
1. Introduction
Flights of episodically uplifted Holocene marine terraces occur globally along tectonically active rock coasts 
(e.g., Berryman,  1993; Ota et  al.,  1991; Yamaguchi & Ota,  2004). These terraces are generally low relief 
compared to other older terraces developed under multiple Quaternary sea level cycles (e.g., Anderson & 
Menking, 1994; Bull & Cooper, 1986; Pedoja et al., 2014). They preserve a history of the timing and mag-
nitude of past coseismic uplift events during the Holocene that potentially provide valuable insights into 
future seismic hazards (Clark et al., 2019; Komori et al., 2017). However, such records must be interpreted 
with caution as terraces are ephemeral landforms (Anderson et al., 1999), with upper terraces, once coseis-
mically uplifted, subject to destruction from lower terrace (i.e., shore platform) development owing to wave 
erosion and rock weathering. On erosional rock coasts, Holocene terrace development therefore largely 
depends on coseismic uplift event timing (e.g., Uesawa & Miyakawa, 2015) and factors that influence shore 
platform development following coseismic events, including available wave energy (e.g., wave energy input 
and shore geometry that influences wave energy dissipation) (Stephenson & Kirk, 2000a), weathering types 
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including biological factors and their efficacy (Naylor et al., 2012), and the erodibility of rocks (Stephenson 
et al., 2013). Hence, interpretation of terrace sequences is complicated by uncertainty in establishing event 
timing, as well as a range of local factors that can influence terrace development and preservation.

Previous modeling studies of marine terrace formation have primarily focused on investigating generation 
and degradation processes owing to gradual relative sea level (RSL) rise and fall during glacial-interglacial 
periods (e.g., Anderson et al., 1999; Trenhaile, 2002, 2014). There has been little specific consideration of 
the role of coseismic uplift events driving episodic RSL changes. Here we use the Rocky Profile Model 
(RPM) (Matsumoto et al., 2016a, 2016b, 2018) to explore how episodic and gradual RSL changes influence 
shore platform development processes, and examine implications for the preservation of Holocene marine 
terraces within the landscape.

2. Site Description and Modeling Approach
Mahia Peninsula is located in north-eastern New Zealand, ∼80 km west of the Hikurangi subduction mar-
gin (Figures 1a–1c). It exhibits a remarkable suite of Holocene marine terraces that are likely to have re-
sulted from upper crustal faulting (Berryman, 1993; Berryman et al., 2018; Litchfield et al., 2020). Flights of 
three, four, and five terraces occur along a short (<10 km) section of coastline, including some areas of coast 
that have only a modern intertidal shore platform (i.e., zero terraces). There is unlimited wave fetch, with 
an annual average wave height of 1.6 m and a micro-tidal mean spring tidal range of 1.5–1.7 m (Beetham 
& Kench, 2011; Ogawa et al., 2012). Radiocarbon dating of terrace cover deposits have revealed five seismic 
events around 4500 ± 75, 3500 ± 50, 1900 ± 50, 1600 ± 50, and 250 ± 50 years BP (Berryman, 1993), and 

Figure 1. Testing Holocene marine terraces in New Zealand, and sketches illustrating time-varying model behaviors. (a) Location of Mahia Peninsula, New 
Zealand (red box), and (b) sequences of Holocene terraces (numbers in brackets show the number of preserved terrace steps). (c) Cross-shore profile of Table 
Cape (Kuhutara Point) terraces (TC1-4) and shore platform (SP), from Figure 5 in Berryman et al. (2018). (d) Model shore platform development, and associated 
time series of (e) the contribution of wave erosion and intertidal weathering, (f) intertidal and subtidal rock surface exposure, and (g) horizontal profile 
recession rate.
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observations of terrace morphology indicate that the coseismic uplift magnitude for these events ranged 
between 1.0 and 4.6 m (Berryman, 1993; Berryman et al., 2018). Berryman (1993) also found the westward 
tilting of terrace altitude (and estimated uplift magnitude) along an east-west transect from Table Cape to 
Putiki Point (see Figure 11 in Berryman, 1993).

RPM is a numerical model of shore platform evolution driven by simplified representations of wave ero-
sion and intertidal rock weathering (Matsumoto et al., 2016a, 2016b, 2018) (Text S1 and Figure S1). These 
two erosion processes operate on rock surfaces through model iterations, driving gradual shore platform 
development at or near intertidal elevations (Figure 1d). Wave erosion lessens in importance through time 
because shore platform widening increases wave energy dissipation, whereas rock weathering increases in 
efficacy through time as the intertidal surface exposure increases (Figures 1e and 1f). Horizontal profile 
recession rates decrease gradually through time but never reach zero owing to the effects of intertidal rock 
weathering (Figure 1g).

We extended RPM in this study with functions that shift the model reference frame to explore the effects of 
episodic and gradual RSL change. The model was then calibrated based on an assumption that Holocene 
terrace development occurred under similar oceanographic conditions as today, with input incident wave 
height (H0) of 1.6 m and mean tidal range (MTR) of 1.6 m. In the absence of detailed data on long-term 
erosion rates, we selected rock resistance (FR) of 40 kg/m2 and a weathering efficacy constant (K) of 20 kg/
m2 which drove general horizontal profile recession rates (∼100−1 cm/year) that are broadly consistent with 
rates calculated from historical aerial photographs (Miller et al., 2007). Each model run was initiated with a 
20-degree linear profile geometry based on the observations of general topographic slope in the study area 
(using Google Earth, https://www.google.com/earth), and models were run over an equivalent time period 
of 8000 years.

Monte Carlo simulations were used to explore the impact on terrace morphology of a large range of possible 
magnitudes of seismic events causing episodic RSL change. To simplify and constrain our analyses, we con-
sidered only five coseismic events using the chronology provided by Berryman (1993), although it is likely 
that more events have occurred and are not preserved in the landscape. We also neglected the possibility 
of inter-seismic vertical land movement (gradual uplift/subsidence) based on the recent observations of 
little gradual elevation change at Mahia Peninsula (Blewitt et al., 2018), and thus gradual RSL changes in 
this study are exclusively climate-driven (i.e., eustatic). 10,000 model runs were conducted with fixed event 
timing and randomly selected uplift magnitude between 0–4.5 m (magenta, Figure 2a), and two eustatic 
Holocene sea level (SL) scenarios that are plausible at the field site, based on the work of Gibb (1986) and 
Clement et al. (2016): static SL (SL1, solid black, Figure 2a), and mid-late Holocene higher SL (SL2, dotted 
black) with peak (2 m above present sea level) at 4000 years BP preceded/followed by gradual SL rise/fall 
(see Figure 6j in Clement et al., 2016). These simulations revealed that the number of preserved model 
terraces is strongly dependent on eustatic SL variability and also uplift magnitude relative to MTR. To inves-
tigate the influence of these factors, two additional model runs were conducted using the same coseismic 
uplift event timings, but Scenario 1 investigated SL1 and five uplift events of 2.1 m that are (0.5 m) larger 
than the MTR (red circles, Figure 2a), whereas Scenario 2 investigated SL2 and four uplift events of 2.1 m 
and one uplift event of 1.1 m that is (0.5 m) smaller than the MTR (green triangles).

3. Results and Discussion
Model runs produced suites of terraces ranging in number from zero to five (Table 1). About 76% of simula-
tions produced two or three terraces, highlighting the broad range of coseismic uplift magnitude scenarios 
that can produce these sequences. In contrast, less than 1% of simulations resulted in zero or five terraces. 
Of note, four or five terraces occurred in 26% of simulations with the mid-late Holocene sea-level highstand 
(SL2), compared to only 7% of simulations with static-sea level (SL1).

Comparison of morphological model outcomes with field observations from Mahia shows moderate con-
sistency (Figure 2b). For instance, field-based estimates of terrace height at Kahutara Point (Table Cape) are 
within, or close to, the modeled range of outcomes (Figure 2b1). In contrast, the widths of the oldest (TC1) 
and newest (TC4) terraces are much wider in model simulations (e.g., median) than are observed in the 
field, whereas the modeled shore platform (SP) width (e.g., median) is much narrower than that observed 

https://www.google.com/earth
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(Figure 2b2). A potential reason for the TC1 width discrepancy is provided by Hayward et al. (2016), who 
imply a possible uplift event at Mahia Peninsula 6700 years BP (see Figure 12 in Hayward et al., 2016), 
which may have interrupted prolonged terrace development (between 8000 and 4500 years BP) leading to 
narrower terraces in the field compared to those modeled. Similarly, Berryman et al. (2018) suggest a lower 
sea level (by −0.4 ± 0.2 m) than present level when TC4 was uplifted (at around 250 years BP) and a sub-
sequent gradual rise in sea level toward present time (e.g., Gehrels et al., 2008). This may account for the 
TC4 and SP width discrepancies, because centennial-scale gradual sea level rise (between 250 years BP and 
present time) may have activated cliff erosion and shore platform development (Trenhaile, 2011), leading to 
wider SP and narrower TC4 (owing to TC4 truncation) observed in the field than those modeled.

The field-based estimates of uplift magnitude are also within, or close to, the modeled range of outcomes 
(Figure 2c). However, two outcomes are of particular note. First, field and model estimates for the event 
at 1900 years BP converge on a narrow range, indicating that this uplift event must have been relatively 
small, and within the limits of the MTR (dashed blue). Second, at 4500 years BP the modeled uplift magni-
tude (1.5 m) for the static SL scenario is much smaller than that estimated from field observations (∼4 m), 

Figure 2. Model coseismic events and mid-late Holocene sea level (SL) scenarios, and comparison of simulation outcomes with field observations. (a) 
Model relative sea level (RSL) scenarios for Monte Carlo simulations considering five coseismic uplift events of constant timing but varied magnitude (after 
Berryman, 1993) and static SL (SL1) or a mid-late Holocene highstand (SL2), and additional two RSL scenario (Scenario1/2). (b) Comparison of minimum, 
median, and maximum terrace height and width between field observations at Table Cape and model simulation results. (c) Comparison of coseismic uplift 
magnitude between field observations (markers from Berryman, 1993) and model results (minimum, median, and maximum) producing three, four, and five 
terraces. (c1) Only includes model results comparable to Putiki Point terraces where terraces associated with the uplift events at 1900 and 250 years BP are 
completely removed. Similarly, (c2) only includes model results comparable to Table Cape terraces where terraces associated with the uplift event at 4500 years 
BP are completely removed. The blue dashed lines in (a) and (c) show MTR used in the model simulations.
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whereas this discrepancy is not present for simulations with the mid-late 
Holocene highstand scenario in which five model terraces are preserved 
(Figure 2c3).

Two additional model runs using Scenario 1 and 2 (Figure 2a) reveal po-
tential mechanisms through which changes in RSL can interplay with 
shore platform development processes (Figure 3). Results from Scenario 
1 show that temporal changes in profile recession rate are near-identical 
for all five coseismic events (red, Figure 3a). This is expected, because 
each uplift event lifts the shore platform above the influence of intertid-
al erosion processes and creates a marine terrace. A new shore platform 
is cut into the seaward edge of the terrace, with erosion rates declining 
through time as the platform widens and attenuates wave energy. In this 
scenario, terrace preservation primarily depends on uplift event timings, 
because shore platforms with a long duration of development (duration 
C and E, Figure 3a) destroy terraces that formed during a short period of 
development (duration B and D, Figure 3a). Consequently, two terraces 
are destroyed in Scenario 1 and three are preserved (Figure 3e).

Number of 
preserved 
model terraces

Number of simulations 
using SL1 (after 

Gibb, 1986) (5000 in total)

Number of simulations 
using SL2 (after Clement 

et al., 2016) (5000 in total)

0 11 8

1 228 195

2 1474 1021

3 2758 2349

4 331 1229

5 9 67

Note. Results containing narrow terraces (width <5 m) are omitted (320 
cases in total).

Table 1 
The Number of Simulations Producing Terraces With a Different Number 
of Preserved Terrace Steps

Figure 3. Time series plots showing terrace development under Scenario1 and 2, shown in Figure 2a, over 8000 years. (a), (b) Horizontal recession rate (red) 
at mean sea level (SL) elevation estimated every 100 years showing the contribution of wave erosion and rock weathering, and relative sea level (RSL) history 
(blue). (c), (d) Intertidal (−0.8 to +0.8 m elevations relative to mean SL) and subtidal (−2.4 to −0.8 m elevations) surface exposure. (e), (f) Cross-shore terrace 
profile showing three and five terrace preservation as a result of the different RSL scenarios. Vertical gray and green shaded stripes show uplift event timing, 
with the green highlighting an uplift event with magnitude < MTR (=1.1 m). Arrows and A–E letters in (a), (b) show the time periods over which shore 
platforms develop, and A*–E* letters in (e), (f) indicate the corresponding terrace surfaces that are preserved.
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Model outputs from Scenario 2 show that the small (1.1 m) uplift event at 1900 years BP (green shade, 
Figures 3b and 3d) drives a marked increase in profile recession rate (red, Figure 3b). This acceleration in 
post-uplift shore platform development occurs because the uplift event is smaller than the MTR, which 
leaves a large portion of the platform surface within the intertidal zone (yellow, Figure 3d) where rock 
weathering operates at high efficacy (light gray, Figure 3b) especially at elevations close to high tide levels 
(Kanyaya & Trenhaile, 2005; Stephenson & Kirk, 2000b) (Figure S1). Our model simulations demonstrate 
that, when coseismic uplift is smaller than the MTR, there is an acceleration in post-uplift platform de-
velopment processes owing to enhanced rock weathering that can promote the development of very wide 
shore platforms in a short period of time. These surfaces can then survive as uplifted terraces even if there 
is a subsequent prolonged period of terrace-destroying erosion (see duration D and E in Figure 3b, and 
preserved surface D* in Figure 3f).

Scenario 2 also draws attention to the way in which gradual SL variability can influence terrace develop-
ment. Results show that during the modeled aseismic period between 8000–4500 years BP, climate-driv-
en gradual RSL rise (blue, Figure 3b) generates a wider terrace profile than is produced with static RSL 
(compare horizontal inner edge positions of terrace surface A* between Figures 3e and 3f). This is because 
gradual RSL rise shifts the zone of active wave erosion upward and landward allowing prolonged active 
wave erosion (as discussed using Figure 2b2 results) between 8000 and 4500 years BP (dark gray, Figure 3b), 
in comparison to the more attenuated wave environment that occurs when RSL is steady (dark gray, Fig-
ure  3a). As a consequence, rising RSL before 4500  years BP creates a sloping submarine platform with 
expansive subtidal surface exposure (purple, Figure 3d). The large (2.1 m) uplift event at 4500 years BP then 
lifts this gentle submarine slope to within the intertidal level of active erosion (intertidal surface exposure 
sharply rises at 4500 years BP, Figure 3b), invigorating rock weathering processes (light gray, Figure 3b). 
This accelerates the profile recession rate (red, Figure 3b) generating a wide shore platform between 4500 
and 3500 years BP that is preserved despite a long period of subsequent platform development (see duration 
B and C in Figure 3b, and preserved surface B* in Figure 3f).

The timing and magnitude of coseismic uplift events is known to be an important influence on marine 
terrace preservation (e.g., Berryman, 1993; Litchfield et al., 2020). In this paper we reveal the nature of this 
control by drawing attention to the critical importance of uplift magnitude relative to the local tidal range. 
Intuitively, one might expect that terraces with larger uplift events are more likely to be preserved in the 
landscape, but this is not necessarily the case. It is quite possible that a large coseismic event could uplift 
a narrow shore platform that might be very rapidly removed by post-uplift erosion. One might also expect 
smaller uplift events to be less important in the preservation of terrace sequences. However, our model 
results show that when the uplift magnitude is smaller than the tidal range, a post-uplift acceleration in the 
efficacy of intertidal erosion processes can lead to the development of very wide shore platforms that are 
more likely to be preserved during the next uplift event. The same post-uplift erosion acceleration and wide 
platform development can occur when gently sloping subtidal platforms, ceated by erosion during gradual 
RSL rise, are uplifted to intertidal elevations that are exposed to rapid weathering. In this study we explored 
gradual climate-driven RSL change (e.g., Clement et al., 2016), but on tectonically active coasts, interseis-
mic vertical land movement can also drive gradual RSL change, and in future work it would be interesting 
to explore the possible role of these movements on interseismic shore platform development processes (e.g., 
Saillard et al., 2017; Shennan & Hamilton, 2006).

Holocene marine terrace development and preservation is a complex function of myriad local factors. In 
this paper we have drawn additional attention to the important effects of both gradual and episodic RSL 
variability. Holocene RSL varied globally depending on local tectonic and climatic settings, and therefore we 
expect our findings will be broadly applicable. Holocene terrace sequences are found globally, and the ele-
vation of these terraces relate in part to local variability in uplift magnitude (e.g., Komori et al., 2017; Merri-
tts, 1996; Ota et al., 1991; Romas & Tsutsumi, 2010; Yamaguchi & Ota, 2004). However, there has also been 
global variability in gradual eustatic SL change over the Holocene (e.g., Martini, 2014). Our findings suggest 
that variability in terrace elevation reflects not just local uplift magnitude, but also sensitive differences in 
shore platform erosion processes that are modulated by relative sea level position, which strongly influ-
ences the manner in which terraces are created and removed from the landscape. In this regard, improved 
interpretation of terrace sequences at different locations requires: high resolution paleo RSL data, where 
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possible discriminating the effects of climate-driven SL change, interseismic vertical ground movement, 
and coseismic uplift; reliable chronological data on long-term rates of shore platform development, which 
are beginning to emerge from surface exposure dating using cosmogenic isotopes (e.g., Regard et al., 2012); 
and improved data on post-uplift changes in shore platform erosion process regimes, the first descriptions 
of which are beginning to emerge from ongoing monitoring of uplifted Kaikōura shore platforms/terraces 
in New Zealand following the 2016 earthquake (Stephenson et al., 2017).

4. Conclusions
Holocene terraces observed in the field provide only partial evidence of paleo-seismic event history, because 
terraces are ephemeral landforms (Anderson et al., 1999). Difficulties exist in dating terrace cover depos-
its (e.g., Perg et al., 2001; Wilson et al., 2006) and myriad local factors influence terrace development and 
preservation. This study shows that further complication is added by variability in RSL history that arises 
both from the magnitude of coseismic events and also gradual climate-driven SL change owing to feedbacks 
that exist between RSL and the shore platform erosion regime. Our model results demonstrate even subtle 
differences in RSL can fundamentally change the history of terrace creation and destruction. The finding is 
applicable broadly because Holocene RSL has varied globally and interplayed locally with many different 
coseismic uplift histories. Higher resolution data on past RSL and corresponding shore platform develop-
ment histories are needed for improved paleo-seismic interpretations of Holocene marine terraces.

Data Availability Statement
The RPM model used in this study and the modeling results are available at https://zenodo.org/re-
cord/5140084 (Matsumoto et al., 2021).
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