09 
(0.02) 

1.34 
(0.06) 

0.08 
(0.06) 

0.03 
(0.02) 

0.88 
(0.02) 

4.51 
(0.74) 

3.87 
(0.27) 

0.18 
(0.01) 

4.83 
(1.23) 

19 

Eagle Hill Tephra 

 

10-06-03 

(Aug. 21, 2014) 

74.74 
(0.53) 

14.20 
(0.12) 

0.40 
(0.02) 

2.84 
(0.11) 

0.37 
(0.07) 

0.05 
(0.01) 

2.24 
(0.07) 

2.57 
(0.69) 

2.42 
(0.20) 

0.15 
(0.02) 

6.68 

(1.66) 
17 

Tiri-2 tephra 

 

14-J1-5 

(Aug. 21, 2014) 
74.22 
(0.41) 

14.26 
(0.13) 

0.41 
(0.01) 

2.78 
(0.08) 

0.40 
(0.07) 

0.06 
(0.02) 

2.24 
(0.10) 

2.93 
(0.43) 

2.54 
(0.11) 

0.16 
(0.01) 

6.55 
(1.02) 

20 

Siberia tephra 

 

10-06-01     
(Aug. 21, 2014) 

76.06 
(0.54) 

12.94 
(0.22) 

0.19 
(0.02) 

1.42 
(0.12) 

0.20 
(0.06) 

0.04 
(0.10) 

1.33 
(0.10) 

4.47 
(0.52) 

3.16 
(0.13) 

0.19 
(0.01) 

3.68 
(1.03) 

18 

M12 (upper) # - formerly M11                
1124C-9H-2W-145 (mbsf 87.10 m) 

 
77.00 
(1.77) 

12.70 
(0.88) 

0.21 
(0.11) 

1.40 
(0.38) 

0.21 
(0.12) 

- 
1.40 

(0.38) 
3.50 

(0.47) 
3.44 

(0.45) 
0.18 

(0.09) 
4.71 

(2.51) 
18 

M12 (lower) #  1124C-9H-3W-20 

(mbsf 87.40 m) – 3.090 Ma 
 

76.10 
(1.72) 

13.30 

(1.03) 

0.18 

(0.12) 

1.43 
(0.50) 

0.23 
(0.14) 

- 
1.37 

(0.48) 

3.84 
(0.32) 

3.38 
(0.69) 

0.19 

(0.07) 

5.45 

(1.36) 
18 

Glass Standard ATHO-G (Aug. 21, 2014) 75.61 
(0.54) 

12.20 
(0.09) 

0.26 
(0.02) 

3.27 
(0.11) 

0.10 
(0.06) 

0.11 
(0.02) 

1.70 
(0.05) 

3.73 

(0.28) 

2.64 

(0.05) 

0.05 
(0.03) 

99.66 
(0.76) 

73 

720 



Table 5. Summary of glass shard trace element compositions of mid- to late Pliocene tephra, Whanganui Basin, obtained by LA-ICP-MS at 721 

University of Wales, Aberystwyth. All concentrations in ppm unless otherwise stated,  standard deviation (±1 SD) is indicated in brackets below 722 

mean values. Trace element data from two ODP-1124C tephra (M12-upper (formerly M11) and M12-lower) obtained by LA-ICP-MS at Victoria 723 

University of Wellington by Stevens (2010) are included for direct comparison with Siberia tephra. For VUW LA-ICP-MS operational 724 

specifications and standards as well as, trace element glass shard data for similar-aged ODP-1124C tephra (i.e. M9, M10, M13, M14 and M15) 725 

please refer to Stevens (2010).   726 

Sample 
Int'l std - 

SiO2  wt% 
Rb Sr Y Zr Nb Cs Ba La Ce 

Kowhai Tephra 77.77 152.07  78.49  37.57  158.15  9.58  6.24  1031.52  33.20  66.27  

(10-06-4)  (6.73) (13.96) (3.63) (29.64) (0.80) (0.37) (87.76) (3.15) (4.22) 

Tiri-1 tephra 76.42 152.22  81.74  37.13  143.23  8.83  6.27  1083.20  32.71  65.77  

(14-J1-4)  (9.33)  (15.77)  (3.49)  (24.52)  (0.63)  (0.65)  (69.14)  (4.82)  (5.26)  

Eagle Hill Tephra 74.74 117.12  180.22  38.00  299.82  9.26  5.24  852.48  27.91  55.82  

(10-06-3)  (5.50) (17.01) (3.40) (25.17) (0.70) (0.30) (49.09) (2.51) (4.46) 

Tiri-2 tephra 74.22 133.97  152.77  33.90  255.21  9.39  5.65  847.36  26.00  54.83  

(14-J1-5)  (20.40) (35.73) (2.39) (26.27) (0.72) (0.53) (61.36) (1.93) (2.79) 

Siberia  Tephra 76.53  116.23  114.98  28.70  198.28  7.33  5.21  958.29  25.98  48.03  

(10-06-1)  (12.74) (39.11) (4.25) (34.68) (0.82) (0.87) (113.01) (3.35) (5.24) 

ATHO-G May 2014 Analyses 1.66  65.09  94.62  99.61  524.24  62.85  1.01  528.90  54.69  118.19  

 (0.17) (3.45) (5.16) (4.72) (28.04) (2.29) (0.13) (22.56) (2.56) (7.80) 

M12-upper*  126.04  80.69  24.10  156.40  7.09  7.53  839.64  22.46  44.61  

(formerly M11)  (5.96) (16.34) (7.27) (42.71) (0.95) (0.58) (53.04) (3.86) (3.67) 

M12-lower*  135.15  89.81  22.93  172.11  7.25  8.13  864.83  22.92  45.36  

    (19.58) (21.08) (5.93) (57.55) (0.73) (1.56) (86.66) (3.37) (3.96) 

 727 

Sample Pr Nd Sm Eu Gd Tb Dy Ho Er Tm 

Kowhai Tephra 7.30  29.75  6.74  0.81  6.62  1.05  6.72  1.42  3.99  0.67  

(10-06-4) (0.75) (3.17) (1.06) (0.25) (1.61) (0.20) (0.84) (0.24) (0.78) (0.16) 

Tiri-1 tephra 7.56  31.10  6.89  0.88  6.89  1.01  6.65  1.36  4.17  0.68  

(14-J1-4) (0.95)  (4.47)  (1.77)  (0.30)  (1.89)  (0.18)  (1.25)  (0.28)  (0.77)  (0.38)  



Eagle Hill Tephra 6.70  28.54  6.06  1.11  6.87  1.02  6.99  1.41  4.19  0.60  

(10-06-3) (0.60) (2.94) (1.29) (0.29) (1.53) (0.18) (0.81) (0.19) (0.69) (0.13) 

Tiri-2 tephra 6.26  25.42  6.34  0.99  6.02  0.94  6.09  1.26  4.04  0.58  

(14-J1-5) (0.47) (3.04) (1.67) (0.25) (1.45) (0.18) (0.88) (0.22) (0.61) (0.11) 

Siberia  Tephra 5.67  22.28  4.76  0.71  4.65  0.77  4.64  1.04  3.13  0.55  

(10-06-1) (0.71) (3.30) (1.30) (0.31) (1.60) (0.16) (0.84) (0.24) (1.04) (0.20) 

ATHO-G May 2014 Analyses 14.12  59.57  14.11  2.69  15.71  2.62  16.33  3.69  11.12  1.58  

 (0.73) (4.00) (1.30) (0.30) (1.36) (0.27) (1.18) (0.27) (1.19) (0.15) 

M12-upper 4.76  18.93  2.73  0.43  3.33  0.45  3.82  0.80  2.50  0.33  

(formerly M11) (0.70) (3.47) (1.45) (0.30) (1.40) (0.14) (0.81) (0.25) (0.70) (0.25) 

M12-lower 4.72  18.32  3.59  0.60  3.44  0.52  3.64  0.78  2.42  0.37  

  (0.57) (3.38) (0.76) (0.15) (0.96) (0.11) (0.80) (0.16) (0.60) (0.11) 

 728 

Sample Yb Lu Hf Ta Th U n 

Kowhai Tephra 4.12  0.67  5.71  0.99  18.15  5.09  22 

(10-06-4) (0.59) (0.18) (0.95) (0.19) (1.64) (1.87)  
Tiri-1 tephra 4.26  0.68  5.51  0.94  17.87  6.16  21 

(14-J1-4) (1.33)  (0.26)  (1.63)  (0.24)  (2.51)  (5.74)   
Eagle Hill Tephra 4.03  0.67  8.14  0.77  13.49  3.18  21 

(10-06-3) (0.58) (0.16) (0.92) (0.20) (0.99) (0.43)  
Tiri-2 tephra 3.71  0.60  7.74  0.80  12.64  3.46  22 

(14-J1-5) (0.49) (0.16) (0.78) (0.20) (1.25) (0.46)  

Siberia  Tephra 3.46  0.62  6.13  0.75  15.06  3.39  25 

(10-06-1) (0.79) (0.20) (1.53) (0.25) (1.58) (0.41)  

ATHO-G May 2014 Analyses 10.59  1.55  14.13  4.02  7.31  2.38 36 

 (0.90) (0.19) (1.06) (0.23) (0.47) (0.20)  

M12-upper 2.06  0.38  3.94  0.53  12.97  2.53  13 

(formerly M11) (0.59) (0.30) (1.21) (0.28) (2.72) (0.29)  

M12-lower 2.68  0.40  5.08  0.73  14.35  3.23  18 

  (0.68) (0.09) (1.34) (0.12) (3.17) (0.55)   

729 



 730 

 731 

Figure 10. Selected trace element bivariate plots (Sr v’s Nd, Zr, Zr v’s Nd, Y and Nd v’s Th) 732 

determined by grain discrete LA-ICP-MS analysis (Table 5). Here, Kowhai, Tiri-1, Eagle Hill, 733 

Tiri-2 and Siberia tephra (Sefton, 2015) are plotted with respect to seven tephra (M9, M10, 734 

M12-upper, M12-lower, M13, M14 and M15) of similar age analysed from ODP Site 1124C 735 

(Stevens, 2010). Tephra symbols are the same as those listed in Fig. 9. 736 



 737 

Figure 11. Isoplot of 13 crystals Pb/U measurements from discrete zircons, with the 738 

weighted mean calculated at 3.12 ± 0.18 Ma. U–Th–Pb–TE isotopic analyses were 739 

performed with an Australian Scientific Instruments RESOlution SE excimer (193 nm) laser 740 

ablation system, fitted to a Laurin Technic SR–155 sample cell and an Agilent 7500cs 741 

quadrupole inductively–coupled plasma mass spectrometer (ICP–MS). The forty analysed 742 

zircons have common-Pb corrected (*) 206Pb/238U dates ranging from 2.5 to 1147 Ma, 743 

excluding those dates that are negative within error. Twenty-one of the dates are Cenozoic, 744 

13 of which yield an error-weighted mean 206Pb*/238U age of 3.12 ± 0.18 Ma (n = 13; mean 745 

squared weighted deviation (MSWD) = 1.6). Dates that are clearly inherited were excluded 746 

from the error-weighted mean age calculation, along with those identified using the TuffZirc 747 

algorithm of Isoplot 4.15 (Ludwig and Mundil, 2002) as subtle inheritance, having excessive 748 

errors, or affected by minor Pb-loss. 749 

 750 

 751 

Tiri tephra  752 

Two thin (< 5 cm-thick), white, heavily-bioturbated and discontinuous vitric-rich tephra 753 

horizons, stratigraphically separated by 8 m of mudstone, outcrop on Watershed Road 754 



(S39.7726° E175.6755°) 150 m above the base of the Mangaweka Mudstone within clay-rich 755 

outer shelf mudstone (Facies 1). The lower and upper tephra are named Tiri-1 and Tiri-2 756 

respectively. Glass shards from both Tiri tephra as well as two potential correlatives, Kowhai 757 

and Eagle Hill tephra previously described from sections along Ruahine Road, Mangaweka 758 

(Naish et al., 1996), were geochemically characterised by EMP and LA-ICP-MS techniques.  759 

While all tephra can be classified as rhyolitic (Le Maitre, 1984), the Eagle Hill tephra and Tiri-760 

2 are noticeably distinctive from Kowhai and Tiri-1 tephra on the basis of their glass shard 761 

major element chemistry (i.e. FeO v’s CaO, K2O, TiO2; Fig. 9; Table 4). Similarly, these same 762 

tephra can be clearly distinguished by glass shard trace element concentrations (i.e. Sr v’s 763 

Nd, Zr, Zr v’s Nd, Y and Nd v’s Th; Fig. 10; Table 5), which confirms tephra correlation 764 

indicated from major element chemistry.  765 

In this study, we have derived a zircon fission-track age of 2.7 ± 0.3 Ma (1 σ; Fig. 12) for 766 

Eagle Hill Tephra (Tiri-2 correlative) at its type locality in the Rangitikei River section (Naish 767 

et al., 1997). While the error is large, the weighted mean is statistically indistinguishable 768 

from a stratigraphic age of 2.88 Ma derived using sedimentation rates (Naish et al., 1996) 769 

and U/Pb age of 2.85 ± 0.2 Ma reported by McIntyre (2002).  770 

The correlation of the Eagle Hill and Kowhai to Tiri-2 and Tiri-1 tephra constrains the 771 

magnetostratigraphic interpretation of the Watershed Road section (see below), which 772 

supports the one-to-one correlation of sedimentary cycles within the Mangaweka 773 

Mudstone between the Watershed and Rangitikei sections. This correlation suggests that 774 

the Eagle Hill and Kowhai (Tiri-2 andTiri-1) tephra were deposited between marine isotope 775 

stage G10-G9 (~2.8 Ma; Fig. 4). 776 



 777 

Figure 12. Radial plot of single-grain zircon ages (1-16) from the Eagle Hill tephra provide an 778 

age of 2.7 ± 0.3 Ma (1σ). Raw data and detailed methodology is available in Sefton (2015). 779 

The y-axis displays the unit standard error. The fission-track analysis follows the external 780 

detector method (Hurford and Green, 1983). Ages were calculated using a zeta value of 120 781 

± 5. A value of 95% for the chi-squared test (χ2) indicates that the zircons analysed are from 782 

a single zircon population. 783 

6.2 Biostratigraphy 784 

 785 

Key biostratigraphic constraints include: 786 

(i) The occurrence throughout Tiriraukawa-1 core and Rangitikei River Section of 787 

the scallop Mesopeplum crawfordi within the Utiku Group, which is restricted to 788 

the New Zealand Waipipian biostratigraphic stage (3.7-3 Ma; Beu and Maxwell, 789 

1990; Raine et al., 2015).  790 



(ii) The Last Appearance Datum (LAD) of the benthic foraminifera Cibicides molestus 791 

toward the base of the Mangaweka Mudstone in the Rangitikei River (Journeaux 792 

et al., 1996), Watershed Road, and Turakina River Sections (McGuire, 1989) has 793 

previously been assigned to the base of the Mangapanian Stage dated to ca. 3 794 

Ma (Cooper et al., 2004). However, this datum has been demonstrated to be 795 

diachronous across Whanganui Basin due to the restricted depositional 796 

environment of C. molestus (Cooper et al., 2004).  A linear sedimentation rate of 797 

0.89 m/kyr (for the first Gauss Normal subchron 3.032-2.58 Ma) dates the LAD to 798 

2.88 Ma, while the one-to-one correlation of sequence stratigraphic cycles to the 799 

benthic δ18O record dates the LAD between marine isotope stage G12 and G11 800 

(~2.85-2.83 Ma).  801 

 802 

6.3 Magnetostratigraphy & correlation to the Geomagnetic Polarity Timescale (GPTS) 803 

 804 

Metre-spaced sampling resolved a R-N-R-N-R (upward) polarity zonation for the Siberia-1 drill 805 

core and a R-N-R-N-R-N (upward) polarity zonation for the Tiriraukawa-1 drill core (Fig.4; 806 

Tapia et al., submitted). The R-N-R-N (upward) polarity zonation previously described for the 807 

Utiku Group strata in Rangitikei and Turakina sections was interpreted as the Mammoth 808 

(3.330-3.207 Ma) and Kaena (3.116-3.032 Ma) reversed polarity subchrons within the Gauss 809 

normal chron (3.580 – 2.581 Ma) based on their positions within much longer polarity 810 

zonations and biostratigraphic constraints (Turner et al., 2005) and the age of the younger 811 

basin-fill (Naish et al., 1998). The presence of a short reversed polarity interval in the top of 812 

both drill cores is suggested to be a previously undocumented short-lived polarity interval or 813 

cryptochron within the Gauss Normal Chron recorded because of high sedimentation rates 814 

(1-2m/kyr) and the highly-resolved sampling (Tapia et al., submitted).  815 



It is unlikely to correspond to the Gauss/Matuyama N-R transition (2.58 Ma), as in the 816 

Rangitikei and Turakina, this occurs in the upper part of the Mangaweka Mudstone, some 400 817 

m and 700 m above the Kaena, respectively (Naish et al., 1998; Turner et al., 2005). An N-R 818 

transition just above the Mangaweka Mudstone in Watershed Road section was also 819 

interpreted as the Gauss-Matuyama boundary in the lower-resolution study of Sefton (2015). 820 

This is supported by previous mapping of the Rangitikei Group strata in the region (Naish and 821 

Kamp, 1995), biostratigraphic constraints, and the age and occurrence of the Eagle Hill Tephra 822 

(Tiri-2 correlative) in the lower part of the Watershed Road section. 823 

The established magnetostratigraphy of the Turakina section also identifies the Gilbert-Gauss 824 

(3.58 Ma) R-N transition in the underlying Tangahoe Mudstone, 300 m below the Mammoth 825 

subchron (Turner et al., 2005).  826 

The correlation of the polarity stratigraphy in the two drillcores with the GPTS (Ogg, 2012) as 827 

proposed by Tapia et al., (submitted) is further strengthened by the U-Pb age of 3.12  0.18 828 

Ma obtained for the Siberia Tephra which occurs in Kaena Subchron in both the Turakina River 829 

section and ODP Site 1124. 830 

 831 

7. Discussion and conclusion.  832 

 833 

7.1 Orbitally-paced, glacial-interglacial shallow marine sedimentary cycles 834 

 835 

We have established a cyclostratigraphic framework for the mid- to late Pliocene strata, and 836 

have identified 23 individual shallow-marine sedimentary cycles within the integrated drill 837 



core and outcrop data set, that can be correlated with individual cycles in the benthic δ18O 838 

oxygen isotope record between 3.3 and 2.6 Ma (Fig. 4). A possible one-to-one correlation is 839 

made in Fig. 4, within the constraints of the chronostratigraphy, which establishes the 840 

relationship between the sedimentary cycles, frequency of the orbital forcing and the 841 

benthic oxygen isotope curve. While the water depths derived from benthic foraminiferal 842 

MAT generally display synchronous shallowing and deepening cycles with those based on 843 

lithofacies analysis, sequence stratigraphy and grainsize variations, they generally over-844 

estimate relative amplitude of water depth changes suggested by the depositional 845 

environments interpreted from variations in lithofacies. This is not unexpected given the 846 

wide depth-ranges inhabited by key depth dependent genera. Previous applications of 847 

benthic formainiferal census data to reconstruct water depths in Whanganui Basin Pliocene 848 

strata (e.g. Naish & Kamp, 1997), had a restricted shoreline-proximal assoaciation which 849 

provided tigher constraints on shallowest water depths. This approach is less sensitive on 850 

the middle to outer shelf. Notwithstanding the lack of precision in amplitude, in the absence 851 

of a signficant northern hemsiphere continental ice sheet prioir to ~2.7 Ma, amplitudes 852 

greater than ~30m seem unlikely. Coeval, and broadly in-phase, fluctuations observed in the 853 

depositional environment interpretations, water depth proxies and climatic pollen indices, 854 

stengthen the linkage between regional climate and sea-level variability, and is consistent 855 

with a global climate driver on glacial-interglacial timescales. The cycles themselves, 856 

progressively deepen across a broad west-facing, wave-graded paleo-shelf transect from 857 

inner to outer shelf water depths, from the Rangitikei River section to the Turakina section, 858 

respectively.  859 

 860 



While, our independent chronostratigraphic framework allows possible one-to-one 861 

correlations to be made between the sedimentary cycles and the high-resolution ODP Site 862 

846 benthic δ18O record (Shackleton et al., 1995) through the mid-Pliocene interval (~3.3-863 

3.0 Ma; with one exception – Cycle 12 in Fig. 4), which is not possible for the same interval 864 

in the benthic δ18O stack (Lisiecki & Raymo, 2005; Fig. 4), implying that the benthic stack is 865 

of lower-resolution and  missing detail due too smoothing by the stacking methodology 866 

and/or poorly resolved individual  δ18O time series over this interval. Cycles 1-14 within the 867 

mid-Pliocene Utiku Group appear to correspond to dominantly ~20-kyr-duration glacial-868 

interglacial fluctuations in global sea-level (e.g. Meyers and Hinnov, 2010). The dominance 869 

of precession-forcing is not surprising as the Mammoth and Kaena Subchron’s span a period 870 

of low obliquity variance and high precession variance, correpsonding to a 1.2 Myr node in 871 

long-term obliquity and modulation of precession by high eccentricty due to the  the 400-872 

kyr cycle. The dominance of precession does, however, imply a dominance of ice volume 873 

variability from one polar region over the other, likely the Antarctic based on evidence from 874 

a proximal ice-berg rafted debris record (Patterson et al., 2014),  and a general lack of 875 

evidence for large northern hemisphere ice sheet variance at this time. Cycles 15-23 in the 876 

late Pliocene Mangaweka Mudstone by contrast, correspond to dominantly ~40 kyr-877 

duration glacial-interglacial fluctuations in sea level (Lisiecki and Raymo, 2005), perhaps in 878 

response to the development and relative dominance  of developing continental ice sheets 879 

in the Northern Hemisphere after ~2.9 Ma (e.g. Raymo, 1994; Maslin et al., 1998). 880 

 881 

7.2 Implications for reconstructing glacial-interglacial sea-level change. 882 

 883 



The continuous record of orbitally-paced water depth changes recorded by the Whanganui 884 

shallow-marine sedimentary cycles, described here, provides a unique opportunity to 885 

reconstruct the amplitude of glacial-interglacial fluctuations in GMSL during the warmer 886 

than present mid-Pliocene (3.3-3 Ma) and the late Pliocene (3-2.6 Ma), independent of the 887 

oxygen isotope record (c.f. Naish and Wilson, 2009; Miller et al., 2012). 888 

 889 

A complex history of long-term tectonic subsidence during deposition of the Pliocene 890 

sediments, followed by uplift and exhumation during the late Quaternary, means it is not 891 

possible to register GMSL during interglacial highstands of the mid-Pliocene from 892 

Whanganui Basin to the present. Moreover, as outlined in the introduction of this paper, 893 

the influence of mantle dynamics on vertical land movement over the last 3 Ma renders 894 

peak Pliocene GMSL potentially unknowable (Rovere et al., 2014). 895 

 896 

However, mantle dynamics have significantly less influence on glacial-interglacial timescales 897 

(Austermann et al., 2017). Therefore, by using a backstripping approach to remove the 898 

influence of sediment compaction and tectonic subsidence on relative sea-level changes 899 

(e.g. Kominz & Pekar, 2001; Miller et al., 2012), combined with correction for GIA (e.g. 900 

Raymo et al., 2011), it may be possible to reconstruct the amplitude of glacial-interglacial 901 

GMSL changes during the mid- to late Pliocene from the Whanganui Basin record. This 902 

approach, together with an understanding of the frequency of sea-level change, could 903 

provide important insights to the relative contribution of polar ice sheets to GMSL and thus 904 

ice-sheet sensitivity under past climate conditions that were similar to those predicted for 905 

the coming centuries.  906 

 907 



8. Acknowledgements 908 

 909 

The Royal Society of New Zealand, Marsden Grant 13 VUW 112, funded this research. The 910 

authors would like to acknowledge Webster Drilling and Exploration Ltd for the drilling 911 

operations and Alex Pyne and Darcy Mandeno of the Antarctic Research Centre, Science 912 

Drilling Office for drilling logistics support. Nick Pearce, Department of Geography & Earth 913 

Sciences, Aberystwyth University, UK, is thanked for his assistance in the acquisition of glass 914 

shard LA-ICP-MS data. 915 

 916 

9. References 917 

 918 

Alloway, B.V., Pillans, B.J., Naish, T.R., and Westgate, J.A. (2004). Age and correlation of Ototoka 919 

tephra. Appendix in “Molluscan biostratigraphy of oxygen isotope stages of the last 2 million years in 920 

New Zealand”. Part 1. Revised generic positions and recognition of warm- and cool-water migrants. 921 

Beu, A.G. Journal of the Royal Society of New Zealand 34, pp.261-265. 922 

Alloway, B.V., Pillans, B.J., Carter, L., Naish, T.R. and Westgate, J.A., 2005. Onshore–offshore 923 

correlation of Pleistocene rhyolitic eruptions from New Zealand: implications for TVZ eruptive history 924 

and paleoenvironmental construction. Quaternary Science Reviews, 24(14), pp.1601-1622. 925 

Anderton, P.W., 1981. Structure and evolution of the south Wanganui Basin, New Zealand. New 926 

Zealand journal of geology and geophysics, 24(1), pp.39-63. 927 

Anderton, P.W., 1981. Structure and evolution of the south Wanganui Basin, New Zealand. New 928 

Zealand journal of geology and geophysics, 24(1), pp.39-63. 929 

Austermann, J., Pollard, D., Mitrovica, J.X., Moucha, R., Forte, A.M., DeConto, R.M., Rowley, D.B. 930 

and Raymo, M.E., 2015. The impact of dynamic topography change on Antarctic ice sheet stability 931 

during the mid-Pliocene warm period. Geology, 43(10), pp.927-930. 932 



Beu, A. G., and Maxwell, P. A. 1990. Cenozoic Mollusca of New Zealand. New Zealand Geological 933 

Survey Paleontological Bulletin 58, 518 pp. 934 

Bunce, M., Worthy, T.H., Phillips, M.J., Holdaway, R.N., Willerslev, E., Haile, J., Shapiro, B., 935 

Schofiled, R.P., Drummond, A., Kamp, P.J.J. and Cooper, A. 2009: The evolutionary history of the 936 

extinct ratite moa and new Zealand Neogene paleogeography. Proceedings National Academy of 937 

Sciences www.pnas.org/cgi/doi/10.10.1073/pnas.0906660106 938 

Carter, L., Shane, P., Alloway, B., Hall, I. R., Harris, S.E., Westgate, J.A. 2003. Demise of one volcanic 939 

zone and birth of another – a 12 Ma Deep Ocean record of major rhyolitic eruptions from New Zealand. 940 

Geology, 31, pp.493-496.  941 

Carter, L., Alloway, B., Shane, P., and Westgate, J.A. 2004. Late Cenozoic major rhyolitic eruptions 942 

and dispersal – Deep ocean records from off New Zealand. New Zealand Journal of Geology & 943 

Geophysics 47, pp.481-500. 944 

Cooper, R. A., Agterberg, F.P., Alloway, B. V., Beu, A. G., Campbell, H. J., Cooper, R. A., Crampton, 945 

J. S., Crouch, E. M., Crundwell, M. P., Graham, I. J., Hollis, C. J., Jones, C. M., Kamp, P. J. J., 946 

Mildenhall, D. C., Morgans, H. E. G., Naish, T. R., Raine, J. I., Roncaglia, L., Sadler, P. M., Schioler, 947 

P., Scott, G. H., Strong, C. P. Wilson, G. J., & Wilson, G. S. 2004. The New Zealand Geological 948 

Timescale. Intitue of Geological and Nuclear Sciences Monograph 22, 284 pp. 949 

DeConto, R.M., Pollard, D., Wilson, P.A., Pälike, H., Lear, C.H. and Pagani, M., 2008. Thresholds for 950 

Cenozoic bipolar glaciation. Nature, 455(7213), p.652. 951 

Dunbar, G.B. and Barrett, P.J., 2005. Estimating paleobathymetry of wave‐graded continental shelves 952 

from sediment texture. Sedimentology, 52(2), pp.253-269. 953 

Dutton, A., Carlson, A.E., Long, A.J., Milne, G.A., Clark, P.U., DeConto, R., Horton, B.P., Rahmstorf, 954 

S. and Raymo, M.E., 2015. Sea-level rise due to polar ice-sheet mass loss during past warm 955 

periods. Science, 349(6244). 956 

http://www.pnas.org/cgi/doi/10.10.1073/pnas.0906660106


Embry, A.F., 1993. Transgressive-regressive sequence stratigraphic analysis of the Jurassic 957 

succession of the Sverdrup Basin, Canadian Arctic Achipelago. Canadian Journal of Earth Sciences, 958 

30, pp.301-320. 959 

Fleming, C. A. 1953. The geology of Wanganui Subdivision. New Zealand Geological Survey bulletin, 960 

52. 961 

Hammer, Ø., Harper, D.A.T. and Ryan, P.D., 2001. PAST: Paleontological Statistics Software 962 

Package for Education and Data Analysis. Palaeontologia Electronica 4(1), 9 pp. 963 

Hayward, B. W. 1986. A guide to paleoenvironmental assessment using New Zealand Cenozoic 964 

foraminiferal faunas. New Zealand Geological Survey Report Paleontology, 109, 73 pp. 965 

Hayward, B.W., Grenfell, H.R., Reid, C. M., and Hayward, K.A., 1999. Recent shallow-water benthic 966 

foraminifera: taxonomy, ecologic distribution, biogeography and use in paleoenvironmental 967 

assessment. New Zealand Geological Survey Paleontological Bulletin, 75. 968 

Hayward, B.W. and Triggs, C.M., 2016. Using multi-foraminiferal-proxies to resolve the 969 

paleogeographic history of a lower Miocene, subduction-related, sedimentary basin (Waitemata 970 

Basin, New Zealand). The Journal of Foraminiferal Research, 46(3), pp.285-313. 971 

Hunt, C.P., Moskowitz, B.M. and Banerjee, S.K., 1995. Magnetic properties of rocks and 972 

minerals. Rock physics & phase relations, 3, pp.189-204. 973 

Hurford, A.J. and Green, P.F., 1983. The zeta age calibration of fission-track dating. Chemical 974 

Geology, 41, pp.285-317. 975 

Journeaux, T.D. 1995. Lithostratigraphy, foraminiferal paleoecology and sequence stratigraphy of 976 

Middle Pliocene marine strata, Wanganui Basin, New Zealand. Unpublished M.Sc. thesis, University 977 

of Waikato. 978 

Journeaux, T.D., Kamp, P.J. and Naish, T., 1996. Middle Pliocene cyclothems, Mangaweka region, 979 

Wanganui Basin, New Zealand: a lithostratigraphic framework. New Zealand Journal of Geology and 980 

Geophysics, 39(1), pp.135-149. 981 



Kamp, P.J., Journeaux, T.D. and Morgans, H.E., 1998. Cyclostratigraphy of middle Pliocene middle 982 

shelf to upper slope strata, eastern Wanganui Basin (New Zealand): correlations to the deep sea 983 

isotope record. Sedimentary Geology, 117(3-4), pp.165-192. 984 

Kamp, P.J., Vonk, A.J., Bland, K.J., Hansen, R.J., Hendy, A.J., McIntyre, A.P., Ngatai, M., Cartwright, 985 

S.J., Hayton, S. and Nelson, C.S., 2004. Neogene stratigraphic architecture and tectonic evolution of 986 

Wanganui, King Country, and eastern Taranaki Basins, New Zealand. New Zealand Journal of 987 

Geology and Geophysics, 47(4), pp.625-644. 988 

Kominz, M.A., Pekar, S., 2001: Oligocene eustasy from two-dimensional sequence stratigraphic back-989 

stripping. Bulletin of the Geological Society of America, 113, pp.291–304. 990 

 991 

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A. C. M. & Levrard, B. 2004. A long-term 992 

numerical solution for the insolation quantities of the Earth. Astronomy & Astrophysics, 428, pp.261-993 

285. 994 

Le Maitre, R.W., 1984. A proposal by the IUGS Subcommission on the Systematics of Igneous Rocks 995 

for a chemical classification of volcanic rocks based on the total alkali silica (TAS) diagram: (on behalf 996 

of the IUGS Subcommission on the Systematics of Igneous Rocks). Australian Journal of Earth 997 

Sciences, 31(2), pp.243-255. 998 

Lisiecki, L.E. and Raymo, M.E., 2005. A Pliocene‐Pleistocene stack of 57 globally distributed benthic 999 

δ18O records. Paleoceanography, 20(1). 1000 

Ludwig, K.R. and Mundil, R., 2002, August. Extracting reliable U-Pb ages and errors from complex 1001 

populations of zircons from Phanerozoic tuffs. In Geochimica et Cosmochimica Acta(Vol. 66, No. 15 1002 

A, pp. A463-A463). The Boulevard, Langford Lane, Kidlington, Oxford Ox5 1gb, England: Pergamon-1003 

Elsevier Science Ltd. 1004 

Maslin, M.A., Li, X.S., Loutre, M.F. and Berger, A., 1998. The contribution of orbital forcing to the 1005 

progressive intensification of Northern Hemisphere glaciation. Quaternary Science Reviews, 17(4-5), 1006 

pp.411-426. 1007 



Masson-Delmotte, V., Schulz, M., Abe-Ouchi, A., Beer, J., Ganopolski, A., González Rouco, J.F., 1008 

Jansen, E., Lambeck, K., Luterbacher, J., Naish, T. and Osborn, T., 2013. Information from 1009 

paleoclimate archives. Climate change, 383464, p.2013. 1010 

McGuire, D. M. 1989. Paleomagnetic stratigraphy and magnetic properties of Pliocene strata, 1011 

Turakina River, North Island, New Zealand. Unpublished PhD thesis, Victoria University of Wellington. 1012 

McIntyre, A. P. 2002. Geology of Mangapanian (late Pliocene) strata, Wanganui Basin: 1013 

lithostratigraphy, palaeontology and sequence stratigraphy. Unpublished PhD thesis, University of 1014 

Waikato.  1015 

Meyers, S.R. and Hinnov, L.A., 2010. Northern Hemisphere glaciation and the evolution of Plio‐1016 

Pleistocene climate noise. Paleoceanography, 25(3). 1017 

Mildenhall, D.C., 2003. Deep‐sea record of Pliocene and Pleistocene terrestrial palynomorphs from 1018 

offshore eastern New Zealand (ODP Site 1123, Leg 181). New Zealand Journal of Geology and 1019 

Geophysics, 46(3), pp.343-361. 1020 

Mildenhall, D.C., Hollis, C.J. and Naish, T.R., 2004. Orbitally-influenced vegetation record of the mid-1021 

Pleistocene climate transition, offshore eastern New Zealand (ODP Leg 181, Site 1123). Marine 1022 

Geology, 205(1-4), pp.87-111. 1023 

Miller, K.G., Wright, J.D., Browning, J.V., Kulpecz, A., Kominz, M., Naish, T.R., Cramer, B.S., 1024 

Rosenthal, Y., Peltier, W.R. and Sosdian, S., 2012. High tide of the warm Pliocene: Implications of 1025 

global sea-level for Antarctic deglaciation. Geology, 40(5), pp.407-410. 1026 

Moucha, R., Forte, A.M., Mitrovica, J.X., Rowley, D.B., Quéré, S., Simmons, N.A. and Grand, S.P., 1027 

2008. Dynamic topography and long-term sea-level variations: There is no such thing as a stable 1028 

continental platform. Earth and Planetary Science Letters, 271(1-4), pp.101-108. 1029 

Müller, R.D., Sdrolias, M., Gaina, C., Steinberger, B. and Heine, C., 2008. Long-term sea-level 1030 

fluctuations driven by ocean basin dynamics. science, 319(5868), pp.1357-1362. 1031 

Ludwig, K.R. and Mundil, R., 2002, August. Extracting reliable U-Pb ages and errors from complex 1032 

populations of zircons from Phanerozoic tuffs. In Geochimica et Cosmochimica Acta(Vol. 66, No. 15 1033 



A, pp. A463-A463). The Boulevard, Langford Lane, Kidlington, Oxford, England: Pergamon-Elsevier 1034 

Science Ltd. 1035 

Naish, T. and Kamp, P.J., 1995. Pliocene‐Pleistocene marine cyclothems, Wanganui Basin, New 1036 

Zealand: A lithostratigraphic framework. New Zealand journal of geology and geophysics, 38(2), 1037 

pp.223-243. 1038 

Naish, T., Kamp, P.J., Alloway, B.V., Pillans, B., Wilson, G.S. and Westgate, J.A., 1996. Integrated 1039 

tephrochronology and magnetostratigraphy for cyclothemic marine strata, Wanganui Basin: 1040 

implications for the Pliocene-Pleistocene boundary in New Zealand. Quaternary International, 34, 1041 

pp.29-48. 1042 

Naish, T., 1997. Constraints on the amplitude of late Pliocene eustatic sea-level fluctuations: new 1043 

evidence from the New Zealand shallow-marine sediment record. Geology, 25(12), pp.1139-1142. 1044 

Naish, T. and Kamp, P.J., 1997a. Sequence stratigraphy of sixth-order (41 ky) Pliocene–Pleistocene 1045 

cyclothems, Wanganui basin, New Zealand: a case for the regressive systems tract. Geological 1046 

Society of America Bulletin, 109(8), pp.978-999. 1047 

Naish, T. and Kamp, P.J., 1997b. Foraminiferal depth palaeoecology of Late Pliocene shelf 1048 

sequences and systems tracts, Wanganui Basin, New Zealand. Sedimentary Geology, 110(3-4), 1049 

pp.237-255. 1050 

Naish, T.R., Abbott, S.T., Alloway, V., Beu, A.G., Carter, R.M., Edwards, A.R., Journeaux, T.D., 1051 

Kamp, P.J., Pillans, B.J., Saul, G. and Woolfe, K.J., 1998. Astronomical calibration of a southern 1052 

hemisphere Plio-Pleistocene reference section, Wanganui Basin, New Zealand. Quaternary Science 1053 

Reviews, 17(8), pp.695-710. 1054 

Naish, T.R. and Wilson, G.S., 2009. Constraints on the amplitude of Mid-Pliocene (3.6–2.4 Ma) 1055 

eustatic sea-level fluctuations from the New Zealand shallow-marine sediment record. Philosophical 1056 

Transactions of the Royal Society of London A: Mathematical, Physical and Engineering 1057 

Sciences, 367(1886), pp.169-187. 1058 



Ogg, J.G., 2012. Geomagnetic polarity time scale. In Gradstein, F.M., Ogg, J.G., Schmitz, M. and 1059 

Ogg, G. (Eds.), The geologic time scale 2012, (pp. 85-113), elsevier. 1060 

Patterson, M. O. 2014. The response of Antarctic ice volume, global sea-level and southwest Pacific 1061 

Ocean circulation to orbital variations during the Pliocene to Early Pleistocene. Unpublished PhD 1062 

thesis, Victoria University of Wellington. 1063 

Pekar, S.F., Christie-Blick, N., Kominz, M.A. and Miller, K.G., 2002. Calibration between eustatic 1064 

estimates from backstripping and oxygen isotopic records for the Oligocene. Geology, 30(10), pp.903-1065 

906. 1066 

Pillans, B., Alloway, B., Naish, T., Westgate, J., Abbott, S. and Palmer, A., 2005. Silicic tephras in 1067 

Pleistocene shallow‐marine sediments of Wanganui Basin, New Zealand. Journal of the Royal 1068 

Society of New Zealand, 35(1-2), pp.43-90. 1069 

Pulford, A. and Stern, T., 2004. Pliocene exhumation and landscape evolution of central North Island, 1070 

New Zealand: the role of the upper mantle. Journal of Geophysical Research: Earth Surface, 109(F1). 1071 

Raine, J.I., Beu, A.G., Boyes, A.F., Campbell, H.J., Cooper, R.A., Crampton, J.S., Crundwell, M.P., 1072 

Hollis, C.J., Morgans, H.E.G. and Mortimer, N., 2015. New Zealand geological timescale NZGT 1073 

2015/1. New Zealand Journal of Geology and Geophysics, 58(4), pp.398-403. 1074 

Raymo, M.E., 1994. The initiation of Northern Hemisphere glaciation. Annual Review of Earth and 1075 

Planetary Sciences, 22(1), pp.353-383. 1076 

Raymo, M. E., J. X. Mitrovica, M. J. O'Leary, R. M. DeConto, and P. J. Hearty, 2011: Departures from 1077 

eustasy in Pliocene sea-level records. Nature Geoscience, 4, pp.328-332. 1078 

Rohling, E.J., Foster, G.L., Grant, K.M., Marino, G., Roberts, A.P., Tamisiea, M.E. and Williams, F., 1079 

2014. Sea-level and deep-sea-temperature variability over the past 5.3 million 1080 

years. Nature, 508(7497), p.477. 1081 

Rovere, A., Raymo, M.E., Mitrovica, J.X., Hearty, P.J., OʼLeary, M.J. and Inglis, J.D., 2014. The Mid-1082 

Pliocene sea-level conundrum: Glacial isostasy, eustasy and dynamic topography. Earth and 1083 

Planetary Science Letters, 387, pp.27-33. 1084 

https://tewaharoa.victoria.ac.nz/primo-explore/fulldisplay?docid=researcharchive_vuw_ac_nz10063/3664&context=L&vid=VUWNUI&lang=en_NZ&search_scope=64VUW_ALL&adaptor=Local%20Search%20Engine&tab=all&query=any,contains,molly%20patterson&sortby=rank&offset=0
https://tewaharoa.victoria.ac.nz/primo-explore/fulldisplay?docid=researcharchive_vuw_ac_nz10063/3664&context=L&vid=VUWNUI&lang=en_NZ&search_scope=64VUW_ALL&adaptor=Local%20Search%20Engine&tab=all&query=any,contains,molly%20patterson&sortby=rank&offset=0


Sagar, M.W. and Palin, J.M., 2011. Emplacement, metamorphism, deformation and affiliation of mid-1085 

Cretaceous orthogneiss from the Paparoa Metamorphic Core Complex lower-plate, Charleston, New 1086 

Zealand. New Zealand Journal of Geology and Geophysics, 54(3), pp.273-289. 1087 

Saul, G., Naish, T.R., Abbott, S.T. and Carter, R.M., 1999. Sedimentary cyclicity in the marine 1088 

Pliocene-Pleistocene of the Wanganui basin (New Zealand): Sequence stratigraphic motifs 1089 

characteristic of the past 2.5 my. Geological Society of America Bulletin, 111(4), pp.524-537. 1090 

Sefton, J. P. 2015. An assessment of the influence of orbital forcing on Late Pliocene global sea-level 1091 

using a shallow-marine sedimentary record from the Wanganui Basin, New Zealand. Unpublished 1092 

MSc thesis, Victoria University of Wellington. 1093 

Stern, T.A., Quinlan, G.M. and Holt, W.E., 1992. Basin formation behind an active subduction zone: 1094 

three‐dimensional flexural modelling of Wanganui Basin, New Zealand. Basin research, 4(3‐4), 1095 

pp.197-214. 1096 

Stern, T., Houseman, G., Salmon, M. and Evans, L., 2013. Instability of a lithospheric step beneath 1097 

western North Island, New Zealand. Geology, 41(4), pp.423-426. 1098 

Stevens, M. T., 2010. Miocene and Pliocene silicic Coromandel Volcanic Zone etphras from ODP Site 1099 

1124-C: Petrogenetic applications and temporal evolution. Unpublished MSc thesis, Victoria 1100 

University of Wellington. 1101 

Tapia, C.A., Grant, G.R., Turner, G.M., Ohneiser, C., Naish, T.R., Dunbar, G.B. (Submitted). High-1102 

resolution magnetostratigraphy of mid-Pliocene warm period (~3.3-3 Ma) shallow-marine sediments, 1103 

Whanganui Basin, New Zealand. Geophysical Journal International.   1104 

Trewick, S.A. and Bland, K.J., 2012. Fire and slice: palaeogeography for biogeography at New 1105 

Zealand's North Island/South Island juncture. Journal of the Royal Society of New Zealand, 42(3), 1106 

pp.153-183. 1107 

Turner, G.M., Kamp, P.J., McIntyre, A.P., Hayton, S., McGuire, D.M. and Wilson, G.S., 2005. A 1108 

coherent middle Pliocene magnetostratigraphy, Wanganui Basin, New Zealand. Journal of the Royal 1109 

Society of New Zealand, 35(1-2), pp.197-227. 1110 

https://tewaharoa.victoria.ac.nz/primo-explore/fulldisplay?docid=researcharchive_vuw_ac_nz10063/4750&context=L&vid=VUWNUI&lang=en_NZ&search_scope=64VUW_ALL&adaptor=Local%20Search%20Engine&tab=all&query=any,contains,Juliet%20sefton%20&sortby=rank&facet=rtype,exclude,newspaper_articles&facet=rtype,exclude,reviews
https://tewaharoa.victoria.ac.nz/primo-explore/fulldisplay?docid=researcharchive_vuw_ac_nz10063/4750&context=L&vid=VUWNUI&lang=en_NZ&search_scope=64VUW_ALL&adaptor=Local%20Search%20Engine&tab=all&query=any,contains,Juliet%20sefton%20&sortby=rank&facet=rtype,exclude,newspaper_articles&facet=rtype,exclude,reviews


Van Wagoner, J.C., Posamentier, H.W., Mitchum, R.M.J., Vail, P.R., Sarg, J.F., Loutit, T.S. and 1111 

Hardenbol, J., 1988. An overview of the fundamentals of sequence stratigraphy and key definitions. 1112 

SEPM Special Publication 42. 1113 

Wardlaw, B.R. and Quinn, T.M., 1991. The record of Pliocene sea-level change at Enewetak 1114 

Atoll. Quaternary Science Reviews, 10(2-3), pp.247-258. 1115 


