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The amplitude and origin of sea-level variability 
during the Pliocene epoch
G. r. Grant1,2*, t. r. Naish1, G. B. Dunbar1, P. Stocchi3, M. A. Kominz4, P. J. J. Kamp5, C. A. tapia6, r. M. McKay1, r. H. Levy1,2 &  
M. O. Patterson7

Earth is heading towards a climate that last existed more than 
three million years ago (Ma) during the ‘mid-Pliocene warm 
period’1, when atmospheric carbon dioxide concentrations were 
about 400 parts per million, global sea level oscillated in response 
to orbital forcing2,3 and peak global-mean sea level (GMSL) may 
have reached about 20 metres above the present-day value4,5. For 
sea-level rise of this magnitude, extensive retreat or collapse of the 
Greenland, West Antarctic and marine-based sectors of the East 
Antarctic ice sheets is required. Yet the relative amplitude of sea-
level variations within glacial–interglacial cycles remains poorly 
constrained. To address this, we calibrate a theoretical relationship 
between modern sediment transport by waves and water depth, and 
then apply the technique to grain size in a continuous 800-metre-
thick Pliocene sequence of shallow-marine sediments from 
Whanganui Basin, New Zealand. Water-depth variations obtained 
in this way, after corrections for tectonic subsidence, yield cyclic 
relative sea-level (RSL) variations. Here we show that sea level varied 
on average by 13 ± 5 metres over glacial–interglacial cycles during 
the middle-to-late Pliocene (about 3.3–2.5 Ma). The resulting record 
is independent of the global ice volume proxy3 (as derived from the 
deep-ocean oxygen isotope record) and sea-level cycles are in phase 
with 20-thousand-year (kyr) periodic changes in insolation over 
Antarctica, paced by eccentricity-modulated orbital precession6 
between 3.3 and 2.7 Ma. Thereafter, sea-level fluctuations are paced 

by the 41-kyr period of cycles in Earth’s axial tilt as ice sheets stabilize 
on Antarctica and intensify in the Northern Hemisphere3,6. Strictly, 
we provide the amplitude of RSL change, rather than absolute GMSL 
change. However, simulations of RSL change based on glacio-
isostatic adjustment show that our record approximates eustatic sea 
level, defined here as GMSL unregistered to the centre of the Earth. 
Nonetheless, under conservative assumptions, our estimates limit 
maximum Pliocene sea-level rise to less than 25 metres and provide 
new constraints on polar ice-volume variability under the climate 
conditions predicted for this century.

Highly resolved climate and sea-level reconstructions from the 
Pliocene provide insights into the response of the polar ice sheets to 
climate forcings projected for the twenty-first century1,5. For example, 
while it is acknowledged that palaeogeography was subtly different 
from that of the present day, polar ice-sheet configuration geometry was 
broadly similar, and therefore computer simulations of ice sheets can be 
used to constrain the equilibrium response of global sea level to CO2 
partial pressures of5,7 350–400 ppm. Pliocene sea-level changes have 
been reconstructed using a variety of geological techniques including: 
(i) marine benthic oxygen-isotope (δ18O) records paired with Mg/Ca  
palaeothermometry (a proxy for global ice volume)4, (ii) an algo-
rithm incorporating sill-depth, salinity and the δ18O record from the 
Mediterranean and Red seas8, (iii) uplifted palaeo-shorelines4,9, and (iv) 
backstripped continental margins2,4. In addition to the considerable 
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Fig. 1 | Location of Whanganui Basin, New Zealand, and sample sites.  
a, Overview of North Island. Whanganui Basin (grey shaded region) 
formed behind the Hikurangi subduction zone as part of a southward-
migrating pattern of lithospheric flexure associated with southwestward 
propagation of the subducting Pacific Plate beneath the Indo-Australian 
Plate2. b, Magnified view of boxed area in a. Subsequent uplift in central 

North Island during the last 1 Ma, in response to redistribution of 
lithosphere over the mantle2, has exposed Plio-Pleistocene, shallow-
marine sediments onshore where they tilt southwestward at 5°. Locations 
of Siberia-1 drill site (white ‘x’ marker) and Rangitikei River outcrop (bold 
dashed white line) are shown. Geological data in b adapted from GNS 
Science.
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uncertainties associated with these techniques1, reconstructing peak 
Pliocene GMSL, with respect to the present day, is hindered by the 
influence of Earth deformation processes, which can cause local sea-
level changes as large as the ice-volume contribution. Global mantle 
dynamic processes have caused vertical land movement of tens of 
metres since the Pliocene9. The viscoelastic response of the crust and 
rotational and gravitational changes, known collectively as glacio- 
isostatic adjustment (GIA), occur due to redistribution of water 
between ice sheets and the oceans, and can cause substantial deviations 
from GMSL for sites in the near fields of ice sheets10. These processes 
cast considerable doubt on our ability to estimate peak Pliocene GMSL, 
registered to the present day, using established methodologies1,5,9,10.

Although the global benthic δ18O stack provides one of the most 
detailed proxies for orbital-scale (glacial–interglacial) climate variabil-
ity during the Pliocene3, the signal comprises both ocean-temperature 
and ice-volume effects that are not easily deconvolved2,4,11. Moreover, 
calibrations of δ18O to sea level do not account for the nonlinear rela-
tionship between marine-based ice-volume change and the δ18O of 
sea water12.

Shallow-marine continental margin sediments contain a range of 
biological and sedimentological tracers sensitive to multi-metre water 
depth changes, and thus far offer the greatest potential for accurate 

reconstruction of Pliocene sea-level change on orbital timescales2,4. 
However, their interpretation has been hampered by the limited preci-
sion inherent in foraminiferal palaeo-depth indicators and the influ-
ence of sediment erosion during sea-level lowstands, which preclude 
the resolution of the full amplitude of sea-level change. Whanganui 
Basin, New Zealand (Fig. 1), provides a sedimentary fill about 5 km 
thick, accumulated under relatively linear basin subsidence due to 
plate boundary interactions behind the Hikurangi subduction zone, 
off eastern New Zealand (Fig. 1), and offers one of the highest- 
resolution shallow-marine records of orbitally paced, Late Neogene 
global sea-level change in the world2.

Here we reconstruct the amplitude and frequency of global glacial–
interglacial scale sea-level changes between 3.3 and 2.5 Ma. We account 
for GIA and discount the effect of dynamic topography in assessing 
the relative amplitude on glacial–interglacial timescales as we do not 
attempt to register sea-level variations to the present day.

Our record, which we term PlioSeaNZ, is constructed from sedimen-
tary cycles that represent fluctuations between middle- to outer-shelf 
water depths that were recovered in sediment cores (3.3–3.0 Ma) and 
outcrop sections exposed in the Rangitikei River valley (2.9–2.5 Ma).  
Sediments accumulated continuously at rates of >1  m  kyr−1 
(see Methods). Erosion during lowstands did not occur on the middle 
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Fig. 2 | The PlioSeaNZ RSL record and comparison with orbital 
parameters and climate proxies. a, PlioSeaNZ RSL record (right-
hand vertical axis), unregistered to the present day, for the middle to 
late Pliocene, with uncertainty represented by the shaded blue band, 
which does not exceed ±5.6 m (see Methods). Glacial–interglacial 
(G–IG) transitions are marked by the shaded grey bands. The age 
model is untuned and derived from linear sedimentation rates between 
magnetic reversals (orange-pink lines) with an uncertainty of ±5 kyr. 

Summer insolation (1 January) at 65° S (black curve) and the eccentricity 
parameters (dashed curve) are shown for ref. 18 (left-hand vertical 
axes). b–e, Multi-taper method time–frequency analyses (see Methods) 
displaying normalized power (colour scale) for eccentricity, obliquity and 
precession insolation parameter18 (b), the global benthic foraminifera δ18O 
stack3 (c), EAIS IBRD mass accumulation rate21 (d) and our RSL record 
(e; PlioSeaNZ Whanganui Basin). Periods are denoted for eccentricity 
(100 kyr), obliquity (41 kyr) and precession (23 and 19 kyr).
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to outer shelf, because the changes in the amplitude of Pliocene RSL 
were accommodated in these environments without experiencing wave 
base erosion or subaerial exposure. The palaeo-environmental inter-
pretation of the cores and outcrops is described in detail in ref. 6 and 
summarized in Supplementary Figs. 1 and 2. Near-synchronous vertical 
changes in sediment grain size, lithofacies and benthic foraminiferal 
assemblages support the interpretation that sediment was deposited 
in hydrodynamic equilibrium with the contemporary wave climate6. 
Furthermore, an in-phase relationship between climate and water-
depth variability was established on the basis of coeval changes in fos-
sil pollen assemblages and sediment grain size6. The age model used 
here is based on a new high-resolution magnetostratigraphy for the 
core13 and existing magnetostratigraphy for the outcrop, calibrated with 
biostratigraphy and tephrochronology6.

We have developed a novel approach that utilizes the well-established 
relationship between sediment grain size and water depth14 to calcu-
late palaeo-water-depth changes. Wave energy produces a decreasing 
near-bed velocity at increasing water depths across the shelf, resulting 
in a seaward-fining sediment profile14. Modern observations support 
theoretical calculations that show that maximum water depth for a 
given grain size corresponds to the depth at which wave-induced near-
bed velocity exceeds the critical velocity required for sediment trans-
port14 (see Methods; Extended Data Fig. 1a). Thus, the percentage of 
sand (grains of size 63–2,000 µm) in closely spaced geological samples 
can be used to estimate changes in palaeo-water depth provided that 
the sediment is wave-graded6 and that Pliocene wave climate can be 
broadly estimated.

Pliocene palaeogeographic reconstructions indicate that the 
Whanganui Basin was a west-facing embayment (Extended Data 
Fig. 2)15, much like today. A similar modern wave climate is presumed 
for the Pliocene, as the primary influence on wave generation is fetch 
(the distance and time over which wind interacts with the sea surface), 
which has not changed15. Although global climate model simulations 
of the Pliocene show an approximately 2° poleward shift of the zonal 
westerlies compared with the Holocene, wind speed variance is16 only 
±0.5 m s−1. Sensitivity analysis for a range of wave heights in response 
to wind speed variance reveals a maximum 0.5-m variation between 
resulting water depth versus grain size profiles (see Methods; Extended 
Data Fig. 1b). Therefore, the analysis presented here is based on the 
modern wave climate, which is most plausible on the basis of this lim-
ited information.

A two-dimensional backstripping method16 is applied to the result-
ing local water depths to remove the effects of tectonic subsidence and 
compaction caused by sediment and water loading (see Methods). The 
resulting RSL curve, the PlioSeaNZ record, provides new constraints 
on the amplitude and frequency of glacial–interglacial sea-level change 
between about 3.3 and 2.5 Ma (Fig. 2). The amplitude of deglacial and 

glacial phases of the PlioSeaNZ curve (n = 54) are shown in Fig. 3. 
Uncertainty estimates for individual amplitude changes vary, and are 
outlined in Methods and Extended Data Table 1, but do not exceed 
±5.6 m. The average amplitude is 13 ± 5 m (n = 44), excluding phases 
for which uncertainty exceeds amplitude (<5 m; n = 10). Between 
3.3 and 2.7 Ma, the duration of glacial–interglacial cyclicity is about 
20 kyr within a longer 100-kyr envelope, which spans a stratigraphic 
break (approximately 3.0–2.95 Ma), that represents correlation to 
the Rangitikei section, and is consistent with pacing by eccentricity- 
modulated orbital precession (Fig. 2b)6. Thereafter, sea-level fluctua-
tions are paced by cycles of 41 kyr, corresponding to changes in Earth’s 
axial tilt, with a diminishing influence of precession (Fig. 2e).

Three magnetic reversals are correlated to the top of the Mammoth 
Subchron and the base and top of the Kaena Subchron (3.3 to 3.0 Ma)6. 
The age model derived from linear interpolation between magneto-
stratigraphic reversals (sampled every 1 kyr approximately), is not 
orbitally tuned. These age datums offer sufficient precision (about 
±5 kyr) to resolve the phasing of sea-level variability with respect to 
the timing of astronomical forcing17,18 (Fig. 2a). Results show that 
precession-paced sea-level cycles are positively correlated with south-
ern high-latitude summer (65° S, 1 January) insolation and nega-
tively correlated with Northern Hemisphere summer (65° N, 1 July) 
insolation (Extended Data Fig. 3). The phase coherence between the 
PlioSeaNZ record and Southern Hemisphere insolation implies a dom-
inant Antarctic Ice Sheet (AIS) meltwater source. We modelled the 
glacio-isostatic adjustment (GIA) associated with a plausible range of 
Pliocene glacial–interglacial polar ice volumes7,19,20 and Earth viscos-
ity models (see Methods). The resulting ensemble of geoidal sea-level 
changes shows that the PlioSeaNZ record is within ±5% of eustatic sea 
level (ESL), which equates to ±0.75–1.25 m for the three ESL scenarios 
examined (Fig. 4; see Methods). Whereas error in RSL estimates derives 
directly from the water depth–grain size model (Fig. 3), conversion 
to ESL adds ±1.25–1.75 m to the uncertainty owing to the combined 
influence of wave climate variability and GIA deviation, which are 
dependent on the respective wind-field and meltwater scenarios used.

Our results for the interval from 3.2 to 2.7 Ma are consistent with 
precession dominance in an iceberg-rafted debris (IBRD) sedimen-
tary record of East Antarctic Ice Sheet (EAIS) dynamics21, and weak 
obliquity in Arctic IBRD records22 and the global benthic δ18O stack3 
(Fig. 2). Although the Arctic IBRD record22 indicates that marine 
calving ice sheets occupied Greenland at this time and some ice-sheet 
simulations19 suggest that precession-paced anti-phase bi-polar ice- 
volume change occurred through this interval, our results preclude an 
anti-phase Northern Hemisphere melt water contribution beyond that 
of the Greenland Ice Sheet (GIS), especially between23 3.3 and 3.0 Ma. 
The dominance of 41-kyr variability in the PlioSeaNZ record after 
about 2.7 Ma is consistent with increased obliquity signals recorded 

±5 kyr
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Fig. 3 | Amplitude of orbital-scale, sea-level fluctuations in the 
PlioSeaNZ RSL record. Amplitudes of deglacial (glacial–interglacial; pink 
squares; n = 28) and glacial (interglacial–glacial; blue squares; n = 26) RSL 
changes are shown with error bars representing ±1 s.d. (after equation (10))  
with an average of 5.1 m, and age uncertainty is ±5 kyr (as discussed 
in the text, and shown in the figure key). The grey shaded band (about 

23 ± 5 m) shows the possible contribution from the marine-based sectors 
of the AIS (about 23 m)28 and the GIS estimated as19 ±5 m depending on 
the interhemispheric phase relationship. Glacial–interglacial amplitudes 
higher than approximately 28 m exceed the ice inventory of the marine-
based AIS sectors (22.7 m; ref. 28) and the GIS (5 m; ref. 19) based on 
present-day volumes.
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in global ice volume3 (Fig. 2), and North Atlantic24 and tropical25 sea 
surface temperature records. This timing also coincides with changes 
in Southern Hemisphere zonal wind strength26, global cooling and  
the intensification of Northern Hemisphere glaciation3. Intriguingly, 
the amplitude of late Pliocene 41-kyr-duration sea-level changes in the 
PlioSeaNZ record remains comparatively low, suggesting that major 
continental-scale glaciation in the Northern Hemisphere did not occur 
until approximately 2.5 Ma, as originally proposed in ref. 27. These 
low amplitudes could be a result of obliquity-paced intensification 
of Northern Hemisphere ice sheets (NHIS) masked by an anti-phase 
response (every second precession cycle) of the AIS.

Today, regions of the AIS grounded below sea level contain an ice 
volume of about 22.7 m sea-level equivalent (SLE)28. We suggest that 
Pliocene sea-level variations with glacial–interglacial amplitudes of 
less than about 23 m only require fluctuations of Antarctica’s marine-
based ice, and do not require contribution from NHIS. An (incomplete) 
deglaciation of Greenland of 5 m SLE, in phase with marine-based 
ice-sheet retreat in Antarctica, can explain RSL variations up to +28 m. 
But if these deglaciations were anti-phased, the maximum amplitude of 
glacial–interglacial sea-level change above the present-day value would 
be 18 m (Fig. 3). A larger than present-day AIS during Pliocene glacials, 
which is supported by geological evidence29, could explain amplitudes 
exceeding 28 m.

The average magnitude of glacial–interglacial sea-level variability in 
the PlioSeaNZ record (13 ± 5 m) between 3.3 and 3.0 Ma reflects melt-
water originating from a highly sensitive AIS that regularly retreated 
and advanced in response to changes in southern high-latitude insola-
tion before intensification of the NHIS. The proximal Antarctic IBRD 
record from IODP Site U1361 adjacent to the Wilkes subglacial basin21 
suggests that marine-based portions of the EAIS continued to respond 
to precession until about 2.5 Ma (Fig. 2), albeit with decreasing ampli-
tude. Therefore, we attribute the 41-kyr obliquity forcing in our record 
after about 2.7 Ma to the intensification of NHIS. This, together with 
reduced amplitude variance in the AIS, both in-phase and anti-phase 
with NHIS, was driving global sea-level fluctuations up to an amplitude 
of approximately 25 m (Fig. 3).

In conclusion, our results provide new constraints on polar ice-sheet 
and global sea-level variability during the middle and late Pliocene, that 

are: (i) independent of estimates from the global benthic δ18O stack3 
and other geochemical proxies4, and (ii) broadly consistent with AIS 
models7,19,20 that simulate a contribution of 13–17 m to global sea-
level rise above present. Because our record cannot be registered to 
present-day sea level, we cannot directly constrain the magnitude of 
peak Pliocene GMSL above present. Regardless, our results provide key 
insights into AIS sensitivity when Earth’s climate equilibrates at a CO2 
partial pressure of about 400 ppm. Furthermore, if all the variability in 
the PlioSeaNZ record was above present-day sea level, then GMSL dur-
ing the warmest mid-Pliocene interglacial was no more than +25 m. 
Although ice-sheet, ocean and continental geometries were subtly dif-
ferent during the mid-Pliocene, our results suggest that major loss of 
Antarctica’s marine-based ice sheets, and an associated GMSL rise of 
up to 23 m, is likely if CO2 partial pressures remain above 400 ppm.
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Methods
Stratigraphy and chronology. The core (Siberia-1; 3.3–3.0 Ma; 39.6964° S, 
175.5241° E)6 and outcrop (Rangitikei River Section; about 3.0–2.5 Ma)31 provide 
the composite stratigraphy for the PlioSeaNZ RSL curve (Supplementary Fig. 1). 
Siberia-1, continuously cored from 40 to 350 m, recovered middle- to outer-shelf 
environments of the Utiku Group. Fourteen cycles (numbered 1 to 14) are iden-
tified on the basis of alternating bioturbated mudstone lithologies with variable 
sand content ranging from 10% to 60%. The stratigraphically-younger Mangaweka 
Mudstone exposed in the Rangitikei River Section comprises highly bioturbated 
clay-rich mudstone to mudstone cycles (15–24) characterized by sand content 
ranging from 0% to 40%. These repeating lithologies, interpreted as shallowing 
(coarsening upwards) and deepening (fining upwards) facies successions, are con-
sistent with changes in water-depth-related benthic foraminiferal assemblages. 
Deepest and shallowest water depths also correspond with warmest and coldest 
terrestrial climates (respectively) identified by co-registered pollen assemblages 
(Supplementary Fig. 2)6

. The mid-Pliocene Siberia-1 core was analysed for grain 
size every ~2 m (149 samples) at a resolution of ~2 kyr. The late Pliocene Rangitikei 
River Section was analysed for grain size every ~6 m (69 samples) at a resolution 
of ~6 kyr (ref. 31). Grain size was measured on an Aqueous Liquid Module of the 
Beckman-Coulter LS 13 320 Laser Diffraction Particle Size Analyser, following the 
removal of organics and calcium carbonate (materials not deposited in hydraulic 
equilibrium).

The age model6,13 was developed from calibration of the magnetic polarity zona-
tion stratigraphy to the Geomagnetic Polarity Timescale32 by tephrochronology, 
tephrostratigraphy and biostratigraphy and assumes linear sedimentation rates 
between magnetic reversals6,13,33, and is therefore untuned and independent of 
astronomical timescales18 and the benthic δ18O stack3 (Extended Data Table 1). 
The data gap ~3–2.95 Ma represents a small interval of stratigraphic underlap 
between the Sibera-1 drill core (~3.3–3 Ma) and the Rangitikei River Section 
(~2.95–2.5 Ma).
Palaeobathymetry. Wave-graded shelves produce a seaward-fining grain size pro-
file in response to decreasing wave-driven current velocity at depth34,35. A previous 
approach used to reconstruct palaeo-water depth used an empirical relationship 
between percentage mud and water depth for a modern wave-graded coast36. This 
observed relationship is modelled here by relating wave-induced velocity and 
velocity required to initiate sediment transport. We utilize the well-established 
linear wave theory related to near-bed current velocity37 and the critical veloc-
ity required for grain movement by wave motion14. The utility of this approach 
for predicting the grain size–water depth relationship of wave-graded coasts was 
tested for three modern transects with varying wave climates (Extended Data 
Fig. 1a).

We use D90 (diameter at 90% of the grain size histogram, where 0% is equal to 
the smallest grain size) as a grain size parameter rather than D50 (median grain size; 
compare ref. 14) (equation (1), see below), as we assume all non-cohesive sand is 
capable of being moved at a given depth under storm wave conditions (peak wave 
periods). D90 provides a more suitable representation of sand preserved on the 
shelf, which is a product of time-averaged extreme wave climate and displays a well 
constrained linear relationship with sand percentage (Extended Data Fig. 1c). The 
best fit between modelled and observed water depth for the most densely sampled 
transect was found when the exponential function (0.43) for peak wave period (Tp) 
was substituted for the original value (0.33) in equation (1), which is shown in 
Extended Data Fig. 1d. Our approach and the use of D90 is more sensitive at greater 
water depths compared with the mud percentage–water depth relationship36 as the 
polynomial function used to relate percentage mud and water depth in ref. 36 is 
unconstrained where mud exceeds ~85% (that is, <15% sand).

A broad spectrum of wave climate parameters was initially used in calculating 
the critical velocity required for sediment transport by wave motion (Ucr,w in m s−1; 
equation (1)14) for a range of grain sizes (D90 in units of m; 50–500 µm at 1 µm 
increments) and peak wave periods (Tp in units of s; 5–20 s at 1 s increments). 
The wave-induced near-bed velocity (Uw; equation (2)37 below) is then calculated 
at water depths (h in units of m; 0–200 m at 0.5 m intervals) for the same wave 
periods and significant wave heights (Hs) of 0.5 to 4 m at 0.1 m increments. The 
resulting maximum water depth (WD; equation (3)) under which the grain size 
(D90) can be transported is then given by the water depth h of the wave-induced 
near-bed velocity (Uw; equation (2)) when the near-bed velocity first exceeds the 
critical velocity (Ucr,w; equation (1)) required to initiate transport of the grain size38.
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(1,025 kg m−3); g, gravity (9.8 m s−2); L, wave length in m.

Grain size D90 is related to the sum of sediment volume percentage >63 µm 
(∑V>63; percentage sand) to define total bed load transport (Extended Data 
Fig. 1c). A linear equation for D90 is given by equation (4) below (R2 = 0.95); the 
error is defined as the mean deviation (μXDx) of the observations (xi) from the 
model (m(x); equation (5).

Σ = . − .>V D0 4117 15 695 (4)63 90

∣ ∣μ = −X x m x( ) (5)Dx i

The accuracy of this method is assessed against three modern wave-graded shelf 
transects36,39,40 (Supplementary Figs. 3 and 4) with measured grain size and known 
wave climates, respectively41,42, including the modern Whanganui shelf (40.028° S, 
173.273° E)43. The three resulting profiles of water depth (WD) with Σ >V 63 for the 
modern wave climates are shown in Extended Data Fig. 1a, together with the cor-
responding measured samples of the modern transects. The modern Whanganui 
wave climate is considered a suitable analogue for the Pliocene owing to the sim-
ilarities between the open embayment of the Whanganui shelf today and the recon-
structed Pliocene shelf and shoreline (Fig. 1; Extended Data Fig. 2). Measurements 
from the Whanganui shelf are only available for water depths shallower than 80 m 
(ref. 40), however confidence in the application of the method to greater depths is 
given by the reproducibility of the model at depth for the three varying wave cli-
mates (Extended Data Fig. 1a).

The error of the model is calculated as the mean percentage of deviation (μXDy) 
of the observations (y) for each transect from the respective model (m(y); equation 
(6). The summed error of the water depth predicted for Σ >V 63 for a given wave 
climate scenario is the standard deviation (σn; equation (7) below) of the range of 
errors provided by equations (5) and (6). Where μmax and μmin are the mean ± the 
respective error from equations (5) and (6).
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The WD–∑V>63 model profile for the modern Whanganui shelf (Extended 
Data Fig. 1a) is used as an analogue to determine water depth from sediment grain 
size distributions of the Siberia-1 core and Rangitikei River outcrop samples, as 
outlined above38. Wave climate parameters used (Hs = 2.2 m, Tp = 20 s) are rep-
resentative of effective sediment transport44 during extreme storm wave climate 
on the modern shelf43, which is time averaged by bioturbation in the geological 
samples.

To assess the affect of variable wave climates on the reconstruction of rela-
tive water depth changes (as opposed to absolute water depths), the derivatives 
of the water depth–grain size models are calculated for a range of wave heights. 
Significant wave heights of 2.0–2.5 m occur for the range of the mid-Pliocene inter-
glacial westerly wind changes (for 8.5–9.5 m s−1)45 simulated in PlioMIP global 
climate models46, equivalent to ±0.5 m s−1 from the present43. The derivatives of 
each model are calculated for a ~30% change in sand (average cycle measured in 
the stratigraphy) and the difference between the 2.0-m and 2.5-m wave height 
models result in a maximum of 0.5 m water depth that could be attributed to 
variable wave climates between glacial and interglacial conditions (Extended Data 
Fig. 1b). We consider present-day wave climate was equivalent to glacial conditions 
in the mid-Pliocene based on the relationship between the Holocene and Pliocene 
glacials in the benthic δ18O stack3. Weaker zonal winds during interglacial phases 
due to a reduced meridional temperature gradient could imply smaller wave cli-
mate than at present during interglacials, but uncertainties in the position of the 
zonal westerlies46 in climate models precludes knowing what influence this would 
have on wave height.
Frequency analysis. The 2π multi-taper method time–frequency analyses were 
obtained from the ‘eha’ function in Astrochron47 (a R package) using default values 
and plotted as normalized power (maximum in each window is normalized to 
unity). Window size was 400 kyr for the orbital solution, benthic δ18O stack and 
IBRD (Fig. 2b–d), and 200 kyr for the PlioSeaNZ record (Fig. 2e), with a step equal 
to the sampling interval (2 kyr).
Backstripping. Backstripping was undertaken to calculate the sediment and water 
loading components for the long-term basin subsidence before subtracting this 
from the high-resolution palaeobathymetry to resolve a RSL record16,48. Total 
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stratigraphic thickness from basement to cessation of sedimentation was deter-
mined for the Siberia-1 core site and from a ‘pseudo well’ for the Rangitikei River 
Valley outcrop (Supplementary Fig. 5). The outcrop thickness of the Rangitikei 
River Valley Section was scaled to the thickness of the equivalent formation in the 
pseudo well. The tectonic subsidence (equation (8)) is first calculated for the two 
sections at formation resolution assuming no change in RSL (ΔRSL = 0). This 
result is used as the theoretical subsidence in equation (9), after which the high- 
resolution palaeo-bathymetric records are included in place of the low-resolution 
data to calculate the Milankovitch-scale RSL record.
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Tsub, tectonic subsidence (m); S*, decompacted sediment thickness (m); ρm, mantle 
density (3.18 g cm−3); ρs, density of sediment (lithology dependent; g cm−3); ρw, 
density of sea water (1.024 g cm−3); ΔSL, change in RSL (m); WD, water depth of 
depositional environment (m).

RSL calculated this way is not registered to a fixed datum (for example, modern 
sea level) but does provide an estimate of the amplitude of sea-level cycles (Fig. 3). 
The mean amplitude for the 54 glaciation and deglaciation events and associated 
uncertainty (σa; equation (10) below) is determined from the range of amplitudes 
for the individual glacial (μG) and interglacial (μIG) values including error maxima 
(μmax) and minima (μmin)38. Ages are reported for each event as the mid-range, 
with uncertainty defined as maximum ±5 kyr resolution of the magnetostratig-
raphy reversals. This takes into account potential variations in sedimentation rate, 
climate lag in the astronomically tuned geomagnetic polarity timescale17 and polar-
ity lock-in time.
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Glacial- and hydro-isostatic adjustment modelling. The contribution of GIA to 
local RSL changes is evaluated by solving the gravitationally self-consistent sea-level 
equation49. The SLE incorporates all the GIA feedbacks and yields the space- and 
time-dependent RSL changes that accompany and follow continental (that is, land-
based) ice-sheet thickness variations50,51. In this paper we use SELEN, a Fortran 
90 program50 that solves the sea-level equation by means of the pseudo-spectral 
approach52. The latter implies that all the relevant quantities are transformed into 
complex spherical harmonics up to a maximum degree that we limit at 256. This 
is combined to a spatial discretization that is based on the icosahedral pixelizations 
of the sphere and that results in hexagonal elements of ~0.3° of radius. Accordingly, 
the sea-level equation solution consists of spatio-temporal convolutions where 
ice-sheet thickness variations are coupled to solid Earth responses and propagated 
through time to account for the time-dependent viscous relaxation of the mantle. 
At the core of the sea-level equation formalism is the concept that, at any time t 
since the beginning of the ice-sheet model chronology, the RSL changes of each 
point of the Earth’s surface stem from the solid Earth and geoid deformations 
induced by all the ice- and water-loading variations that have occurred since the 
initial time t0. SELEN requires two main inputs: (i) an ice-sheet model, which 
describes the ice thickness variation in space and time, and (ii) a rheological model, 
which describes the solid Earth and gravitational response to ice- and equivalent 
water-load redistribution.
Solid Earth model and mantle viscosity profiles. The solid Earth is assumed to be 
spherically symmetric, radially stratified, self-gravitating, rotating and deform-
able, but not compressible30. For our reference solid Earth model, we assume a 
90-km-thick elastic lithosphere and a Maxwell viscoelastic mantle. We divide 
the latter into four layers: lower mantle, lower transition zone, upper transition 
zone and upper mantle. The core of the Earth is considered inviscid. We perform 
a volume-average of the relevant solid Earth parameters as a function of depth. 
Accordingly, we use PREM53 and the VM2 profile for viscosity54 (Extended Data 
Table 2). We also investigate the role of mantle viscosity profile and of lithosphere 
thickness and consider three alternative Earth models.
Ice-sheet models. The ANICE-SELEN model19,55 is used for an LGM to present-day 
configuration for both GIS and AIS. This allows consistent comparison between 
all scenarios tested, which include various combinations of between 5–30 m SLE 
contributions from the Northern and Southern hemispheres. Regional variation 
in mass contributions from Antarctica are not explored here, because previous 
studies of various Antarctic ice geometries (LGM to present56; deglaciation from  

present10,57,58) have shown RSL at New Zealand generally approximates ESL for 
a range of plausible EAIS and WAIS dominated meltwater sources and is within 
the uncertainties of the PlioSeaNZ record. The only Antarctic scenario that 
would produce substantial deviation from ESL at New Zealand is mass loss solely 
from the EAIS, which is unsupported by geological evidence and model simula-
tions23,29,55,59–61. This would result in a smaller than eustatic signal at New Zealand 
particularly in the South Island62,63. Such behaviour is usually predicted in South 
America for a collapse of the WAIS58,64. Hence, we have adopted a well-tested and 
regularly used LGM to present-day configuration with uniform melt distribution.
Ice-sheet scenarios. We consider first three main eustatic scenarios (15, 20 and 25 m 
of ESL) and for each scenario we test three different GIS and AIS combinations (AIS 
only, AIS and GIS in phase, AIS and GIS in anti-phase) for 20-kyr cyclicity, with GIS 
contributing 5 m and the remainder sourced from AIS (Extended Data Fig. 4a–c).  
Second, we consider variable periodicities for NHIS and AIS, with larger contri-
bution from the NHIS (GIS, North America and Eurasia). We keep the AIS SLE 
contribution fixed at 10 m with a 20-kyr periodicity and for the NHIS we assume 
a 41-kyr periodicity with three different SLE scenarios: 10 m, 20 m and 30 m 
(Extended Data Fig. 4d–f). We also investigate the effects of extended glacials and 
interglacials (ice thickness is fixed for 5 kyr rather than linear melting) that show 
a slightly larger RSL fluctuation because the viscous relaxation of the Earth (for 
example, ocean syphoning) has more time to respond (Extended Data Fig. 5a–c).  
The ICE-5G AIS configuration54 was used to test the effect of the distribution of 
ice (with the same volume variation), which show differences of up to 0.2 m and 
are considered secondary to the uncertainty of the RSL of ~±5 m (Extended Data 
Fig. 5d). Four Earth models with variable mantle radial viscosity structure are also 
tested for a 15-m ESL change for the three GIS and AIS contributions, which show 
RSL variability normalized to ESL of no more than 7% (Extended Data Table 2; 
Extended Data Fig. 6). Finally, an instantaneous melting event of 15 m, from AIS 
only, after 10 kyr of viscous relaxation displays RSL at Whanganui within 10% of 
ESL (Extended Data Fig. 7). All the results (Fig. 4, Extended Data Figs. 4–7) show 
that the predicted RSL curve at Whanganui is within 10% of eustatic, and therefore 
can be used to constrain the global ice-volume fluctuations.

Data availability
The PlioSeaNZ RSL curve and relative amplitudes displayed in Figs. 2 and 3 are 
available from https://doi.org/10.1594/PANGAEA.902701.

Code availability
The code for the palaeobathymetry-grain size method is available from https://doi.
org/10.1594/PANGAEA.902701.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Modern analogue of the grain size–water depth 
relation and model calculations. a, Observations (dots) and model 
values (shaded bands represent the maximum and minimum ranges 
from the average bold lines) for sand (∑V>63) and water depth for three 
different modern shelf transects (Manawatu, NZ, green36; Monterey Bay, 
USA, blue39; Whanganui Bight, NZ, grey40). Wave parameters used are as 
follows: for Manawatu, Hs = 1.2 m and Tp = 20 s (ref. 41); for Monterey, 
Hs = 1.8 m and Tp = 20 s (ref. 42); and for Whanganui Bight, Hs = 2.2 m 
and Tp = 20 s (ref. 43). See Methods for nomenclature. Model error is 
described by equation (8). The red shaded band for ∑V>63 = 95%–100% 
represents the limit of the method, where all water depths contain 100% 
∑V>63. The modern Whanganui Bight is selected as the most appropriate 
modern analogue to determine water depth from ∑V>63 recorded in 
both core and outcrop in this study. b, Derivatives of water depth–grain 

size models, for an average sediment cycle amplitude of 30% ∑V>63, 
for peak wave period Tp = 20 s and significant wave height Hs = 2.0 m 
(dark grey) and Hs = 2.5 m (light grey) and the difference (dashed light 
grey). c, Calibration of ΣV>63 from maximum grain size in distribution 
and measured D90 from core samples (blue circles) described by a linear 
relationship (dotted dark blue line; equation (5)) and the deviation (grey) 
of the model from observations. d, Calibration of peak wave period 
(Tp) exponent for the critical required velocity (Ucr,w; equation (1))14. 
Observations for Manawatu (most extensively sampled; green circles) are 
used for comparison between peak wave period exponents 0.33 (solid 
dark green line), 0.43 (dashed dark green line) and 0.5 (dotted light green 
line), with the deviations between models and observations shown by the 
respective patterned thinner black lines.
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Extended Data Fig. 2 | Pliocene palaeogeography of the Whanganui 
Basin. The figure shows a semi-enclosed broad embayment open to 
the dominant westerly wind, with an arcuate shoreline and a westward-

deepening shelf15. The location of the Siberia-1 core (red circle) and the 
Rangitikei River Section (dotted red line) are noted.
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Extended Data Fig. 3 | Temporal relationship between PlioSeaNZ 
RSL and latitudinal insolation. Southern and Northern hemisphere 
high-latitude summer insolation18 (65° S, 1 January, solid line; 65° N, 
1 July, dashed line) Pearson correlation coefficient with the PlioSeaNZ 
record between 3.3 and 3.0 Ma, using the ‘slideCor’ function from the 
R – Astrochron package47. Here a 0-kyr lag period denotes no temporal 
shift in the untuned PlioSeaNZ age model, and ±10-kyr lag periods signify 
correlation with a positive or negative shift of the PlioSeaNZ age model 
with respect to the astronomical record.
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Extended Data Fig. 4 | Assessment of RSL predicted at Whanganui, 
New Zealand, for pre-determined ESL scenarios. a–c, RSL calculated 
for 20-kyr glacial–interglacial polar ice-sheet variability for three values 
of ESL (a, 15 m; b, 20 m; and c, 25 m) and three scenarios of polar ice-
sheet contribution. Scenario 1 represents an Antarctic-only contribution, 
scenario 2 represents a Greenland Ice Sheet (GIS) contribution (of 5 m) 
in phase with a 15-m Antarctic contribution, and scenario 3 has a 30-m 

AIS contribution in anti-phase with 5 m of GIS accumulation. For each 
ESL value, all scenarios are indistinguishable as RSL at the Whanganui, 
New Zealand, site. d–f, RSL calculated for 20-kyr Antarctic variability and 
40-kyr Northern Hemisphere variability, with 10 m from AIS and three 
different contributions from Northern Hemisphere ice sheets (NHIS);  
d, 10 m; e, 20 m; and f, 30 m.
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Extended Data Fig. 5 | Sensitivity analysis of extended 5-kyr glacials 
and interglacials. Modelled RSL at Whanganui, New Zealand, for 
comparison of symmetrical glacial–interglacial cyclicity (bold lines) 
and extended glacials and interglacials (dashed lines) using the ANICE-
SELEN ice-sheet model. a, Modelled RSL for a 15-m ESL fluctuation as a 
symmetrical waveform (bold black line) and with extended glacials and 
interglacials (dashed grey line); b, the residuals of RSL curves from a with 
respect to ESL (symmetrical, bold black; and extended, dashed grey). c, As 

a but for a 10-m ESL fluctuation of a linear 20-kyr chronology (bold dark 
blue line) and a longer period cyclicity from cumulative extended glacial 
and interglacials (dashed blue line); d, as b showing the residuals from c 
but repeated using the ICE-5G model54 (symmetrical bold, yellow; and 
extended, dashed yellow). The differences between the ANICE-SELEN and 
ICE-5G models in d are evident but are of the order of tens of centimetres. 
Interestingly, longer periodicity and extended glacials/interglacials yield 
larger RSL excursions with respect to ESL (positive values).
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Extended Data Fig. 6 | Predicted RSL rise at Whanganui for different 
mantle viscosity profiles. Shown is the predicted RSL rise for a 15-m ESL 
change, after 10 kyr of linear melting between glacial and interglacial for 
scenarios described in Extended Data Fig 4 (namely, scenarios 1 (short-
dashed line), 2 (dashed line) and 3 (solid grey line)), for the four Earth 

models (a, b, c, d; Extended Data Table 2). Higher contrast between lower 
and upper mantle results in lower values for the predicted RSL rise. A 
thicker lithosphere (120 km) results in a slightly higher than eustatic peak 
for scenario 1.
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Extended Data Fig. 7 | Calculated global RSL change produced by 
instantaneous ice-sheet melting of 15-m ESL. Shown is RSL (normalized 
with respect to ESL) according to scenario 1 (AIS only) after 10 kyr of 
viscous relaxation (mantle viscosity profile a; Extended Data Table 2) 

following an instantaneous melting. The white band denotes RSL from 0.8 
to 1.2 of the ESL signal. The GIA-driven RSL fingerprints are more evident 
if compared to Fig. 4a (10-kyr-long linear melting). The Whanganui site is 
highlighted by the red and white bullseye.
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extended data table 1 | Age tie points and associated linear sedimentation rates

Data are shown for the Siberia-1 core and the Rangitikei River Section outcrop. The tie points are based on palaeomagnetic boundaries recorded in the outcrop33 (^) and core6 (*), with the exception of 
a tie point (ǂ) at the base of the Siberia-1 core, which is correlated to the M2 glaciation in the regional chronostratigraphic framework6.
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extended data table 2 | solid earth model parameters used in GIA computations

The actual Maxwell viscoelastic mantle is represented by ‘Number of interfaces’ 2–5 (4 layers). The complete mantle viscosity profile ‘a’ used here corresponds to the volume average of the original 
VM2 profile54. Mantle viscosity profiles ‘b’ and ‘c’ are characterized by higher viscosity values for the lower mantle. Profile ‘d’ has the same values as profile ‘a’ but with a thicker elastic lithosphere 
(120 km; *radius of 6,251 km).
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