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ABSTRACT
Marine terraces are a cornerstone for the study of paleo sea level and crustal deforma-

tion. Commonly, individual erosive marine terraces are attributed to unique sea-level high 
stands based on the reasoning that marine platforms could only be significantly widened at 
the beginning of an interglacial. However, this logic implies that wave erosion is insignificant 
at other times. We postulate that the erosion potential at a given bedrock elevation datum is 
proportional to the total duration of sea-level occupation at that datum. The total duration 
of sea-level occupation depends strongly on rock uplift rate. Certain rock uplift rates may 
promote the generation and preservation of particular terraces while others prevent them. 
For example, at rock uplift of ∼1.2 mm/yr, the Marine Isotope Stage (MIS) 5e (ca. 120 ka) 
high stand reoccupies the elevation of the MIS 6d–e mid-stand, favoring creation of a wider 
terrace than at higher or lower rock uplift rates. Thus, misidentification of terraces can oc-
cur if each terrace in a sequence is assumed to form uniquely at successive interglacial high 
stands and to reflect their relative elevations. Developing a graphical proxy for the entire 
erosion potential of sea-level history allows us to address creation and preservation biases 
at different rock uplift rates.

INTRODUCTION
Marine terraces are key landforms for the 

study of paleo sea level (e.g., Broecker et al., 
1968; Chappell, 1974; Machida, 1975) and 
crustal deformation (e.g., Otuka, 1934; Ota and 
Yoshikawa, 1978; Lajoie, 1986; Armijo et al., 
1996). Commonly, individual marine terraces 
created by bedrock erosion are interpreted to 
form during unique sea-level high stands. This 
one-to-one correspondence is typically assumed 
for two reasons. First, low-gradient, shallow-
water marine platforms—which become marine 
terraces after a fall in relative sea level (sea level 
relative to a land-based datum, typically the dif-
ference between eustatic and rock uplift rates)—
should grow faster through wave erosion when 
relative sea-level rise is very slow, such as at 
the beginning of an interglacial (see Bradley 
[1958] for a review of early 20th century litera-
ture). Second, the large eustatic sea-level drops 
that typically follow high stands can abandon 
and preserve marine terraces.

Using that conceptual model, Yoshikawa 
et al. (1964) identified the rock uplift rate that 
best projected relative sea-level high stands 
to the elevations of marine terraces observed 
around Tosa Bay, Japan (see the English 
translation of Yoshikawa et al. [1964] in the 
Supplemental Material1), which was perhaps 
the first documented attempt to quantify rock 
uplift rates by combining coastal morphology 
and a relative sea-level curve. Later, Lajoie 
(1986) merged this work with studies on con-
structional coral reef terraces (e.g., Broecker 
et al., 1968; Chappell, 1974) and declared that 
“a general consensus has developed” (Lajoie, 
1986, p. 100) linking strandlines and high 
stands on rising coastlines. This morphostrati-
graphic approach relies on a bijective assump-
tion that each individual terrace has a unique 
age linked to a unique high stand (Pastier et al., 
2019), and it is commonly employed at sites 
where independent dating of terraces is scarce 
or infeasible.

Greater scrutiny, however, reveals that indi-
vidual terraces can form and be reoccupied 
during multiple sea-level stands. Dufaure and 
Zamanis (1980) noted diachronous erosive ter-
races in the Gulf of Corinth, Greece, where three 
distinct terraces, separated by cliffs >10 m high, 
merge into one as rock uplift rate decreases 
alongshore. In northern California (USA), Mer-
ritts and Bull (1989) explored how the relative 
heights of high stands contribute to preserva-
tion, reoccupation, or destruction of terraces as 
a function rock uplift rate. Armijo et al. (1996), 
also in Corinth, suggested that repeated occu-
pation of a platform by successive high stands 
can lead to complex terrace structures and the 
absence of specific high stands from the record.

The observation of composite ages on indi-
vidual coral reef terraces (e.g., Bard et al., 1996) 
and the occasional absence of specific Marine 
Isotope Stage (MIS) high stands in extensive 
coral terrace series (e.g., Pedoja et al., 2018) 
also calls into question the bijective rationale. 
Pastier et al. (2019) highlighted that a sea-level 
curve cannot be straightforwardly related to a 
coral reef terrace record because some terrace 
sequences may lack certain high stands and/or 
preserve steps that formed at lower sea-level 
stands.

Here, we question the default assumption 
that marine terraces can be uniquely linked to 
a sea-level high stand, and highlight how these 
terraces can be created by the integrated effects 
of successive episodes of wave erosion dur-
ing multiple marine occupations of the same 
 uplifting platform. To do this, we examine 
 altitudinal transects of sea-level occupation 
under varying uplift conditions and identify the 
uplift rates that should enhance or reduce the 
potential for the generation and preservation of 

1Supplemental Material. Additional figures, Video S1, a description of the code with a link to its repository, and an English translation of Yoshikawa et al. (1964) 
paper. Please visit https://doi .org/10.1130/GEOL.S.16624543 to access the supplemental material, and contact editing@geosociety.org with any questions.
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 erosional terraces. Using a compilation of uplift 
rates inferred from marine terraces on conver-
gent margins, we then consider the biases that 
polygenetic terraces can introduce into relative 
sea-level reconstructions and crustal deforma-
tion models.

CREATION AND PRESERVATION OF 
MARINE TERRACES

Bedrock sea cliffs erode by weathering, 
mass wasting, and various processes driven 
by wave attack. Because waves can impact 
and strain sea cliffs and mobilize sediment 
(Adams et al., 2005; Trenhaile 2019), sea cliff 
erosion rates increase with wave energy flux 
in a range of environments over annual to mil-
lion-year time scales (e.g., Alessio and Keller, 
2020; Huppert et al., 2020; Young et al., 2021). 
Sea cliffs are thus expected to retreat farther 
inland and etch a wider shallow-water platform 
when they are exposed to wave action for a 
longer period of time. This progressive widen-
ing should occur even if wave energy dissipa-

tion across an increasingly wide shelf reduces 
rates of sea cliff retreat and further platform 
widening (Anderson et al., 1999). The resulting 
shallow-water platform can be further abraded 
by sediment moved by shallow-water waves 
(Bradley and Griggs, 1976) and/or by weath-
ering processes in the intertidal zone (e.g., Ken-
nedy et al., 2011).

Sustained and/or recurrent wave erosion at a 
given bedrock elevation datum (i.e., horizontal 
strip of bedrock in the frame of reference of 
uplifting rock) should promote the creation of 
a wide, low-gradient platform that would likely 
remain identifiable as a marine terrace on an 
uplifting coastline. The potential to generate 
an identifiable terrace therefore grows with the 
amount of time sea level spends at a given bed-
rock elevation datum. On the other hand, marine 
terraces can also be effectively erased from the 
chronostratigraphic record if a subsequent sea-
level stand occupies and erodes the same bed-
rock datum (resetting its age). The preservation 
potential of a terrace can also decrease with the 

amount of time sea level spends at elevations 
closely below it, where subsequent erosion can 
undercut and destroy the abandoned platform.

If marine terraces are only created during 
periods of slow relative sea-level rise preced-
ing high stands, as was initially surmised (Brad-
ley, 1958), bedrock coasts would seemingly sit 
unchanged over the vast majority of their evo-
lution and erode for only a few millennia every 
hundred thousand years or so. Waves still impact 
coasts throughout the glacio-eustatic sea-level 
cycle, however, so erosive potential persists even 
if it is modulated by changing wave energy, 
lithology, or sediment cover. We therefore pos-
tulate that, if marine platforms are formed by 
wave erosion and preserved intact, their widths 
should increase with the total amount of time 
sea level spends at that bedrock elevation datum, 
but this does not have to be during a continuous 
time span (Fig. 1).

SEA-LEVEL OCCUPATION AS A 
FUNCTION OF UPLIFT

To represent the work of wave erosion on 
the coastline, it is practical to use the reference 
frame of the uplifting bedrock (Fig. 2A). In Fig-
ure 2, we show the elevations of past eustatic 
sea levels relative to present sea level (Spratt 
and Lisiecki, 2016) if those past sea levels are 
uplifted at rates of 0 mm/yr, 0.3 mm/yr, 0.8 mm/
yr, and 1.2 mm/yr. Relative sea level can be 
summed to determine the total amount of time 
spent at different bedrock elevation datums rela-
tive to present sea level (Fig. 2B; Walker et al., 
2016; Jara-Muñoz et al., 2017). We display sea-
level change since 300 ka to focus on the peri-
ods preceding and following the last interglacial. 
From Figure 2, we note that elevations of longer 
sea-level occupation do not necessarily coin-
cide with elevations of interglacial high stands. 
Coastlines uplifting at 0.3 mm/yr and 1.2 mm/yr 
experience long durations of sea-level occupa-
tion at the elevation of MIS 5e over the past 300 
k.y., whereas sea-level occupation at that eleva-
tion is much shorter on coastlines experiencing 
rock uplift of 0.8 mm/yr.

The distributions of total sea-level occupa-
tion (Fig. 2B) are shown by color brightness 

A B

Figure 2. (A) Time series of relative sea level and (B) cumulative sea-level occupation of bed-
rock elevations for coastlines uplifting at 0.3, 0.8, and 1.2 mm/yr since 300 ka. Horizontal lines 
mark the present-day elevations of the Marine Isotope Stage (MIS) 5e shoreline. The density 
functions are made with a kernel function using a 3 m bandwidth. Video S1 in the Supplemental 
Material (see footnote 1) may be useful for grasping the correspondence between A and B.

Figure 1. The steps of a 
terraced coastal land-
scape (left) record various 
amount of work expended 
by waves at different bed-
rock elevations (right) to 
bevel marine platforms 
that have become ter-
races (yellow bars) and 
have back-worn the ter-
race lying above.
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along a continuous spectrum of uplift rates in 
Figure 3 (plot since 600 ka, alternative sea-
level curves; the Python scripts needed for Fig-
ures 2 and 3 are provided in the Supplemental 
Material). For instance, in examining the color 
brightness along a vertical transect at an uplift 
rate of 0.8 mm/yr, we see the longest occupa-
tion (darkest color) at ∼40 m above present sea 
level (masl). The uplifted elevations of individ-
ual high stands are represented with dashed 
lines, and these do not necessarily match peaks 
in occupation (e.g., either side of the MIS 7e line 
in Fig. 3). The slope of a high-stand dashed line 
is proportional to its age. Instances of repeated 
occupation are apparent at numerous other rates 
of uplift, which makes clear that a bijective inter-
pretation of marine terrace morphostratigraphy 
is invalid in a wide range of tectonic settings.

An additional source of error may arise when 
a terrace is resubmerged by a subsequent high 
stand and draped with coral or sediment of that 
younger age. For example, at 0.8 mm/yr, a ter-
race generated at MIS 6e (∼–60 masl) would be 
uplifted to ∼80 masl (Figs. 2A and 3), which is 
<20 m below the elevation of MIS 5e occupa-
tion. If MIS 5e deposited coral or sediment on 
this terrace, the attribution of an MIS 5e age 
to this older, lower platform would yield an 
apparent rock uplift of only 0.67 mm/yr. Simi-
larly, corals were deposited at ca. 100 ka on a 
resubmerged ca. 120 ka terrace on San Nico-
las Island, in the Channel Islands of California, 
which resulted in a mismatch between the ages 
of carbonate deposition and platform erosion at 
a true rock uplift of ∼0.25–0.27 mm/yr (Muhs 

et al., 2012). This potential for age-platform 
mismatch can be tracked across a spectrum of 
uplift rates in Figure 3 by comparing the eleva-
tions of high stands and those of long sea-level 
occupation.

EVIDENCE AT GLOBAL AND LOCAL 
SCALES

A global compilation of presumed MIS 5e 
marine terrace ages and elevations (Pedoja et al., 
2014) suggests that time-averaged rock uplift 
rates at convergent margins since MIS 5e cluster 
around a primary peak at 0.2–0.3 mm/yr and a 
secondary peak around 0.9 mm/yr (Fig. 4A). We 
calculated these uplift rates assuming a globally 
consistent MIS 5e sea level equivalent to that of 
the present. Individual regions included in the 
compilation show similar bimodality (Fig. 4B). 
We failed to identify a geological process that 
would explain an abundance of uplift rates 
between 0.8 and 1.1 mm/yr or a lower repre-
sentation around 0.6 mm/yr.

We suggest that this bimodality in appar-
ent rock uplift rates may arise from a propen-
sity for rock uplift rates of ∼0.9–1.2 mm/yr to 
favor the creation and preservation of MIS 5e 
terraces. MIS 5e sea levels reoccupy the same 
bedrock elevation as MIS 6d–MIS 6e for uplift 
rates of ∼0.9–1.2 mm/yr (Figs. 2 and 3). This 
leads to a significantly longer total duration of 
occupation at MIS 5e elevation at these rock 
uplift rates (creation potential) as well as only a 
brief occupation below it (destruction potential; 
Fig. 4C). A MIS 5e terrace on a coastline uplift-
ing at 0.9–1.2 mm/yr may be wider and more 

easily identifiable, which could lead to a further 
 sampling bias. This may explain the overrepre-
sentation of these rock uplift rates in the global 
marine terrace record. The range and distribution 
of rock uplift rates that can be inferred from the 
marine terrace record is biased by the consid-
erable influence that rock uplift rates exert on 
the duration of sea-level occupation at a given 
bedrock datum.

The coast around Santa Cruz, Califor-
nia, is characterized by an ∼10-km-wide, 
<125-m-deep, erosive marine platform (Figs. 4D 
and 4E). Rock uplift rates vary along the coast 
and may be as high as ∼1 mm/yr (Perg et al., 
2001) but generally cluster around ∼0.4 mm/
yr (Bradley and Griggs, 1976; Anderson, 1990; 
Valensise and Ward, 1991; Gudmunsdottir et al., 
2013). At 0.4 mm/yr, several episodes of sea-
level occupation align near or below modern 
sea level (Figs. 2 and 3). Accordingly, we expect 
a large platform carved by repeated long-term 
sea-level occupation and wave erosion at and 
below sea level as is observed in the bathymetry 
(Figs. 4D and 4E).

DISCUSSION
Some complications and pitfalls in infer-

ring rock uplift rates from marine terraces have 
previously been identified (e.g., Armijo et al., 
1996). Here, we seek to move past a caution-
ary tale and propose a strategy for quantify-
ing this source of bias and better exploiting 
the topographic record. At this stage, we can-
not prove the hypothesis that marine terraces 
depend more on total sea-level occupation than 

Figure 3. Duration of 
sea-level occupation of 
bedrock datums since 
300 ka as a function of 
rock uplift rate displayed 
by color brightness, with 
distributions of relative 
sea-level occupation 
from Figure  2B shown 
for select uplift rates. 
Dashed lines show the 
present-day elevation of 
specific Marine Isotope 
Stage (MIS) stages across 
all uplift rates. Sea-level 
data are from Spratt and 
Lisiecki (2016).
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on individual high stands. Two tests, however, 
could be employed: (1) differentiating ages 
of platform formation and coral or sediment 
cover, and (2) surveying the age and geom-
etry of a continuous terrace across a gradient 
in rock uplift rate.

The first test would identify episodes of 
reoccupation of wider terraces by subsequent 
high stands based on observations of a differ-
ence between platform age and (multiple) sedi-
ment and/or coral cover age(s). Independently 
constrained rock uplift rates, e.g., from fluvial 
terraces or denudation rates, can guide the 
choice of ideal survey sites to target potential 
reoccupation episodes such as those that are 
expected to occur on coasts uplifting at 0.8 mm/
yr (Fig. 3).

For the second test, it may be productive to 
investigate the geometry and surface age of ter-
races that increase in elevation along a coast-
line due to a gradient in rock uplift rates. Such 
terraces may provide evidence of reoccupation 
dependent on rock uplift rate. For example, 
at rock uplift rates of <1.2 mm/yr, a terrace 
carved during the mid-stand period MIS 6d–e 
would show evidence of reoccupation during 
MIS 5e while at rock uplift rates >1.2 mm/yr, 
the youngest sediment ages on the same terrace 
would be MIS 6d–e (Fig. 3).

Here, we used a global benthic oxygen 
isotope-based eustatic sea-level curve, but our 
graphical solution can easily be applied to alter-
native sea-level curves; e.g., at high latitudes 

where the gravitational component of glacial 
isostatic adjustment differs significantly from 
global averages (Mitrovica et al., 2001; Simms 
et al., 2016).

CONCLUSIONS
Marine terraces provide a direct means 

of constraining the magnitude and timing of 
past sea level and solid earth deformation. 
Sequences of drowned or uplifted marine ter-
races are often interpreted to have formed at 
successive interstadials; each terrace relates 
uniquely to a past high-stand sea level. Yet, this 
record can be affected by the repeated occupa-
tion of specific bedrock datums by sea level. 
The nonlinear scaling of rock uplift rates and 
the durations of sea-level occupations (arising 
from the recombination of complex sea-level 
curves) may promote or hinder the creation 
and preservation of marine terraces at various 
elevations in different tectonic settings. This 
may explain both an apparent overrepresenta-
tion of rock uplift rates between 0.8 mm/yr and 
1.2 mm/yr inferred from the global marine ter-
race record and the >10 km width of the marine 
platform uplifting at ca. 0.4 mm/yr off the coast 
of Santa Cruz, California. Representing the dis-
tribution of sea-level occupation time over a 
range of rock uplift rates illustrates the likeli-
hood for marine terrace creation and the poten-
tial for bias in the record, which improves the 
quality and reliability of morphostratigraphic 
analyses.
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