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A B S T R A C T

The peak of the Last Interglacial (Marine Isotope Stage 5e; ~128–117 ky) provides a valuable analogue for 
understanding sea level rise under future warming scenarios. Relative sea-level (RSL) indicators from passive 
margins are essential for constraining past sea levels and refining glacio-hydro-isostatic adjustment (GIA) 
models, thereby enhancing projections of future sea-level change and associated regional impacts. In this study, 
we present new luminescence ages from 17 sediment samples in outcrops along the Intracoastal Waterway near 
Myrtle Beach, South Carolina (USA). The sampling sites lie between a series of paleo beach ridges preserved as 
successive off-lapping deposits, the scarp toes of which have been previously identified as indicators of the 
maximum sea level during each associated sea-level highstand. Our results include ages corresponding with 
Marine Isotope Stages (MIS) 7 (~200 ka), 5e (~125 ka), 5c (~105 ka), and the last deglacial period (~14–12 ky). 
These new sea-level indicators, supplemented by the existing scarp elevation data, suggest that relative sea level 
in this region reached similar levels during MIS 5e and MIS 5c/5a. Comparison with GIA model outputs shows 
that more models fit our observations (from all time periods) when a peak GMSL of less than 5 m above present 
during MIS 5e is assumed, which makes those scenarios more likely.

1. Introduction

1.1. Sea level and the Last Interglacial

The Last Interglacial (Marine Isotope Stage [MIS] 5e, 128–117 ky, 
MIS 5e hereafter) is the last period of the Earth's history when temper
atures were 0.5–1.5◦ higher than the 1850–1900 baseline, due to 
different insolation forcing (Calvin et al., 2023; Dutton et al., 2015). As 
such, it provides an analog for future warming scenarios, albeit with the 
caveat that the current warming is forced by greenhouse gas emissions 
(Calvin et al., 2023). During MIS 5e, global mean sea level (GMSL) is 
traditionally reported to have peaked 5–9 m above present (Dutton 
et al., 2015; Dutton and Lambeck, 2012; IPCC, 2015; Kopp et al., 2009). 
However, recent works suggests a substantially lower MIS 5e GMSL, 
between 1 and 5 m above present level (Dumitru et al., 2023; Dyer et al., 
2021). This could entail the possibility of asynchronous melting between 
Greenland and Antarctic ice sheets through MIS 5e (Barnett et al., 2023; 

Rohling et al., 2019), in turn causing sea-level oscillations which would 
manifest differently around the world due to glacial isostatic adjustment 
(GIA) processes (e.g. Creel and Austermann, 2024).

Coastal geological features formed during past interglacial sea-level 
highstands can be preserved as relic landforms or facies, and can be used 
as proxies to assess paleo relative sea level (RSL) and can help constrain 
past ice sheets and the timeline of their melting. Among these proxies, 
fossil beach deposits and corals (e.g. Dutton et al., 2015; Tamura, 2012) 
have been widely used thanks to the availability of dating techniques, 
such as Uranium-series disequilibrium dating of fossil corals (e.g. Cronin 
et al., 1981; Szabo, 1985; Wehmiller et al., 2004) and luminescence 
dating for beach deposits and ridges (Burdette et al., 2012; Lamothe, 
2016). To understand past RSL, geological proxies (such as fossil bea
ches) must be transformed into sea-level index points (SLIPs). These are 
points with a quantifiable relationship to past sea level, a quantifiable 
range of uncertainty for their elevation and chronological constraints on 
the time of their formation or deposition (e.g. Shennan et al., 2015).
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The RSL obtained from any geological feature represents an estimate 
of local sea level (Rovere et al., 2016b) that represents the algebraic sum 
of GMSL and vertical land motions. Most commonly, vertical land mo
tions can be due to the isostatic response of the crust to ice sheet growth 
and decay, i.e., glacial-hydro-isostatic adjustment (Mitrovica and Milne, 
2003); sediment or coral reef loading and unloading, referred to as 
sediment or reef isostasy (Pico, 2020; Rovere et al., 2023; Simms et al., 
2013); crustal tectonics (e.g. Freisleben et al., 2021); or mantle dynamic 
topography (Austermann et al., 2017). Disentangling these processes 
causing departures from GMSL and creating different RSL signals glob
ally can be best investigated where SLIPs are particularly 
well-preserved, their stratigraphy is clear, and where vertical motion is 
either minimal or well-constrained via independent proxies or models.

In this work, we present the results of surveys of six outcrops in one 
such area, located along the Intracoastal Waterway (ICW). This stretch 
of the ICW is a ditch excavated between the 1920s and 1930s for com
mercial navigation, near Myrtle Beach, South Carolina, in the south
eastern United States Atlantic Coastal Plain (ACP). We established new 
geochronologic constraints with luminescence dating, and quantified 
paleo RSL by assigning each facies surveyed in the field a relationship 
with past sea level calculated from modern wave data coupled with 
simple hydrodynamic equations. We compare our results to a large suite 
of GIA models and with uplift rates derived from older shorelines in the 
area, discussing the implications in terms of GMSL at the time of 
deposition.

1.2. The Pliocene-Pleistocene sea-level record from the US Middle and 
Southeastern Atlantic Coastal Plain

The ACP of the United States stretches for more than 3000 km, from 
Florida to Cape Cod, and is often referred to as a trailing edge (or pas
sive) margin and considered to be devoid of significant tectonic vertical 
land motions that would obscure the signal of sea-level changes (Doar III 
and Kendall 2014). However, several processes are still causing de
partures from GMSL, and a large corpus of chronostratigraphic work 
(see Fig. 1) exists to address them. The part of the coast south of Long 
Island, NY is beyond the former limit of the Last Glacial Maximum 
(LGM) Laurentide Ice sheet (LIS) (Dalton et al., 2016), so 
paleo-shorelines are abundant in these areas, and several authors (e.g. 
Doar III and Kendall, 2014) have mapped subaerial “scarps,” which 
correspond to clastic coastal depositional environments dating back to 
Pliocene-Pleistocene highstands (Fig. 1, also see reviews by Muhs et al. 
(2003) and Rovere et al. (2015)).

From Virginia to Georgia, the presence of mollusks or corals in 
Pleistocene deposits (Fig. 1) allowed chronological attributions of these 
depositional environments thanks to different dating techniques such as 
amino acid racemization or U-series (see review by Wehmiller et al., 
2021). In Florida, there is a transition from clastic-to carbonate-rich 
deposits, with extensive dating performed on the fossil coral reefs be
tween Miami and the Florida Keys (e.g. Chutcharavan and Dutton, 2021; 
Hsia et al., 2024; Muhs et al., 2011; Multer et al., 2002). Several studies 
have also employed luminescence and electron spin resonance dating to 
constrain the timing of formation of beach ridge and marine deposits 
associated with MIS 5e and 5c (e.g. Burdette et al., 2009, 2010, 2012, 
2013).

The sea-level data collected in the literature summarized above has 
helped identify and quantify the role of processes involved in the long- 
term vertical displacement of the middle and southeastern ACP. At 
timescales from hundreds of thousands to millions of years, mantle dy
namic topography is recognized as a primary driver of vertical land 
motions (Hollyday et al., 2024; Moucha and Ruetenik, 2017; Rowley 
et al., 2013). Dynamic topography finds the clearest expression in the 
elevation changes of the so-called Orangeburg scarp, dated to 3 Ma 
(Cronin et al., 1984), which ranges in elevation from ~76 m in Virginia 
to ~39 m in Georgia (Rovere et al., 2015). Locally, the isostatic response 
to either sediment loading and unloading (Moucha and Ruetenik, 2017) 

or the isostatic uplift in response to karst dissolution of Pliocene car
bonates (Adams et al., 2010; Creveling et al., 2019) were considered to 
exert significant local departures from GMSL. GIA in response to the 
waxing and waning of ice sheets during the Quaternary, and in partic
ular to the Laurentide Ice Sheet, is considered a major driver of paleo 
RSL changes on the ACP (Creveling et al., 2017; Engelhart et al., 2011b; 
Pico et al., 2017; Potter et al., 2004; Roy and Peltier, 2015). Peltier et al. 
(2015) estimated current GIA-induced subsidence rates (connected with 
post-glacial forebulge collapse) of approximately 2 mm/year in North 
Carolina. Later, Thompson et al. (2023) employed GIA models incor
porating 3-D variation in the viscoelastic earth structure to predict the 
elevation of the MIS 5a highstand, which they assert peaked closer in 
elevation to MIS 5e GMSL than previously thought. At shorter (decadal) 
timescales, the CORS network station (NGS, 2024) designated SCHY and 
located approximately 15 km from the study area indicated 2.45 
mm/year of downward vertical movement overall (Karegar et al., 2016), 
and Ohenhen et al. (2023) also calculated a similar rate for this study 
area using inSAR. Wu et al. (2022) used inSAR with data from 
Charleston (SC) and Wilmington (NC) to calculate total maximum sub
sidence (encompassing all possible processes) at 6.99 and 5.63 
mm/year.

Fig. 1. Pliocene-Pleistocene shorelines and shallow-water marine fauna (often 
used as SLIPS) on the U.S. East Coast, from Virginia to Florida. Pliocene- 
Pleistocene shorelines were mapped by Rovere et al. (2015) from a number 
of sources (Ator, 2005; Dicken et al., 2005a, 2005b; Doar III, 2012; Doering, 
1960; Hoyt, 1969; Schwab et al., 2009; Winker and Howard, 1977a, 1977b). 
Shallow-water marine fossils were extracted from the Paleobiology Database 
(Peters and McClennen, 2016) and the MIS 5e, 5a and 5c sea-level index points 
(SLIPs) were extracted from WALIS, the World Atlas of Last Interglacial 
Shorelines (Rovere et al., 2022). Base map from Ryan et al. (2009).
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The structural geology of the area (Myrtle Beach, South Carolina) 
where the current study was carried out is defined by the Cape Fear Arch 
at the border between North and South Carolina, and the Southeast 
Georgia Embayment in southern South Carolina and coastal Georgia. 
Doar III and Kendall (2014) accept the long-term tectonic uplift rate for 
this area calculated by the elevation of the Pliocene Orangeburg scarp in 
the work of Dowsett and Cronin (1990) and Soller (1988, p. A49) of 
about 0.005–0.021 mm/year. Later research (Engelhart et al., 2011b) 
considers this estimate inadequate to capture more episodic dynamics, 
or explain mismatches between GIA models and Holocene sea-level 
datasets from the area (Engelhart and Horton, 2012). In this area, 
there is evidence of crustal deformation at least from the Last Intergla
cial to present (Marple and Talwani, 2000) with uplift rates estimated 
between 0.14 and 1.8 mm/year (Marple and Talwani, 2004), though it 
has been argued (Engelhart et al., 2011b) that such rates are not 
well-constrained and subject to localized effects. Van De Plassche et al. 
(2014) estimated tectonic uplift rates 0.23 ± 0.15 mm/year, but the 
precise mechanism is not certain, and the factors causing these rates 
have not been entirely disentangled. The uplift of the Cape Fear Arch has 
been attributed to a buried fault system (Marple and Talwani, 2004), but 
a contribution (at least in the long term, 3 Ma to present) of mantle 
dynamic topography is also possible (Mitrovica et al., 2020).

2. Materials and methods

2.1. Study area

The focus of this work includes six Pleistocene outcrops surveyed 
along the ICW near Myrtle Beach, South Carolina. In this area, a number 
of paleo-shorelines occur in conjunction with beach ridges (Doar III and 
Kendall, 2014), dating from Pliocene to the present. For the Pleistocene 
ridges, extensive Molluscan amniostratigraphic research exists 
(Wehmiller, 2013; Wehmiller et al., 1988, 2021). Doar III and Kendall 
(2014) summarize the history of geological research in the area and give 
an overview of eight offlapping geomorphic terraces or alloformations in 
the study area ranging in elevation from 42.6 to 3 m above sea level, 
dating between the Pliocene or early Pleistocene to ~34 ka. The terraces 
and associated alloformations are geomorphically separated by sedi
mentary escarpments, or “scarps”. The scarps are the surficial expression 
of the alloformation's bounding unconformities and the scarp “toes” are 
the point where the later horizontal deposits meet the escarpment 
composed of sediment from an earlier time period (Doar III and Kendall, 
2014).

The outcrops described in this study were surveyed in an area 
characterized by the presence of MIS 5e deposits already identified 
within the regional stratigraphy. The regional stratigraphic nomencla
ture includes different sets of names, which sometimes overlap, with 
each formation usually related to former RSL highstands. Our survey 
targets MIS 5e beach deposits from the Pamlico Formation of Doar III 
and Kendall (2014), or lower part of the biostratigraphically defined 

Fig. 2. A: Map of the study area, with scarps derived from Doar III (2020) and Doar (2014, 2015) and sites described in the text. Bathymetry from NOAA (NOAA, 
2023) and Topography from USGS National Map (USGS, 2024). The Grand Strand Airport is referred to in much of the existing research (e.g. DuBar et al., 1980) by its 
former name, the Windy Hill Airstrip. B: Generalized profile (not to scale) illustrating the system of scarps and formations deposited by subsequent interstadials in the 
local area, adapted from Doar III and Kendall (2014). Colors match those of scarps in the top pane of the figure. The Mt. Pleasant and Silver Bluff Formation are faded 
out because though they occur in the wider region, in the immediate study area they have not been extensively mapped. This study collects samples from areas 
previously assessed as Pamlico to increase the chance of locating MIS 5e deposits. For detailed descriptions and locations of previously mapped facies, consult Doar III 
(2014, 2015).
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Socastee Formation of DuBar et al. (1974). The MIS 5e deposit is also 
correlative to the lower part of the Wando Formation in the Charleston 
(SC) region to the southwest (Weems et al., 2014). MIS 5c and MIS 5a 
sediments (i.e., Princess Anne Formation of Doar III and Kendall, 2014), 
which are often found in close relation to MIS 5e material, are referred to 
as the upper part of the Socastee Formation of DuBar et al. (1974) or 
upper part of the Wando Formation by Weems et al. (2014). The un
derlying MIS 7 deposits are referred to as the Ten Mile Formation by 
Doar III and Kendall (2014) or part of the biostratigraphically defined 
Canepatch of DuBar et al. (1974), which however likely contains de
posits from several mid-Pleistocene periods betwen MIS 7 to 11. Three of 
the older highstand deposits inland of the study area and their ages are 
identified by Doar III and Kendall (2014) as follows: Ladson Formation 
(MIS 11), Penholoway terrace (MIS 17 or 19), and Wicomico terrace 
(MIS 45–55).

The survey area selected along the ICW (See Fig. 2A for a plan view, 
and Fig. 2B for a generalized profile of the scarps and formations 
mentioned below) is ideal because in this sector the ICW is seaward of 
the Suffolk scarp (Doar III and Kendall, 2014), which here marks the 
landward extent of the Pamlico Formation (lower part of Socastee For
mation or lower part of Wando, as mentioned above) deposited during 
MIS 5e and the start of the Ten Mile Hill Formation (or Canepatch 
Formation) attributed to MIS 7, which in turn has its maximum land
ward extent defined by the Bethera scarp. Seaward, the limit of the 
Pamlico is regionally marked by the Awendaw scarp (Doar III, 2020), 
which in turn marks the landward extent of the Princess Anne Forma
tion, likely deposited during 5c and/or 5a; since Doar III and Kendall 
(2014) prefer an age of ~100-80 ka, though it is difficult to distinguish 
between the two phases. Mapping of 5c and 5a to the south in Charleston 
and Beaufort, SC (Doar, 2003; Weems et al., 2014; Willis, 2006) did 
discern the two highstands within a foot of each other, which could be 
due to base map errors or the need for more systematic RTK and lumi
nescence data. Since they are not well differentiated here, we group the 
5c and 5a together for most purposes in this study except for some 
discussion of GIA during 5a. In the Myrtle Beach sector, the Awendaw 
scarp is mapped by facies mapping with limited chronological con
straints (Doar, 2014, 2015), but seaward the Mt. Pleasant scarp and the 
Silver Bluff Formation (the landward limit of which the scarp delineates 
regionally) deposited during an interstadial in MIS 3 (Doar III and 
Kendall 2014), is not widely mapped in the local area. In theory, de
posits identified with these stages should be recognizable based on their 
position relative to the scarp toes (Doar III and Kendall, 2014). In reality 
however, the scarps in Fig. 2 are within several kilometers of each other 
in this area, often making difficult the association of a facies without 
chronological constraints to a particular stage.

The elevations of these scarp toes were also used (Doar III and 
Kendall, 2014) as absolute bounds for the maximum elevation of RSL 
highstands for each stage (though without precise age constraints) using 
an indicative range of ±1 m. Since this indicative range was not dis
cussed in peer reviewed literature we use another, more conservative 
indicative range as discussed in the final paragraph of section 2.3 below. 
While in this work we use the names of these scarps, we remark that the 
nomenclature and identification of the corresponding deposits is not 
universally agreed upon, particularly since the division between 
different interstadials is not always fully clear. We further emphasize 
that the scarp elevations provide only a maximum elevation for the 
highstand elevation in each respective interstadial, whereas our new 
dates provide elevations at precise points in space and time using re
lationships to sea level determined by sedimentological analysis. Work 
on further defining chronostratigraphy was also carried out by Poirier 
et al. (2021) using U-series disequilibrium ages of corals, which includes 
a thorough re-evaluation of previously published data.

2.2. Survey methods

Field sites were identified using a small boat to navigate the ICW, 

preferring low tide for better accessibility. Suitable outcrops were 
cleaned of vegetation, stratigraphic logs were made, and samples taken. 
Bulk/dosimetry samples were taken in plastic bags from all distinct 
sedimentary layers, and luminescence samples were taken in facies with 
sufficient quartz. Samples were protected from exposure to sunlight by 
hammering opaque PVC tubes into the outcrop then capping first the 
external end and then, when extracted, the other end, after carefully 
filling any extra space in the tube with foam and marking the outward 
facing side. While the sample tubes were still in the outcrop with the 
label visible, a digital camera was used to capture 50–200 overlapping 
images per outcrop for Structure-from-Motion/MultiView Stereo (SfM- 
MVS) processing.

Using Agisoft Metashape, SfM-MVS processing was used to create 3- 
D models of the outcrops scaled to real-world distances using scalebars. 
Approximately 10 % of the poorest quality points (based on reprojection 
accuracy and reprojection error) were removed from each sparse cloud 
to improve quality of the final 3-D model. Medium quality depth maps 
with moderate depth filtering were used as a basis for final model cre
ation to further reduce the effects of noise in the model surfaces. 
Orthophotos at the highest possible resolution (0.05–0.08 cm/pixel) 
based on the photoset were created on a viewing plane normal to the 
overall face of the outcrop on the XY plane but parallel to the Z axis to 
enable the possibility of measuring vertical elevations. Each model (with 
an uncertainty of 0.1 m) was benchmarked to real-world elevation with 
differential global navigation satellite system (GNSS) measurements 
that have individually calculated errors shown in Table 1.

All GNSS data were collected with a pair of EMLID REACH RS +
receivers (single band) working in Real-Time-Kinematics (RTK) config
uration. The position of the base station was initially set to uncorrected 
coordinates in the field and was corrected in post-processing using the 
permanent GNSS station in Longs, South Carolina (designation SCHY), 
maintained by the NOAA Continuously Operating Reference Station 
(CORS) network, located 12–30 km from our sites. GNSS data post- 
processing was done with Emlid Studio 1.4 (Windows version). Static 
processing was used in conjunction with base station data from the 
CORS network to refine the static receiver position, then offset the points 
from the rover using the base corrected position.

During the post-processing, it was noted that different elevation 
masks produced solutions with results that had spreads of tens of cen
timeters at some sites. The elevation mask blocks satellites between the 
specified value since satellites close to the horizon usually have noisy 
data (Emlid, 2025) but in some conditions may be necessary. This is 
likely due to the poor reception conditions in the ICW caused by factors 
such as the presence of water near the base station, covering of vege
tation, and the walls or banks of the ICW blocking a large part of the sky. 
Location solutions for the static receiver at each site were processed 
using elevation mask values between 10 and 35◦, since values above 35◦

rarely produced fixed solutions. The alternative solutions were assessed 
quantitatively and qualitatively to select the best solution based on 
several factors. This included clustering of different solutions, discrep
ancies in the X and Y dimension, and the AR ratio value of the solution, 
which according to the GNSS producer (Emlid, 2025) is a measure of 
quality of the solution. All elevation data were referred to NAVD88 from 
the GNSS ellipsoid height using the online VDATUM tool by the US 
National Oceanic and Atmospheric Administration (https://vdatum. 
noaa.gov/vdatumweb/).

2.3. Indicative meaning

To transform any geological sea-level proxy into a sea-level index 
point (SLIP) (Khan et al., 2019), i.e., a feature with a quantifiable rela
tionship to a paleo sea level, it is necessary to quantify its relationship 
with sea level at the time of formation (Shennan, 1986; Shennan et al., 
2015). This relationship, called the indicative meaning, is usually ob
tained by quantifying the reach above or below sea level of modern 
coastal processes or the living ranges of fossil organisms found in situ (e. 
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g. Hibbert et al., 2016). This is often achieved using a modern analog (e. 
g. Horton and Edwards, 2005; Rovere et al., 2016b). The elevational 
range of occurrence of a sea-level proxy is called “indicative range”, 
while the offset between the modern analog and a specific tidal datum 
(often mean sea level) is referred to as “reference water level” (Shennan 
et al., 2015). Each SLIP must then be assigned an age with a quantifiable 
uncertainty range.

A SLIP by itself represents only the elevation of RSL at a certain point 
in time and space. Some features do not indicate a precise relationship to 
sea level, but only show the maximum or minimum possible sea level. As 
an example, a beach-dune contact identified within the stratigraphic 
context (e.g. Cann and Murray-Wallace, 2012) will indicate that sea 
level was below the contact. Aeolian sand dunes, as subaerial landforms, 
provide a maximum possible sea level, since the sea level at the time 
must have been below the elevation at which they formed. The features 
that only show a maximum possible paleo sea level are called “terrestrial 
limiting points”, while features that show only the minimum possible 
sea level are referred to as “marine limiting points” (Rovere et al., 
2016b).

Due to intense human development of the Myrtle Beach area, using 
the modern coast to identify relationships between coastal facies and sea 
level might be misleading. For this reason, we here established the 
indicative meaning using the approach proposed by Rovere et al. (2025)
and Lorscheid and Rovere (2019), which entail the calculation of wave 
runup elevations and breaking depths to assess, respectively, the upper 
and lower limits of the indicative range. To do this, we extracted tide 
data from the FES2022 tidal model (Carrere et al., 2022) at a point 
slightly offshore Myrtle Beach. The model outputs match well with the 
high-low water levels measured daily at the Springmaid Pier (NOAA, 
2025) tide gauge at Myrtle Beach (NOAA ID 8661070, Fig. S1). Then, we 
extracted wave data for a point offshore Myrtle Beach from the Coper
nicus Marine Environment Monitoring Service (CMEMS) WAVeR
eanalYSis (WAVERYS) (Law-Chune et al., 2021). Both wave and tide 
data were extracted for a total of about 43 years, from Jan 1st, 1980 to 
September 30th, 2023. Both wave height and period (respectively, 
Figure S2 And Figure S3) match well with those measured at the NOAA 
buoy. To calculate the runup values using the above approach (Rovere 
et al., 2025) we used beach slope values from 2506 points measured 
along the Cape Fear Arch from Doran et al. (2024).

For beach shore facies or deposits that can also be deposited below 
sea level, we calculated the breaking depth (db) of waves using the 
formula adopted by Lorscheid and Rovere (2019) from Lee and Mizutani 
(2010): 

db
L0

=
(
3.86β2 − 1.98β+ 0.88

)
(

Hs

L0

)0.84 

Where Hs is the significant wave height of incident waves (extracted 
from the WAVERYS data mentioned above), β is the average beach slope 
from the data mentioned above (β = 0.04), and L0 is the wavelength, 
that is derived from the period as follows: 

L0 =
gTp

2π 

Where g is the gravity constant (9.81 m/s2) and Tp is the mean deep- 
water wave period.

A similar approach to the one outlined above can be adopted for the 
scarp toes that were mapped in this area (Doar III and Kendall, 2014), 
which mark the highest RSL during a highstand. These features were 
assigned the same indicative meaning as the inner margin of marine 
terraces following the quantification of the upper and lower limits 
proposed by Rovere et al. (2016a) (storm wave swash height to breaking 
depth). The calculated results for these values are shown in section 3.2.1
below.
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2.4. Luminescence dating

Luminescence dating was conducted at the Cologne Luminescence 
Laboratory using coarse-grain quartz (100–200 μm) for 17 sediment 
samples. For three of these plus two additional samples, coarse-grain 
(150–180 μm) potassium feldspar extracts were analysed. Sample 
tubes were opened under dimmed red-light conditions. Sample prepa
ration included dry sieving, treatment with HCl (10 %) to remove car
bonates, with H2O2 (10 %) to remove organic matter and with sodium 
oxalate (10 %) to destroy clay aggregates. Density separation with so
dium polytungstate was used to extract potassium-rich feldspar (<2.58 
g/cm3) and quartz (>2.62 g/cm3 and <2.68 g/cm3). Quartz samples 
received a final etch with HF (40 %) for 40 min to remove any feldspar 
contamination and the alpha-radiation-affected outer rim of the grains. 
A 60 min HCl rinse was performed after HF etching.

Dose rates are based on radionuclide contents of the samples derived 
with high-resolution gamma spectrometry with an Ortec PROFILE M- 
Series GEM Coaxial P-type gamma spectrometer and the conversion 
factors of Guérin et al. (2011). Water contents were determined by 
measuring water loss after heating the samples at 50 ◦C until completely 
dry. For two of the samples (C-L5494 and C-L5495), dose rates of 
stratigraphically heterogeneous sections (i.e., facies variations within 
the range of gamma radiation around the samples) were reconstructed 
using the layer model of Riedesel et al. (2022). Internal dose rates for 
feldspar extracts are based on empirical potassium contents of 10 ± 2 % 
(Smedley et al., 2012). The alpha radiation contribution in feldspar is 
calculated with an a-value of 0.11 ± 0.02 (Kreutzer et al., 2014). Cosmic 
dose rates were estimated based on geographic location, depth below 
surface and a sediment density of 1.8 ± 0.1 g/cm3 following Prescott 
and Hutton (1994). Calculation of total dose rates was based on the 
online calculator DRAC (Durcan et al., 2015). Data related to dose rate 
calculation are summarized in Spreadsheet S2 for all samples.

For burial dose determination, quartz and feldspar extracts were 
fixed on steel discs using silicone spray to create aliquots with 2 mm 
(quartz) or 1 mm (feldspar) diameter. All discs were measured on Risø 
TL/OSL DA-20 readers equipped with 90Sr/90Y beta irradiation sources 
delivering ~0.1–0.2 Gy/s at the sample position. Luminescence signals 
were stimulated with blue LEDs (~470 nm) at 125 ◦C (quartz) and 
infrared LEDs (~870 nm) at 50 and 290 ◦C (feldspar), and detected 
through 7.5 mm Hoya U340 (quartz) or 410 nm interference filters 
(feldspar). All quartz measurements followed a standard SAR protocol 
(Murray and Wintle, 2000) with preheat at 180 ◦C for 10 s and a cutheat 
at 160 ◦C. Feldspar samples were measured with a post-infrared-infrared 
protocol at an elevated temperature of 290 ◦C (pIRIR290, Thiel et al. 
(2011). Dose rates are recorded in Spreadsheet S2 and measurement 
protocols are summarized in Spreadsheet S3.

The appropriateness of the quartz protocol was tested with a preheat- 
plateau test for a selected sample by increasing the preheat temperature 
in steps of 20 ◦C from 180 ◦C to 280 ◦C. The cutheat was always 20 ◦C 
below the associated preheat temperature. The test indicates equivalent 
doses independent of preheat temperatures between 180 ◦C and 240 ◦C. 
In addition to that, dose-recovery tests at 180 ◦C demonstrate adequate 
reproducibility of laboratory doses in the range of the natural dose for all 
quartz samples (dose recovery ratios of 3 aliquots per sample deviate by 
less than 10 % from unity for all samples, i.e. laboratory doses between 
~10 Gy and ~90 Gy). The pIRIR protocol was evaluated using dose- 
recovery tests and residual dose measurements (3 aliquots per sample) 
after signal resetting in a Dr. Hönle Sol2 solar simulator for 24 h. Dose- 
recovery ratios range between 0.98 and 1.01, laboratory residual doses 
remain below 8 Gy for all samples.

Equivalent doses were measured for 11–39 aliquots (quartz) or 
14–23 aliquots (pIRIR290) per sample. Due to comparably low equiva
lent dose scatter for all samples (over-dispersion below 30 % after 
removing outliers with equivalent doses more than 2-sigma above or 
below the mean) and ~normally distributed dose values (Fig. S11), 
burial doses were calculated using the central age model (CAM; 

Galbraith et al. (1999) for all samples. Signal saturation (i.e., more than 
30 % of saturated aliquots; defined as saturated when their natural 
signal was larger than the 2xD0 criterium of a single saturation expo
nential function) was observed for quartz samples C-L5498 and 
C-L5508, resulting in minimum quartz ages. Due to low 
sample-dependent g-values of 0.4–1.8 %/decade for the pIRIR290 signal 
determined following the approach of Auclair et al. (2003), pIRIR290 
ages were not corrected for signal loss due to fading. Data related to 
burial dose determination are summarized in Table 1 for all samples.

2.5. Granulometry

Granulometric analysis was performed using a Malvern Mastersizer 
3000 Laser Diffraction machine with Hydro EV attachment to prevent 
settling of coarse materials in the reservoir. The sediments were 
centrifuged twice with deionized water to remove salts. HCl treatment to 
remove carbonate fraction (a significant percent of mass for many 
samples) consisted of treatment in a fume hood with open containers in 
beakers of water with 8–10 % hydrochloric acid which was refreshed 
until all reaction ceased. Sediments were again centrifuged twice with 
distilled water to remove any leftover acid. The samples were then 
placed in a fume hood in open beakers on a hotplate at 50 ◦C with 7–8 % 
H202 and deionized water to remove the organic fraction, which was 
refreshed daily until all reaction ceased. Before and after each stage of 
treatment, the samples were dried in an oven at 50 ◦C then weighed to 
obtain the fractions by mass of salts, carbonates, and organics. Prior to 
insertion in the Mastersizer 3000, the sediments were then placed in jars 
with 0.2 % hexametaphosphate on shakers overnight, then immediately 
placed in the Mastersizer with 180 s of sonication to break up aggre
gations. Grain size results are reported in the supplementary material as 
Spreadsheet S1. Further details of this spreadsheet are in the readme of 
the supplementary materials. Most of the grain-size laboratory work was 
carried out by Laura Alessandrini with guidance from S. Dean and A. 
Rovere as part of a B.Sc internship and thesis (Alessandrini, 2024).

2.6. Glacial isostatic adjustment

To evaluate our RSL observations in light of GIA processes, we use 
the set of 576 GIA model scenarios previously published by Barnett et al. 
(2023) with timesteps of 0.5 ky during the LIG. The parameter space 
encompassed by the GIA models consists of standard and accelerated 
Termination II (MIS 6) deglacial timing, a lithosphere thickness of 71 or 
96 km, a lower mantle viscosity from 3 to 40 × 1021 Pa s, a range of 
upper mantle viscosity from 0.3 to 0.5 × 1021 Pa s, and six models that 
also correspond to different thicknesses of the Laurentide Ice Sheet (LIS) 
and thus different distributions of global ice at the penultimate glacial 
maximum. The six ice models, ordered from largest LIS to the smallest, 
are as follows: ICE-6G, L6G-32, L6G, L6G-47, Colleoni, and Lambeck (for 
information about the individual models consult Barnett et al., 2023 and 
references therein). The solutions set GMSL to zero during the LIG in 
order to isolate GMSL from observations (Dyer et al., 2021).

As the GIA models employed assume a GMSL of 0 m for the duration 
of MIS 5e (Dyer et al., 2021), we assessed ranges for MIS 5e GMSL from 
three different published studies: Dumitru et al. (2023) with a range of 
1.0–2.7 m; Dyer et al. (2021) with a range of 1.2–5.3 m; and the IPCC 
AR5 (2015) of 5.0–10.0 m. This was done by adding the three GMSL 
ranges separately in turn to the RSL value of the model outputs during 
the LIG (~128-117 ky) to the entire duration of the LIG. As the GIA 
solutions span tens of meters, we created a subset of predictions by 
selecting only those solutions where MIS 7, MIS 5e, and MIS 5c/5a 
highstand RSL matches the elevation of, respectively, the Bethera, Suf
folk and Awendaw scarp toes as mapped by (Doar III and Kendall, 2014) 
within their indicative meaning and matching the timing of the high
stands by the ice and GIA models. For the MIS 5e, the range of indicative 
range of the scarp has to overlap the range of the RSL provided by the 
GIA model and GMSL range.
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3. Results

We surveyed six outcrops (see Fig. 2 for location) along the ICW and 
produced luminescence ages from four of them (Table 1) for a total of 17 
dated samples. Two of the quartz ages (C-L5498, C-L5508) provide only 
a constraint on the latest possible deposition of the sediments, while two 

quartz ages (from C-L5494 and C-L5495) were ruled out for reasons 
discussed in the SHCB subsection of the results below. For these two 
samples, as well as C-L5498, the pIRIR290 signal was assumed to pro
vide more accurate ages. As concerns the assignation of dates to specific 
highstands, it is important to highlight that it is highly improbable that 
the vast majority of our chronological data (except from the ages that we 

Fig. 3. Stratigraphic columns for the six sites surveyed in the study area. Facies acronyms are defined in the text. Elevation is relative to the local NAVD88 datum. 
This datum 0 is at 0.136 mean sea level (MSL) according to the local NOAA tide gauge at Springmaid Pier, Myrtle Beach SC (NOAA, 2025). Grain size for outcrops 14 
and RP1 are based on field assessment. Diagrams created with StratigrapheR (Wouters and Smith, 2022).
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correlate with MIS 7) statistically correspond with marine highstands 
older than MIS 5. Even if we look at 3-sigma uncertainty intervals (99.7 
% probability), there is no overlap with MIS 7 (or older) for all samples 
that we correlate with MIS 5.

We identified ten different facies related to different coastal envi
ronments forming at different times during the Pleistocene. Their main 
sedimentological, geological and paleo environmental characteristics 
are described below and shown in Figs. 3 and 4. Grain Size is referenced 
according to the Wentworth scale (Wentworth, 1922). Detailed grain 
size results are available in the supplementary materials Spreadsheet S1. 
The facies are described below generally from oldest to youngest. The 
interpretation of each facies in terms of sea level is contained in section 
3.2 of the discussion below.

3.1. Identified facies

Consolidated shell hash (CSH). This facies is a highly consolidated 
shell hash found at RP2 within a bimodal matrix consisting predomi
nantly of coarse to very coarse reddish-brown sand, with a minor frac
tion of fine to very fine sand. Shell fragments also included a specimen of 
highly abraded Septastrae spp. coral, and mollusks (such as Mercenaria 
clams and, and Crassostrea oysters and some small (<2 cm) intact 
Mulinia clam shells. The carbonate fraction in this facies can reach up to 
32 % by mass. These characteristics indicate deposition in a high-energy 
nearshore environment. No luminescence ages were obtained from this 
deposit, but its position beneath aeolian sands dated to 204 ± 19 ka (C- 
L5504) at site RP2 suggests correlation an interstadial either MIS 7 or an 
earlier stage such as MIS 9 or MIS 11. This interpretation is supported by 
the depositional sequence of scarps outlined in Doar III and Kendall 
(2014), and the close proximity of older scarps in the area. The Septas
trea spp. coral found could also be reworked from an older deposit due to 
its highly abraded condition.

Estuarine clay with oysters (ECO). This sediment, present at the 
limit of the exposed base of sites 10 and 10C, is composed primarily of 
dark gray clay containing abundant Crassostrea virginica (Eastern oyster) 
shells. The lithology and fossil content suggest an estuarine setting with 
limited wave energy. Although undated in the current study, its strati
graphic position—relative to other dated facies—implies either a 
possible MIS 7 age or earlier (if intervening sediments were removed by 
erosion) or an early MIS 5e age, formed under transgressive estuarine 
conditions where coarse sediments were not transported.

Peat. A black, organic-rich peat layer was identified only at site RP2, 
within medium to coarse sands. It contains modern root intrusions/root 
casts, ~6 % organic matter by mass, and ~6 % carbonate. The peat 
represents a marshy, low-energy environment. Thickness ranges from 
about 0.1 to 0.3 m. At RP2, this layer underlies sands dated to 143 ± 12 
ka (C-L5505), and overlies a PIGD deposit with ages of 204 ± 19 ka 
(pIRIR290; C-L5504 2-R1) and >180 ka (quartz; C-L5508 1 b-R1), 
indicating it formed prior to MIS 5e. This layer could either represent the 
base of the transgressive sequence leading to the MIS 5e highstand, or 
the top of a regressive sequence following after an earlier highstand, 
most likely corresponding with MIS 7.

Pre-interglacial dune (PIGD). Identified only at site RP2, this facies 
comprises aeolian sands from an interstadial in MIS 7 or possibly MIS 6 
due to the wide age uncertainty of the only dated sample. It consists of 
medium to coarse unimodal sand arranged in alternating reddish-brown 
and yellowish-brown bands, likely the product of post-depositional 
processes (e.g., oxidation, soil formation). The unimodal grain-size 
distribution, lack of substantial fine fractions or carbonate and the 
banded coloration are characteristic of aeolian deposition. The sands 
however have a coarser mode (~1 phi) than post-MIS 5e dunes in the 
area, which exhibit modes closer to 2 phi. pIRIR290 dating at RP2 
yielded an age of 204 ± 19 ka (C-L5504). A quartz age from the sedi
ments in RP2 yielded an age constraint of≥180 ka (C-L5508).

Silty estuarine and marine sands (SEMS). This facies, found at 14, 
10B, 10C, RP2, and RP1, includes cross-bedded medium sand and silty 

fine sand, reflecting variable energy conditions. The cross-bedded beige 
or tan sand is typically unimodal, medium-grained, and contains ~10 % 
carbonate (mostly <1 mm shell fragments), suggesting deposition in a 
relatively calm marine setting. The silty sands are bimodal, with a 
dominant coarse/medium sand mode and a secondary silt/clay mode 
(~10 % by volume), again with a similar carbonate fraction. These 
features indicate a lower-energy estuarine or shallow marine environ
ment. SEMS often overlies or underlies higher-energy beach deposits. It 
occurs roughly coincident with MIS 5e and, based on luminescence ages, 
was dated to both pre-MIS 5e times (e.g., 143.0 ± 9 ka at site 10B; C- 
L5484), during MIS 5e (at site 10B from 121.8 ± 7.5 ka [C-L5485] and 
119.1 ± 6.4 ka [C-L5486]) and the period immediately following MIS 5e 
(110 ± 8 ka at site 10C; C-L5498). The earlier age from ~143 ka at 10B 
must be viewed with skepticism in the context of two additional ages 
only a few centimeters above with ages from ~121.8 to ~119.1 ka. This 
facies can be viewed as corresponding to estuarine or transgressive 
conditions in MIS 5e.

Shell hash with cross-bedding (SHCB). This facies, identified at 
sites 14, 10B, and 10, consists of unconsolidated shell hash within a 
reddish-brown or tan, coarse sand matrix. The carbonate fraction is 
40–50 % by mass and includes broken or abraded shells of various 
sizes—some entire Mercenaria spp. shells, oyster fragments (Crassostrea 
virginica), and other biogenic remains. Cross bedding is visible in certain 
sites in parts of the deposits though less apparent in other parts. Often 
interbedded with cross-bedded beach deposits, the SHCB signifies a 
high-energy coastal environment. At site 10B, it was dated to MIS 5e 
(124 ± 8 ka; C-L5493). At site 10, this shell hash brackets cross-bedded 
beach deposits (CBBD, see below) that were dated to 128 ± 7 ka (C- 
L5482).

Cross-bedded beach deposits (CBBD). Interbedded with, or adja
cent to, the SHCB, these deposits identified at 14, 10B, and 10 consist of 
cross-bedded, unimodal medium to fine tan or yellowish-brown sand 
with ~25 % carbonate (mostly small shell fragments <2 cm). pIRIR290 
luminescence dating in two sites indicates MIS 5e deposition: Site 10B - 
137 ± 18 ka (C-L5495) and 121 ± 15 ka (C-L5494), and Site 10 – 128 ±
7 ka (C-L5482). The ages from 10B for this facies were dated first with 
quartz and yielded ages of 95 ± 6 ka (C-L5495) and 97 ± 7 ka (C- 
L5494). These are assumed to be inaccurate since no visible unconfor
mity exists between this deposit and the underlying SHCB in the same 
outcrop, and a higher MIS 5c RSL relative to MIS 5e is also not 
demonstrated by the local stratigraphy (Doar III and Kendall, 2014). The 
problematic quartz ages are possibly related to incorrect quartz dose 
rates, since these are the only samples with apparently heterogeneous 
gamma radiation fields. Our pIRIR290 ages are less sensitive to external 
dose rate errors due to nearly 50 % of the dose rate in the low radiation 
environment of the beach ridges coming from internal potassium con
tents. The pIRIR290 ages collectively tie the CBBD facies to beach con
ditions during MIS 5e.

Mercenaria shell bed/Storm layer (MSSL). A polymodal deposit 
found at sites 14, 10C, RP2, and RP1 characterized by large concentra
tions of mollusk shells within a mixed sand-silt matrix of greyish or beige 
color. At some sites (e.g., Site 14), Mercenaria spp. shells dominate—a 
few are articulated in life position, but most are fragmented or 
disturbed. Elsewhere, razor clams, small periwinkle-like gastropods (~1 
cm, typical of marshy or brackish environments), and/or chaotic shell 
accumulations appear in discrete horizons, suggesting multiple deposi
tional or lag events. The poorly sorted matrix (coarse and fine fractions) 
and the abundance of shell debris imply episodic, high-energy storm 
activity that reworked estuarine or subtidal deposits into beach sands. 
This facies typically lies above or below the SEMS. Ages from sites 10C 
and RP2 underlie it at 110 ± 8 ka (C-L5498) and 143 ± 12 ka (C-L5484), 
implying that these events occurred during MIS 5.

Lower dune (LD). These generally unimodal sands, found at sites 
10B, 10C, RP2, and RP1, are of gray or beige color overlie shell hash, 
silty sand, or storm deposits and peat (at RP2). They have modes in the 
medium to coarse sand range, with negligible carbonate or organic 
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Fig. 4. Compilation of representative orthophotography (derived from photogrammetry) and photographic material derived from the current study's survey showing 
different facies from each of the outcrops discussed in this paper. Note: The orthophotography has been altered to simply present a to-scale vertical succession of all 
the sediments in the outcrop. For the full orthophotos, see the supplements. Red numbers are quartz luminescence ages, green numbers are feldspar luminescence 
ages. The black letters are facies (see Table 2 and section 3.1 of the results).
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content. Because they often occur near the present surface, modern or 
submodern roots and vegetation are commonly observed. Colors vary 
from beige to grayish. At site 10B, the LD sands facies was dated to MIS 
5c and unconformably overlies the MIS 5e shell-hash, with ages of 103 
± 8 ka (C-L5487), 100 ± 6 ka (C-L5488), and 94 ± 5 ka (C-L5489).

Upper Dune (UD). Overlying unconformably (based on dating from 
10B) the LD, this facies, found at 10B and 10C is sedimentologically 
similar to the LD—mainly medium to coarse, unimodal beige, tan or 
yellowish-brown sand—but differs in color, likely due to leaching and 
soil formation. At site 10B, it yielded post–LGM, deglacial luminescence 
ages: 15 ± 2 ka (C-L5490), 13 ± 1 ka, (C-L5492), and 14 ± 1 ka (C- 
L5491).

3.2. Sea-level interpretation

3.2.1. Sea-level index points
Among the facies we identified, SHCB and CBBD are related to 

former sea level by the presence of cross-bedding, which is commonly 
associated with the upper shoreface (Tamura, 2012) The coarse grain 
size of these two facies (medium to coarse sands), is, along with the 
heavily worn and fragmented marine shell matter present, also indica
tive of an high-energy shore environment. Since the modern analogues 
for these facies may be observed along a vertical range in the literature 
(Tamura, 2012 and ref. therein) and in a variety of settings (for example 
in the swash zone, bars, and troughs with varying degrees of protection 
from wave energy), we do not differentiate these two facies in the 
indicative range quantification. The consolidated shell hash (CSH) facies 
from outcrop RP2 could also be used in a similar way, but we did not 
obtain any ages from it, precluding its use as SLIP.

We assume that these facies can form anywhere from the upper reach 
of waves (swash zone, corresponding to the maximum runup) to the 
breaking depth. To conservatively estimate the normal limits of the 
swash zone, we use wave runup calculated from wave models following 
the approach of Rovere et al. (2025) (Fig. 5) and verified against wave 
and tidal data from Myrtle beach as reported in the methods section. We 
calculate that, in this area, the 50th percentile of runup is 1.1 m above 
sea level. We use the 50th percentile of the runup not only because 
locally this facies’ modern analog is informally observed up to merely 
the lower swash zone, but also because in literature (e.g. Tamura, 2012) 

this kind of crossbedding is not associated with the subaerial foreshore 
or extreme waves. Facies formed by extreme waves (MSSL) identified 
elsewhere in our survey have a more polymodal grain-size distribution 
and more heterogenous preservation of mollusks. On the other side of 
the indicative range, for the breaking depth, we use the significant wave 
height extracted from the wave models (1.5 m) and the average peak 
wave period (7.8s). Using the formulas reported in the methods sections, 
we calculate that the breaking depth at our study site is − 1.70 m. We use 
the upper (1.1 m) and lower (− 1.7 m) bounds of the indicative meaning 
to calculate the reference water level and indicative range of the SHCB 
and CBBD facies as shown in Rovere et al. (2016a) (Table 2, Fig. 6).

The scarps identified in Doar III and Kendall (2014) can be consid
ered SLIPs marking the peak of the highstand, and using as storm wave 
swash height the 99th percentile of runup values shown in Fig. 5 (2.5 m) 
and the breaking depth calculated above for the Myrtle Beach area 
(− 1.7 m), we calculate that the reference water level associated with any 
scarp in this area is 0.4 m and the indicative range is 4.2 m.

3.2.2. Limiting points
Several of the other facies identified in our work (Table 2) can be 

interpreted as marine or terrestrial limiting points. The peat is not linked 
to sea level because it lies between aeolian deposits that cannot be 
precisely linked to RSL and peat formation is often associated strati
graphically with transgressive conditions (e.g. Flint et al., 1995) such as 
those found leading up to the MIS 5e highstand, or with regressive 
strand plains and gradual sea-level drops. These peats have been noted 
throughout the area in past studies (DuBar et al., 1980; Hollin and 
Hearty, 1990), for example at the site designated as WA56 near the 
Grand Strand Airport (formerly known as the Windy Hill Airstrip). The 
SEMS and ECO facies are here interpreted as marine-limiting points, 
indicating the minimum paleo sea level because these facies must be 
deposited in underwater environments but at a more variable depth 
below sea-level (although not deep marine) that does not significantly 
constrain sea level.

In contrast, the UD, LD, and PIGD aeolian deposits are considered 
terrestrial limiting points that define the maximum possible sea level, 
because as discussed in Tamura (2012), the precise elevation or rela
tionship relative to sea level depends on a variety of temporally and 
spatially specific factors at the beach face. The MSSL facies is not used as 

Fig. 5. Left: Probability density plots representing simulated 2 % wave runup (R2) at Myrtle Beach between 1980 and 2024, for waves with directions perpendicular 
to the coast and reaching the coast in tidal conditions from MSL to high tide. Right: Probability density plot representing simulated 2 % wave runup at Myrtle Beach 
for a synthetic dataset including all potential combinations of tide stages and waves measured historically. The gray lines show the 1, 25th, 50th, 75th and 99th 
percentiles of this distribution.
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a limiting point of either kind, as this could be either thrown up onto the 
shore beyond the normal reach of the waves during extreme events, or 
washed into estuarine settings below sea level.

4. Discussion

We compare our new luminescence ages and paleo sea-level in
terpretations with previously mapped Pleistocene scarp-toe highstands 
(Doar III and Kendall, 2014). Since the study area is located close to the 
former margins of the Laurentide Ice Sheet (LIS), we also compare these 
data to GIA model predictions in a parameter space of varying ice and 
earth parameters.

Comparing the GIA model solutions to the local scarp-toe elevations 
(used as RSL index points deposited during the highstands of MIS 7, MIS 
5e, and MIS 5a/5c), the highest number of models matching GIA pre
dictions is obtained either with the GMSL range of Dumitru et al. (2023)
(GMSL 1.0–2.7 m above present, 45 models out of 576) or that of Dyer 
et al. (2021) (GMSL 1.2–5.3 m above present, 51 models out of 576). 
Only 13 out of 576 model solutions match the higher MIS 5e GMSL range 
used by the IPCC (2015) (GMSL 5–10 m above present). If we assume ten 
hypothetical GMSL range scenarios for the 5e from 0 to 10 m each with a 
1 m range, we note that the scenarios between 0 and 3 m each have 
~40–50 models matching, above which the amount of matching models 
drops off rather linearly until 5 m after which matches are much fewer 
until 9 m, beyond which no models match.

The matching GIA solutions tend to be those that had standard 
deglacial timing during Termination II following MIS 6 (see Supple
mental Fig. S4), along with mid-to-high upper mantle viscosity and mid- 

to-high lower mantle viscosity. Ice models with larger Laurentide Ice 
sheet volumes also have a greater tendency to match the local scarp toe 
RSL. The Colleoni model used in Barnett et al. (2023) had no MIS 7 RSL 
highstands above MIS 5e, so no solutions using that ice model match. In 
the Bahamas as discussed in Dyer et al. (2021), it was instead the lower 
Laurentide Ice Sheet volumes that better matched the data, and the 
slower Termination II rates. This contradiction does indicate the limi
tations of this method, but the inability to match our data with many of 
the GIA models with the high 5–10 m range for MIS 5e GMSL does 
support the likelihood of the lower GMSL ranges for MIS 5e. We note 
that the models we considered only varied in 1-D Earth structure, not 
GMSL history, (except for the speed of termination II between ~160-128 
ka) and assume an MIS 7c and 7a GMSL highstand of 0 m and − 10.5 m, 
respectively, and highstands for 5c and 5a of approximately − 21 and 
− 19 m.

4.1. MIS 7 and earlier

Peak MIS 7 GMSL is usually reported as being lower than present-day 
(− 5 to − 15 m, (Siddall et al., 2007), though the GIA model dataset we 
use includes a peak of 0 (see Fig. 7). In terms of RSL, higher than present 
values have been reported elsewhere as a result of GIA (Rowe et al., 
2014), and in the immediate study area the scarp toe of the Ten Mile Hill 
(or Canepatch Formation) dated to MIS 7 abuts the Bethera scarp (Doar 
and Kendall, 2014; Rowe et al., 2014) with a calculated RSL of 10.3 ±
2.1 m. GIA causes local RSL to be consistently above GMSL at this 
location during most of MIS 7 (Barnett et al., 2023; Dyer et al., 2021). 
The GIA models used in this study that match the elevations of the 

Table 2 
Marine limiting (ML), terrestrial limiting (TL) and sea-level index points (SLIP) in the Myrtle Beach area, with ages and highstand assignment. The scarps are derived 
from Doar and Kendall (2014), with the indicative meaning calculated as reported in the text.

Sample Outcrop Facies Indicator 
Type

Reference water 
level (m)

Indicative 
range (m)

RSL (m) with 1-sigma 
uncertainty (elevation for ML 
and TL)

Age (ka) with 1- 
sigma uncertainty

Stage 
attribution

C-L5484 10B SEMS ML ​ ​ 1.3 ± 0.15 143 ± 8.5 Pre MIS 5e
C-L5485 10B SEMS ML ​ ​ 1.5 ± 0.15 121.8 ± 7.5 MIS 5e
C-L5486 10B SEMS ML ​ ​ 1.6 ± 0.15 119.1 ± 8.4 MIS 5e
C-L5487 10B LD TL ​ ​ 3.9 ± 0.15 102.7 ± 8.2 MIS 5c
C-L5488 10B LD TL ​ ​ 4.1 ± 0.15 100 ± 6.1 MIS 5c
C-L5489 10B LD TL ​ ​ 4.3 ± 0.15 94.1 ± 5.3 MIS 5c
C-L5490 10B UD TL ​ ​ 5.1 ± 0.15 14.9 ± 2.1 Deglacial
C-L5491 10B UD TL ​ ​ 5.2 ± 0.15 14.1 ± 1.2 Deglacial
C-L5492 10B UD TL ​ ​ 5.1 ± 0.15 12.6 ± 0.9 Deglacial
C-L5493 10B SHCB SLIP − 0.3 2.8 3.3 ± 1.41 124.4 ± 7.6 MIS 5e
C-L5494 10B CBBD SLIP − 0.3 2.8 3.7 ± 1.41 120.9 ± 15 MIS 5e
C-L5495 10B CBBD SLIP − 0.3 2.8 3.8 ± 1.41 137.4 ± 17.6 MIS 5e
C-L5482 10 CBBD SLIP − 0.3 2.8 2.5 ± 1.43 128 ± 7 MIS 5e
C-L5498 10C SEMS ML ​ ​ 2.0 ± 0.12 110 ± 8 MIS 5e
C-L5505 RP2 LD TL ​ ​ 2.8 ± 0.36 143 ± 12 Pre MIS 5e
C-L5504 RP2 PIGD TL ​ ​ 2.3 ± 0.36 204 ± 19 MIS 7
Bethera scarp toe ​ ​ SLIP 0.4 4.2 10.3 ± 2.1 ​ MIS 7
Suffolk scarp toe ​ ​ SLIP 0.4 4.2 6.3 ± 2.1 ​ MIS 5e
Awendaw scarp toe ​ ​ SLIP 0.4 4.2 4.8 ± 2.1 ​ MIS 5a/5c

Fig. 6. Graphical representation of the indicative meaning for the sea-level index points in this study. The indicative meaning consists of the indicative range (a span 
of 2.8 m) and the reference water level (− 0.3 m).
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Fig. 7. Comparison between modelled and observed RSL at Myrtle Beach, South Carolina. Panels a, b, c represent GMSL scenarios for the MIS 5e from Dumitru et al. 
(2023), Dyer et al. (2021) and the IPCC-AR5, respectively. The GIA models shown in gray are the entire set of 576 solutions described in Barnett et al. (2023) using 
the GMSL history of Waelbroeck et al. (2002), with the lower range of each MIS 5e GMSL scenario added. The blue polygon is all the models, with each MIS 5e GMSL 
scenario added, which match the three scarp elevations during the highstands, also plotted with the lower part of the MIS 5e GMSL range. The dotted blue line 
represents the higher part of the range of each MIS 5e GMSL scenario. Panel d. shows the Deglacial dunes dated in this study and the Holocene dataset from Engelhart 
and Horton (2012) using the GMSL range of Dumitru et al. (2023).
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scarp-toe highstands (in all three MIS 5e GMSL scenarios), are all solu
tions in which the highest highstand of the stage is MIS 7a rather than 
MIS 7c (which take place at ~220-215 ka and ~200-195 ka respectively 
in these ice models), though the model parameter space does include 
solutions with a higher highstand in 7c.

The oldest deposits we surveyed were the consolidated shell hash 
(CSH) that underlie aeolian dunes dated to 204 ± 19 ka (PIGD, C- 
L5504). This age has a large chronological uncertainty that makes it 
difficult to assign it to a particular interstadial. It seems likely that the 
dunes were deposited during the drop in sea level after MIS 7a. The CSH 
below this sample represents a higher-energy nearshore or estuarine 
coastal environment with a significant carbonate fraction from mollusk 
fragments at an elevation up to 1.6 m NAVD88 (or ~1.5 m above MSL) 
(See Fig. 3) and could be associated with an older interstadial from at 
least MIS 7, if not older. Just as much of the MIS 7 deposits in this area 
would end up being eroded, recycled, or redeposited during the subse
quent MIS 5e highstand, the sediments in the CSH themselves could 
contain many reworked materials from an older stage than that of ul
timate deposition, making identification challenging; likewise, relic 
deposits would also sometimes be reoccupied (Doar III and Kendall, 
2014 and ref. therein). The area surveyed in this paper lies near the scarp 
toe of both the Suffolk and Bethera scarps, so the MIS 11-7 beach de
posits are all likely to closely underlie MIS 5 material in the way 
described in Doar III and Kendall (2014, Fig. 3 therein) with a likelihood 
of erosional unconformities.

4.2. MIS 5e

Our new data confirms that RSL was higher than present at some 
point between ~130-110 ka within the limits of precision imposed by 
the RSL reconstructions and luminescence dating uncertainties 
(Fig. 7a–c). Uncertainties of several thousand years on our luminescence 
ages do not allow for precise considerations on the timing of RSL or 
elevation of the peak highstands during this interglacial, but RSL as 
measured by the new sea-level points is between 2.5 and 3.8 m ± 1.4 m. 
The dated samples in 10B (Fig. 3) are not from the highest extent of the 
shell hash with cross bedding (SHCB) facies visible in the outcrop, which 
is about half a meter higher. Additionally, there appears to be an 
erosional unconformity between these facies and the 5c aeolian deposits 
above (LD). Such a scenario agrees with the mapping done by Doar III 
and Kendall (2014), who use the elevation of the Suffolk Scarp (with a 
calculated RSL of 6.3 ± 2.1 m above present sea level) as the highest MIS 
5e RSL.

These data tend to support the idea that GMSL during this highstand 
would not surpass 5 m above present, because we found that few GIA 
model solutions match local RSL conditions at this site if we assume a 
MIS 5e GMSL between 5 and 10 m. This agrees also with other recent 
works which constrain MIS 5e GMSL between 1 and 5 m above present 
(Barnett et al., 2023; Dumitru et al., 2023; Dyer et al., 2021). Our new 
luminescence-dated SLIPs from this stage tend to be slightly earlier (see 
Fig. 7a and b) than the modelled RSL peak when assuming a relatively 
flat GMSL curve, e.g. of Dumitru et al. (2023) during MIS 5e. Were these 
SLIPS used to constrain the GIA model subset along with the scarps, it 
still would match more models with lower GMSLs ranges such as the 
Dumitru et al. (2023), but many would be eliminated from the subset in 
all three scenarios because modelled sea-level rise at this site above 0 m 
in MIS 5e occurs slightly later than indicated by these luminescence 
ages. Many of the possible models (usually with normal Termination II 
rates rather than the slower models) that have an RSL nearing 0–5 m in 
the beginning of the LIG usually have highstands above the indicative 
range of the MIS 5e Suffolk scarp toe's calculated RSL. This disparity 
between the luminescence and the GIA model could indicate earlier 
highstands or fluctuations that are not reflected in the models. In this 
stage we also have four marine limiting points, imposing lower bounds 
for sea level. In all three GMSL scenarios, two of these from outcrop 10B 
(C-L5486 and C-L5485) fit well with the MIS 5e highstand, while one 

(C-L5498 from outcrop 10C) is young enough to be from either MIS 5c or 
MIS 5e given the dating uncertainty. A final marine limiting point from 
10B (C-L5484) appears to be too old regardless of the GMSL scenario. As 
suggested in the results section, this could be a dating issue, since the 
two other 10B marine limiting points lie only 20–30 cm above this 
sample. If however, we consider the 2 sigma range of the age instead of 
the 1 sigma, it could also support an earlier highstands or fluctuation not 
represented in the model subsets. There is also a terrestrial limiting point 
from aeolian sediments from site RP2 (C-L5505) at 143.0 ± 12.0 ka 
elevation 2.8 m NAVD88. Considering the younger limit of the 1 sigma 
age this also can fit into all three GMSL scenarios.

More context for the MIS 5e RSL in the wider region comes from 
Szabo (1985), who obtained an open system U-Th MIS 5e age in corals 
from the Mark Clark Pit (McCartan et al., 1982) in Charleston (South 
Carolina), approximately 170 km SW down the coast from our study 
area. These corals were collected from near MSL, in the unit identified as 
the Pamlico Formation (Doar and Kendall, 2014), or lower part of the 
Wando Formation (Weems et al., 2014), which (as mentioned above) 
extends up to 6.8 m above MSL, and provides a calculated RSL of 6.3 ±
2.1 m above present for sea level using our indicative meaning calcu
lation. A lower bound comes in the form of an open-system coral age 
(Szabo, 1985) from the Windy Hill Airport site (Grand Strand airport) 
that most likely corresponds to MIS 5e, and was collected (McCartan 
et al., 1982) at approximately 4 m above MSL from the Socastee For
mation (Pamlico). Szabo (1985) reports the age appears too young, but it 
appears plausible with our data. If this point is taken as a minimum 
elevation it also appears to be in agreement with the results of our work. 
In regard to closed-system U-series in South Carolina, only 9 dates are 
known (Wehmiller et al., 2004). These are attributed not to 5e, but to the 
subsequent stage 5a. The authors of the current study are not aware of 
any published closed-system U-series ages from MIS 5e north of the 
Florida Keys. This highlights the importance of the current study in 
establishing, through the new luminescence dating, the presence of 5e 
deposits in the Lower Socastee Formation. The new 5e ages, along with 
those from the other stages discussed below, also represent useful 
additional chronological constraints to supplement the extensive exist
ing aminostratigraphy in the area (e.g. Wehmiller et al., 2004; Weh
miller et al., 2021).

4.3. MIS 5c and 5a

Following MIS 5e, sea level fell and rose again twice before MIS 4. 
The models we use (Barnett et al., 2023; Dyer et al., 2021) assume GMSL 
peaks for 5c and 5a of approximately − 21 and − 19 m. The peak GMSL 
during these two highstands (MIS 5c, ~100 ka, and MIS 5a, ~80 ka) 
however has been the source of debate, with some literature (e.g. 
Lambeck and Chappell, 2001) proposing they peaked 20–30 m below 
present level, and corals from these stages appearing at approximately 
− 20 m below present in Barbados (Bard et al., 1990). Later work by 
Tawil-Morsink et al. (2022) estimates GMSL during 5a between − 10 and 
− 33 m below present (95 % confidence) based on the Barbados corals. 
Research which incorporates data from the SE ACP (Thompson et al., 
2023; Thompson and Creveling, 2021 and refs therein) has suggested 
that later MIS 5 interstadials were characterized by GMSL peaks at − 9.4 
± 5.3 m for 5c (Creveling et al., 2017), and − 13 m (Thompson et al., 
2023) or − 8.5 ± 4.6 m (Creveling et al., 2017) during 5a. Recent work 
from reef cores in Florida (Hsia et al., 2024) has suggested that 5a RSL 
there was more than 2 m higher than formerly estimated, which might 
also indicate the necessity of changes to the GMSL curve for this stage. 
Another avenue of research — investigations of phreatic growths on 
speleothems in Mallorca (Dorale et al., 2010) has even indicated that 5a 
GMSL could have peaked as high as +1 m above present due to past 
overestimation of the GIA contribution in that region.

The 5c and 5a RSL highstands are found at similar elevations in the 
current study area, with 5c not always distinctly above 5a in the greater 
region (Doar and Kendall, 2014). Doar III and Kendall (2014) use for the 
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Princess Anne Formation an age range of ~100-80 ka from swash zone 
corals (Wehmiller et al., 2004) at a highstand RSL of 4.8 ± 2.1 m based 
on the Awendaw scarp toe elevation. As indicated in the previous sec
tion, the 9 dates from Berkely Pit, Rifle Range Pit, and Jones Pit in 
Wehmilller et al. (2004) used to assess the age of the Princess Anne 
Formation constitute the only closed-system U-series ages in the state of 
South Carolina. As concerns the GIA model set, none of the model so
lutions matching this area's scarp elevations in any of our three GMSL 
scenario have significantly disparate highstand elevations for 5c and 5a 
(see Fig. 7a–c): Rather, those matching solutions that have either the 5c 
or 5a highstand within the scarp's elevation range have both at similar 
levels. Likewise, the matching models, in all three GMSL scenarios, are 
mixed between having a higher peak in 5a and a higher peak in 5c, but 
the elevation difference between these two interstadials is always less 
than 5 m, as in the local mapping.

Though no SLIPS from MIS 5c were identified, one sea-level mini
mum indicated by silt marine and estuarine sands (SEMS, C-L5498 from 
outcrop 10C) was dated to near the end of MIS 5e (~110 ka) and MIS 5c 
beach dunes unconformably overlay MIS 5e SLIP facies at site 10B with 
three ages C-L5487, C-L5488, C-L5489). These aeolian dune limiting 
points from ~110-90 ka do fit the subset of selected GIA models in all 
three MIS 5e GMSL scenarios (Fig. 7a–c), because subsetting of models 
in the MIS 5e depends more on Termination II timing, and less on earth 
model parameters, so the subsets matching to MIS 7 and MIS 5c/5a are 
not dramatically different under different 5e GMSL scenarios. The 
existing research and new data in this study area support a local RSL in 
MIS 5c and 5a at elevations not far below MIS 5e.

In an attempt to test whether some of the higher estimates of GMSL 
(Creveling et al., 2017; Thompson et al., 2023) during these interstadials 
could fit our data, we set both MIS 5c and 5a GMSL to − 9 m. In the GIA 
outputs used in this study, this requires adding ~13 m and 10 m to the 
MIS 5c and 5a GIA solutions. There were no matching models for these 
requirements, because they do not reconcile with the relatively low RSL 
attested by the scarp's elevation in this stage, and, for 5c, by the eleva
tion of our new aeolian terrestrial limiting points at approximately 4 m. 
In the broader SE ACP instead, Thompson et al. (2023) and Pico et al. 
(2017) list indicators of RSL in North Carolina from Parham et al. (2013)
of MIS 5c and 5a which are sometimes several meters higher than the 
MIS 5e elevations we find in Myrtle Beach. Laminated sands in Edward 
Pit (North Carolina) dated to MIS 5c sit at 10 m, and in Pamlico county 
(North Carolina) sands from MIS 5c sit at 7.4 m, and to the east of that 
site, a sand deposit from MIS 5a overlies MIS 5c at the Suffolk shoreline 
with a calculated relative sea level of 11.5 m (Parham et al., 2013; Pico 
et al., 2017; Thompson and Creveling, 2021) though Pico et al. (2017)
considers the latter as terrestrial limiting points. MIS 5a RSL is usually 
reported above present sea level by other works in North and South 
Carolina. This is the case for samples from Moyock North Carolina 
(attributed variously to both 5c and 5a in the cited references), where 
deposits containing corals were dated with U-series analysis, as well as 
coral deposits in Charleston, South Carolina, and beach deposits dated 
by luminescence and U-series in Pamlico Sound, North Carolina (Cronin 
et al., 1981; Szabo, 1985; Thompson and Creveling, 2021; Wehmiller 
et al., 2004). Had we found higher elevations from these interstadials, 
such as those collated from existing studies by Pico et al. (2017), it 
would likely be easier to conclude higher MIS 5c or 5a GMSL, but we do 
not have any dated material from MIS 5a, and our current material when 
compared to the GIA models does not support such findings. Whether 
this can be ascribed merely to inadequately constrained 
Pleistocene-term vertical motion in the Cape Fear Arch (see below) or to 
features of the GIA models we use, is not possible for us to say.

4.4. Post MIS 5 to Holocene

After MIS 5a, GMSL fell well below present in MIS 4, MIS 3 and MIS 
2, though the middle ACP does contain RSL evidence from e.g. MIS 3 
near to and above sea level within 10 m (Pico et al., 2017) from 

terrestrial and marine limiting points. These consist of sands and ridges 
from Virginia and North Carolina (Mallinson et al., 2008; Parham et al., 
2013; Scott et al., 2010). Our samples however, present a lacuna for 
most of this time period since the main focus of the survey was the Last 
Interglacial. At ~14-12 ka however, a dune was deposited in Myrtle 
Beach as sea level started to rise towards its present-day position. We 
obtained luminescence ages (C-L5490, C-L5491, C-L5492) for this dune 
because it unconformably overlies the 5c dune sands below it at outcrop 
10B, with nothing to indicate the time gap between the two aeolian 
deposits. This is far above the GIA predictions (see Fig. 7d) which in this 
time period converge within several meters of elevation.

Starting at ~7 ka, a sea-level record on the US East Coast was 
imprinted in a series of saltmarshes that provide a high-resolution 
reconstruction of the second half of the Holocene (Engelhart and Hor
ton, 2012). A significant phenomena in the US southeastern Atlantic 
Coast, as well as in the middle Atlantic and some of northeast Atlantic, is 
that this Holocene saltmarsh RSL dataset (Engelhart and Horton, 2012) 
and other regional RSL reconstructions like Ramsey et al.’s (2022)
reconstruction from the middle Atlantic Delmarva coastal/estuarine 
organic deposits are consistently above GIA predictions by several me
ters (Fig. 7d), just as the deglacial dune samples dated in this study 
appear to be. Engelhart et al. (2011a) rule out sediment compaction and 
tidal changes as the source of this discrepancy. Long-term deformation 
(which might be caused by mantle convection or sediment loading) can 
be calculated using the elevation of the middle Pliocene Orangeburg 
scarp.Doar III and Kendall (2014) use this approach to accept rates of 
0.005–0.021 mm/year (Cronin et al., 1984; Soller, 1988), which are too 
small to explain this discrepancy in the Holocene data - model 
comparison.

Using the differences in rates reconstructed from RSL histories at a 
variety of sites along the East Coast, Van De Plassche (2014) estimated 
an uplift of 0.24 ± 0.15 mm/year on the Cape Fear Arch of an epi
sodic/oscillatory nature on longer geologic time scales but of uncertain 
cause. If this was indeed a long-term tectonic uplift rate operating only 
in one direction, it would have caused 20–30 m of uplift since MIS 5e 
and more since MIS 7, which would be at odds with the present-day 
elevation of our RSL data and the previously mapped scarps. Alterna
tively, as a way to reduce the gap between data and observations during 
the Holocene, Kuchar et al. (2019) explore GIA models with lateral 
variations in viscosity and find that those can improve the fit, providing 
a possible explanation for the observed misfit. From our GIA dataset, 
that the models with higher mantle viscosity values tended to match 
better the earlier highstands in this area might indicate the need for the 
model parameter space to incorporate higher viscosity values. This also 
highlights the need to include lateral variability in Earth structure in GIA 
runs that extend over the late Pleistocene (Austermann et al., 2021; 
Thompson et al., 2023).

5. Conclusions

This study presents new luminescence ages of 17 samples from MIS 7 
to just before MIS 1 from the Intracoastal Water Way, Myrtle Beach 
sector. These ages provide four sea-level index points from MIS 5e 
ranging from 2.5 to 3.8 m ± 1.4 m above present MSL, using wave 
models to determine indicative meanings via a method that is globally 
applicable to beach facies. We also provide 12 marine and terrestrial 
limiting points that can be used to delimit the maximum and minimum 
paleo relative sea level during MIS 7, MIS 5c, and Deglacial. These re
constructions agree well with suggested highstand elevations previously 
mapped in the study area using scarp-toe elevations. These lumines
cence ages can also supplement an existing corpus of extensive local 
chronostratigraphic ages. This study supports a local relative sea level 
(including the effects of glacio-hydro-isostatic adjustments) of approxi
mately 3–7 m in the Myrtle Beach area during the Last Interglacial, and 
also supports the possibility of MIS 5e global mean sea level being below 
5 m. These conclusions are particularly important if MIS 5e is considered 
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an analog for future sea level rise caused by anthropogenic climate 
change.
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Slade, R., Slangen, A., Sokona, Y., Sörensson, A.A., Tignor, M., Van Vuuren, D., 
Wei, Y.-M., Winkler, H., Zhai, P., Zommers, Z., Hourcade, J.-C., Johnson, F.X., 
Pachauri, S., Simpson, N.P., Singh, C., Thomas, A., Totin, E., Arias, P., 
Bustamante, M., Elgizouli, I., Flato, G., Howden, M., Méndez-Vallejo, C., Pereira, J. 
J., Pichs-Madruga, R., Rose, S.K., Saheb, Y., Sánchez Rodríguez, R., Ürge-Vorsatz, D., 
Xiao, C., Yassaa, N., Alegría, A., Armour, K., Bednar-Friedl, B., Blok, K., Cissé, G., 
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