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ABSTRACT 

Mass redistribution on the continental shelf, both with respect to meltwater from 

ice sheets and sediments being transported by rivers into the ocean, over time and 

space is of interest especially to stratigraphers and paleoclimate researchers. 

During the last deglaciation, ice sheets melted to raise sea level, with the shoreline 

moving onshore on the continental shelf. In the first chapter of this dissertation, I 

have explored the partitioning of meltwater coming from the North American and 

the Antarctic ice sheets during the last phase of this deglaciation. I show that the 

north American ice sheet was the major contributor of meltwater to the global 

oceans about 9000-7000 years ago. In the next chapter, I have looked at 

fundamental questions about transport of sediments into deep ocean during the 

sea-level lowstands and the factors behind formation and progradation of the shelf 

edge, using the distinctly different western and eastern shelves of southern Africa. 

In the last chapter, I have field-tested the signal shredding theory using a seismic 

volume from the Mississippi delta and have shown that preservation potential of 

different relative sea level signals of varying amplitude in the strata are different, 

which is dependent also on the internal dynamics of the largest sediment transport 

system present locally. This dissertation presents research work that progresses 

our understanding of paleo sea level, stratigraphy and source to sink sediment 

transport.  
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INTRODUCTION 
 

Continental shelf systems are among the first responders to changes in sediment 

delivery and relative sea level (RSL) cycles. The continental shelf is the part of the Earth’s 

continental margin system which lies between the shoreline and the continental slope, 

with an average width of 75 km and an average slope of ~0.1° (Jackson, 1997; Slatt, 2013). 

Generally, the water depth in this area is quite shallow (average depth ~60 m). However, 

depending on the tectonic setting, amount of sediment delivery to the shelf as well as the 

base level (RSL), continental shelves vary immensely around the world. In the following 

chapters of this dissertation, I explore mass redistribution over time as well as space in 

the continental shelf, including both changes in volume of water caused by changes in 

sea level, as well as sediments delivered to this part of the continental margin system. 

The Earth has gone through changes in sea level over various timescales 

throughout its history. During the most recent lowstand, the Last Glacial Maximum 

(LGM), about ~21,000 years ago, the Earth was covered by extensive continental ice 

sheets, and sea level was ~130 m lower than present (Clark et al., 2009). With more water 

trapped in ice sheets during the culmination of the LGM, less land area was covered by 

oceans and, hence, left to the mercy of the elements to be eroded. As continents wear 

down over time, rivers carry the eroded sediments to the oceans. These RSL changes also 

affect transport of sediments in source to sink (S2S) systems. Ocean basins deepen from 

the shallow continental shelf to the deep ocean, with the continental shelf edge defining 

the margin between the two. The continental shelf, which is connected to the continent, 
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may or may not be under water during low sea level. The conventional models of 

sediment delivery systems during such sea-level lowstands assume that the shoreline 

generally is located below or at the shelf edge, which in turn facilitates the transport of 

sediment to the deeper ocean (Posamentier and Vail, 1988a). However, recent research 

has shown that this is not always the case. Many other factors can control sediment-

transport systems on the continental shelf during sea-level lowstands.  

As shorelines recede during falling sea level, rivers must travel a longer distance 

to reach the sea, but whilst at it, they often carve out valleys on the shelf, making it easier 

for sediments to reach the deep marine environment. Sediment transport mechanisms 

across the shelf edge and the factors that control them are important for several natural 

processes, like controlling the amount of sand that can make its way into deep-water 

environments, the formation and maintenance of the shelf edge itself, environmental 

signal propagation which helps us in understanding long-term climate change (among 

other things), as well as global carbon cycling, to name a few. These paleovalleys and 

other associated sediment delivery features can also be preserved in the subsurface strata 

and can be used for reconstructing the geologic past.  

During these last 20 kyr, RSL has been constantly rising globally and according to 

the latest SROCC report, under RCP8.5, the rate of sea level rise in 2100 will be 10-20 

mm/yr (Oppenheimer, 2019). Past RSL change events can be a major source of 

knowledge to understand future sea-level rise and the threat that this accelerated RSL 

rise poses in low-lying areas of the world. RSL change is defined as the elevation of the 

ocean surface with respect to the local solid Earth surface, excluding the dynamic 
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sediment surface (Khan et al., 2019). Regional RSL data are important for a number of 

disciplines, ranging from glacial isostasy and ice sheet modeling to coastal restoration, 

archaeology and anthropology. We still do not know enough about how sediments get 

transported to the deep marine environment during RSL cycles and whether these RSL 

signals are stored in the stratigraphy. My projects deal with various aspects of RSL 

change and how it affects the S2S system. 

Even though we have some understanding about past RSL changes (e.g. (Dutton 

et al., 2015; Lambeck et al., 2014)), we have some critical gaps in the early Holocene RSL 

history. For my first project, I am working on filling some of these gaps. One big question 

that remains to be understood is the contribution of different ice sheets, namely the North 

American and the Antarctic ice sheets to the EH RSL rise. I have used high resolution RSL 

data from four study areas around the world and glacio-isostatic adjustment (GIA) 

models. The implications resulting from this are important and myriad, and they are 

discussed in the relevant chapter in the thesis. 

My second project deals with the question about sediment transport to the deep 

marine environment during RSL lowstands. Exposure of the shelf and the shelf edge 

depends on the amount of relative sea-level (RSL) fall, which in turn influences 

paleovalley incision that plays a big part in transporting sediments across the shelf edge. 

We use a glacial isostatic adjustment model of the southern African continental shelf to 

recreate the paleo-elevation of the region during the LGM. Using relatively simple 

geomorphic parameters involving the morphology of the shelf edge, the project seeks to 
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answer questions about whether riverine sediments can reach the deeper marine sinks 

during RSL lowstands and its effect on progradation of continental shelf edge. 

For my third project, I pursue the question of whether all RSL signals, regardless 

of size, get preserved in stratigraphy. Sediments transported from the source to the sink 

carry environmental signals which may or may not be preserved in the stratigraphy. For 

this project, we are interested in testing whether changes in the RSL signal gets stored in 

the stratigraphy, and if not, what type of base level change signals get stored in the rock 

record, using field datasets. Previous studies have deduced that only those RSL cycles 

with greater magnitudes and periodicities than the spatial and temporal scales of the 

internal (autogenic) dynamics of deltas can be extracted from the stratigraphic record. A 

publicly available seismic cube from NAMSS-USGS has been used to study the long-term 

signal  shredding ion the Gulf of Mexico shelf. In this chapter, I show that the larger 

Quaternary RSL signals (amplitude of ~60-70 m) were stored in the Mississippi River 

Delta strata, but the smaller Miocene RSL signals (amplitude of 10 m) were shredded by 

the internal processes of the same depositional system. This attempt is one of the first of 

its kind to evaluate the theories of signal shredding from field datasets. 
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CHAPTER 1: Partitioning early Holocene North American v. 
Antarctic ice melt from high-resolution reconstructions of sea-

level rise and glacial isostatic adjustment modeling 
 
 

 
ABSTRACT  

 According to the SROCC report, under RCP8.5, the rate of sea level rise in 2100 

will be 10-20 mm/yr and extreme sea level events will become common. Past relative sea 

level (RSL) change informs our understanding of future sea-level rise and the threat that 

acceleration of RSL rise poses in low-lying areas around the world. The Early Holocene 

(EH), the most recent time interval with rapid ice-sheet retreat and rapid sea level rise, 

contains critical gaps in RSL history that are one of the remaining outstanding questions 

regarding eustatic sea level (Khan et al., 2019). A better understanding of the rates and 

sources of RSL change between 10-7 ka can help in better predictions of future sea level 

rise, particularly since the melting of Antarctic ice sheet may have been a key contributor 

to this high rate of sea level rise.  

A new RSL record from the Mississippi Delta comprising eight sea level index points 

(SLIP) and seven upper limiting data points extending to about 10 ka has been assembled 

as part of this project. A global RSL database spanning 10-7 ka has been prepared as well, 

using a rigorous set of criteria to control the quality of the indicators. The observed RSL 

rate of change at the four locations is compared to model output calculated using a suite  

of Earth viscosity models and ice sheet chronologies from approximate Bayesian 
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calibrations of glaciological models for the Antarctic and North American Ice Sheets to 

determine the ice sheet histories and north-south partitioning that best fit the data. 

 

 

1.1 INTRODUCTION  
 
 According to the latest IPCC report, under the middle of the road and the extreme 

scenarios the rate of global mean sea level (GMSL) rise in 2100 will be 5-12 and 9-18 

mm/yr respectively (Fox-Kemper et al., 2021). Globally averaged rates of sea-level rise 

during the early Holocene (eH), between ~11.4 and 8.2 ka, were on the order of 15 mm/yr 

(Lambeck et al., 2014b). Despite the different cause of high latitude warming during the 

eH compared to the present (orbital v. greenhouse gas forcing), this period could offer 

unique insights into ice sheet–sea level interactions, with relevance for the future, but this 

period remains strikingly understudied (Törnqvist and Hijma, 2012). Sophisticated 

observations of present day ice-sheet dynamics (IMBIE, 2018; IMBIE et al., 2020; Joughin 

et al., 2014; Rignot et al., 2011; Shepherd et al., 2012; Tapley et al., 2019; van den Broeke et 

al., 2009) and sea-level rise (Cazenave et al., 2014; Dangendorf et al., 2017; Frederikse et 

al., 2020; Hamlington et al., 2020; Stammer et al., 2013) using a wide range of remote 

sensing techniques, along with a variety of modeling approaches [e.g., (Golledge et al., 

2019; Moore et al., 2013)] are underway. However, instrumental studies of ice sheets and 

sea level are inevitably limited by the short time span of observation (decadal and century 

scale, respectively). Including the paleo-record to our understanding of sea-level change 

during past periods of rapid loss of continental ice can be a major source of knowledge, 
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extending our understanding of relative sea level (RSL) change, and can be used to 

ground-truth model predictions (Alley et al., 2005; Gehrels, 2010; Horton et al., 2020; 

Khan et al., 2019; Levermann et al., 2013; Milne et al., 2009).  

A number of sea-level studies have targeted past warm intervals like the last interglacial 

(Eemian or Marine Isotope Stage (MIS) 5e), MIS11 and the mid-Pliocene [e.g., (Barlow et 

al., 2018; Dutton et al., 2015; Dutton and Lambeck, 2012; Raymo and Mitrovica, 2012; 

Raymo et al., 2011) to understand the ice-sheet volumes and melt rates during these 

periods. However, community papers like PALSEA (PALeo SEA level working group) 

(2010) and Khan et al. (2019) have concluded that “the early to mid-Holocene may be key 

to understanding future sea-level change” and one of the remaining outstanding 

questions regarding barystatic sea level (BSL) (Gregory et al., 2019). As we go back in 

time towards the early Holocene, high-resolution RSL indicators become sparser (Khan 

et al., 2019). One reason for this is that areas where these records are preserved in the 

stratigraphy are now offshore, as the shoreline retreated over time, and thus these records 

are more difficult to obtain than the ones from the late Holocene. It is easier to find such 

data in thick Holocene progradational sequences, like large deltas.  

 Regional RSL reconstructions from the Gulf of Mexico [eg. (Simms et al., 2007a)] show 

10-15 m higher RSL elevations compared to the global average during the time period of 

8-10 ka. Even though the magnitude of the total deglacial sea-level rise since the Last 

Glacial Maximum is increasingly well known and is now believed to be about 130 m 

(Austermann et al., 2013; Lambeck et al., 2014b), the difference between the  estimates of 

this quantity from sea-level observations versus those from ice sheet reconstructions is 
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large (Clark and Tarasov, 2014; Simms et al., 2019). The missing ice issue for the LGM is 

well recognized, but here we show that this issue may extend throughout the last 

deglaciation.   

The time-period between 9-7 ka accounts for about 20 m of BSL rise (Lambeck et al., 

2014b). Around 7 ka, the rate of GMSL increase had slowed by an order of magnitude 

(Smith et al., 2011) than the SL rate of ~15mm/yr during the eEH to stay mostly close to 

the present-day RSL. Between 9 and 7 ka, two rapid RSL jumps have been reported in the 

literature: at 8.2 ka (e.g., Törnqvist et al., 2004) and 7.6 ka (e.g., Blanchon et al., 2002). The 

decay of the Eurasian ice sheet was complete by ~9.7 ka (Carlson and Clark, 2012; 

Stroeven et al., 2016), so this ice sheet did not contribute to the global SL rise between 9-

7 ka. The North American Ice Sheet (NAIS), and the Antarctic Ice Sheet (AIS) are believed 

to have contributed to the RSL rise during the 9-7 ka time period, but the contributions 

of each of these ice sheets are not well constrained (Carlson and Clark, 2012; Smith et al., 

2011; Törnqvist and Hijma, 2012). The reconstruction of ice margins in formerly glaciated 

terrains only constrains ice-sheet area, not thickness. Even though this is an important 

source of evidence, ice-sheet thickness is very important for converting ice-area changes 

into equivalent sea-level changes. From a glaciological perspective, this can only be 

directly constrained in high-relief settings with undisputable trim lines. However, 

reconstructions of sea-level change during periods of rapid ice retreat can also be used to 

estimate the volume of ice-sheet melt and in turn, their thickness. The spatial extent of 

the LIS is better constrained compared to that of the AIS. However, there is a lack in ice-

thickness data for the LIS, leading to disparities in different models and ice -sheet 
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reconstructions (Törnqvist and Hijma, 2012). During the eH, Carlson et al. (2008) 

estimated that the contribution of the LIS was ~30 m, whereas Roy and Peltier (2017), 

using the recent ICE-6G model used an ice melt contribution of ~27 m. ICE-5G, on the 

other hand, predicts that the contribution of the NAIS to be ~20 m during the eEH (Peltier, 

2004). Carlson et al. (2008) calculated the contribution of LIS between 9-7 ka to be ~14 m 

sea level rise. The contribution of the AIS during eH over the last deglaciation is highly 

uncertain and a range of ~1.2m-~8.5 m sea level rise have been proposed for this 

(Albrecht et al., 2020; Golledge et al., 2014; Ivins et al., 2013; Whitehouse et al., 2012a). 

Spector et al. (2017) indicate that the Ross Sector of the AIS contributed the most to sea 

level during ~9-8 kyr, but the total contribution of this sector to RSL has been shown to 

be only 3-4 m during the entire deglaciation (Briggs et al., 2014; Whitehouse et al., 2012). 

For the Weddell Sea sector, Nichols et al. (2019) estimates a minimum contribution of  is 

not more than 4.6 m for the entire deglaciation. These observations suggest that the 

meltwater contribution of the AIS was significantly lower than that of the LIS during the 

period 9-7 ka. However, the uncertainties in these vital issues remain and they add to the 

uncertainties in freshwater forcing of the ocean circulation system. There is a need to 

resolve these differences in calculations with a better constraint on the sea level rise and 

ice-sheet retreat between 9-7 ka. This time-period includes the most prominent abrupt 

climate event during interglacial conditions (the 8.2 ka event), and it can be used as a very 

useful analog for understanding icesheet melt during the relatively warm climate 

conditions of today and the future.  
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A well-constrained RSL database is necessary to calculate accurate rates of RSL change. 

Collating and presenting RSL data from around the world require a well-defined RSL 

protocol to document the necessary information and quantify all the possible errors 

involved, has become an essential part of these types of studies. Sifting through the 

literature, three high-resolution RSL records from the eH from the Rhine-Meuse Delta, 

the Yangtze Delta and the Malay Peninsula have been documented, and will be discussed 

in the following sections. A new record from the Mississippi Delta that covers the time-

period till 10 ka is also reported here. Using the RSL records and glacial isostatic 

adjustment (GIA) models, we have calculated the partitioning of the NAIS vs. AIS 

meltwater volumes during 9-7 kyr. The meltwater contribution from NAIS between 9-8 

kyr was significantly higher than what was known earlier, and we believe that addition 

of extra freshwater to the North Atlantic around this time would have significant effect 

on the abrupt climate change that happened during 8.2 kyr. Enhanced addition of 

freshwater to the North Atlantic Ocean could have also affected different components of 

the climate system like the Atlantic Meridional Overturning Circulation (AMOC), which 

is of interest to the climate and sea level community, as well as the paleoclimate 

community in connection to its effect in a future warming world. 
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1.2 RSL data evaluation 
 
To standardize the quality of data that are 

used in this work, we have used a set of 

criteria (Fig. 1) against which every RSL 

datapoint has been evaluated. Due to the 

difference in approaches, techniques, and the 

types of research questions, the available RSL 

data from around the world are not of the 

same quality across the board. The goal of 

creating this set of criteria is to systematically 

choose the best quality RSL record, given the 

objectives of this study.  To be included in the 

database, an RSL record should contain high-

quality RSL indicators which best describe the 

RSL history of a given geographic area from 9 

to 7 ka . These RSL indicators must be between 

9-7 ka in age (the central age of the 14C age 

distribution), from a reasonably stable area, an 

in situ and relatively uncompacted intertidal 

sea-level index point (SLIP), with a 

quantifiable 2σ vertical and horizontal 
Figure 1 The flowchart with all the criteria used to 

evaluate RSL data. 
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resolution. Here we describe the criteria used to create this database in more detail.  

 

1.1.1 Age of the sample 
After the decay of the EIS at ~9.7 ka (Carlson and Clark, 2012; Hughes et al., 2016; 

Stroeven et al., 2016), the meltwater for the global sea-level rise must have been 

partitioned between the NAIS  and the AIS.  The rates of BSL rise  showed a marked 

deceleration at around 7 ka and it corresponds with the end of significant melting of the 

LIS (6.7±0.4 ka) (Carlson et al., 2008). However, to constrain meaningful uncertainty 

calculation near the end points of the RSL curves by the Bayesian modeling methods 

(Section 3), we increased our search interval to include slightly younger and slightly 

older samples. So, the SLIPs and limiting data included in this database are 6-10 ka, 

along with one additional SLIP (~4.5 ka in age) in Malay Peninsula due to a dearth of 

data younger than 7.5 ka in this area. It is extremely rare to find SLIPs which satisfy all 

our criteria as we get closer to 10 ka.  A few well-constrained upper limiting data points 

have also been included to test the validity of calculated paleo-RSL. 

The other issue related to sample ages concerns dating uncertainties. Beachrocks 

(Mauz et al., 2015) and mangrove muds (Sefton et al., 2021; Woodroffe et al., 2015) are 

two examples where dating issues are very common and thus, only a few RSL 

indicators from these materials are used in the current database. Dating beachrocks 

using broken cemented ex situ materials like shell fragments or recrystallized cements 

do not provide the actual age of the formation of the beachrock. Using mangrove 

sediments to reconstruct RSL history, on the other hand, can be challenging because of 

their complex carbon cycling processes (Sefton et al., 2021). Dating bulk mangrove 
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sediments, roots, reworked pollen concentrates, and bioturbated and tidally reworked 

materials can provide problematic results due to introduction of carbon from different 

sources. Compared to saltmarshes, mangrove roots penetrate deeper (up to 2 m) into 

the subsurface, and the roots form a large proportion of the biomass of the mangroves. 

These large mangrove roots introduce younger carbon in the samples, which, along 

with other sources of carbon contamination like surficial and subsurface exchange of 

carbon due to tidal flow, can lead to dating issues in mangrove samples. 

 

2.1.1 Location 
RSL indicators which might be affected by tectonic or other vertical movements 

(GIA), such as most near-field locations and active margins, have not been considered 

here, so that no major tectonic or GIA corrections are needed. A map (Fig. 2) combining 

the extent of ice sheets during the Last Glacial Maximum and the major tectonic plate 

boundaries, with a somewhat arbitrary buffer of 250 km and 350 km (Dura et al., 2015; 

Sella et al., 2007) respectively, has been created to select the study locations, to avoid the 

active areas affected by vertical movement. 
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Figure 2. Map showing the extent of ice sheets during the Last Glacial Maximum (Ehlers et al., 

2011) and the major tectonic plate boundaries (Bird, 2003) used to avoid areas where the Earth’s 

surface is affected by significant vertical movements. The black lines represent the major plate 

boundaries with the area covered by the hatched black area represents a buffer zone of 350 km, and 

a buffer of 250 km around the major ice sheets are shown by the blue dotted area. The red circles 

represent the locations of the four study areas (Mississippi Delta, Rhine-Meuse Delta, Yangtze 

Delta, and Malay Peninsula). 

2.1  Undisturbed samples  

 

Once an RSL indicator passes the eligibility criteria for timing and location, the 

characteristics of the material that was dated were studied in detail to assess its eligibility 

for the database. A large number of samples were ex situ. These ex situ materials had been 
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shifted posthumously from the position where they were formed, leading to 

misinterpretation of their relationship to RSL during their formation. Thus, only in situ 

samples, which have preserved their relationship to the past RSL when they were formed, 

are considered in this database.  For example, offshore shell samples that are not 

articulated and therefore are suspected to be ex situ have been rejected from the database.  

 

2.2     Type of sea-level indicator  

For accurate estimation of RSL change in each study area, the indicative meaning of the 

samples must be determined. The indicative meaning tells us where the RSL indicator 

formed with respect to the contemporaneous reference water level (Hijma et al., 2015; 

Shennan, 1982). Different types of RSL indicators have different indicative meanings, 

consisting of two parameters: the indicative range (IR) and the reference water level 

(RWL). The entire range over which an RSL indicator could have formed is defined as 

the IR and the RWL is the mid-point of this range, expressed with reference to a 

geodetic datum, similar to the one used to determine the sample elevation. Depending 

on whether a specific indicator can be assigned an IR, it can be classified as a SLIP) or a 



 

 17 
 

limiting data point (LDP) (Shennan, 1982; Hijma et al., 2015). The RSL of a SLIP is 

calculated using the following equation: 

 𝑅𝑆𝐿 = 𝑆𝑎𝑚𝑝𝑙𝑒 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 − 𝑅𝑊𝐿 (m) 

For a LDP, the same calculation as that of a SLIP is used, but it is labeled as an upper 

LDP or a lower LDP in the database. The SLIPs in the database are basal peats and plant 

fragments from tidal flats.  

 

 

2.3  Compaction  

Compaction of sediments used as SLIPs is a major concern. There might be vertical 

displacement of the sample on the order of several meters (Tornqvist et al., 2008; Van 

Asselen et al., 2009), and the presently available compaction correction models come 

with a high degree of uncertainty (eg., (Bird et al., 2004; Brain et al., 2012; Van Asselen 

et al., 2009). For materials deposited on a consolidated basement, the top ~0.5 m of 

organic-rich sediments shows a compaction ratio close to 100%, i.e, the compaction is 

negligible (Brain et al., 2012; Keogh et al., 2021). The compaction ratio remains near 

100% within 100 cm of burial and only starts to significantly increase below that (Keogh 

et al., 2021). However, Keogh et al. (2021) only considered surface sediments, which is 

different from the basal peats and related sediments used here. Sediments that sit 

higher up in a core can be compacted up to 50% based on the difference of elevation 

between the sample and the consolidated basement. Thus, to reduce the error that 
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might be introduced into the RSL histories due to the use of compacted sediments as 

SLIPs, we are only using materials which were sampled within 50 cm from the top of 

the consolidated basement.  

Basal peats are the most preferable and commonly dated RSL indicators for this type 

of analysis. They form as soon as the groundwater level rises above the land surface, 

thus making them a well-suited candidate for SLIPs forming due to the transgression of 

the sea over the consolidated substrate (usually Pleistocene). For buried organic-rich 

samples, we increase the sample thickness by a factor of 2.5, and by a factor of 4 for the 

deepest samples in the Mississippi delta and use that as an error (Hijma et al., 2015; 

Keogh et al., 2021). Without sufficiently detailed stratigraphic information, it becomes 

difficult to ascertain the amount of vertical displacement and thus such samples have 

been rejected.  

 

 

2.4  Time and elevation resolution  

 

The 2σ horizontal (time) and vertical (elevation) resolution of the samples is extremely 

important with respect to the questions asked here. Since we are interested in ~2000 

years of deglacial history, the temporal resolution has to be small enough to 

meaningfully piece together the timing of the RSL change during this period, but an 

overly strict criterion will lead to the rejection of data in an already under-examined 
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time window. The temporal resolution of an indicator has been decided to be <600 

years, which gives us an optimal trade-off between resolution and the numbers of 

surviving data points. 

With respect to vertical resolution of the data, the same arguments are applicable. To 

resolve the last few tens of meters of RSL change during the 9-7 ka time window, high-

resolution records are to be used, making it necessary for the vertical resolution to be <2 

m, which is less than half the Greenland Ice Sheet. For example, this leads to the 

exclusion of RSL records constructed using corals. Even though corals have been 

extensively used to study the postglacial RSL history in different parts of the world, due 

to their low vertical resolution (>5 m), they are unable to reduce errors on reconstructed 

rates of RSL rise to make a rigorous data-model comparison (Gehrels, 2010; Törnqvist 

and Hijma, 2012), and have therefore not been included here. 

 

 

2.5 Elevation 

 

Without the critical “raw” depth/elevation information that is needed to rigorously 

assess a RSL indicator, it will not be included in the database.  Some studies only report 

the calculated paleo-RSL (eg., (Lewis et al., 2008)), without the elevation from which the 

samples were extracted, which makes it impossible to recalculate paleo-RSL, when new 

information about the IR or RWL becomes available. Knowing the accurate sampling 
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elevation of a RSL indicator as well as its RWL is essential to understanding RSL 

changes. Linking geodetic datums to local RSL is more useful than to link it with other 

datums (e.g., tidal datums), because geodetic datums remain constant for a longer 

period of time. The indicators in this database are assigned their respective geodetic 

datum, elevation and/or depth and the surveying and sampling methods, as they are 

mentioned in the original publications. 

 

2.6 Data density 

 

The aim of creating this database is to understand the partitioning of meltwater coming 

from the Antarctic and the North American ice sheets. For this, we need eH RSL records 

from intermediate and far-field locations around the world, which can then be used to 

compare with modeled RSL rates. Using the RSL indicators that we collate in the 

database, we have further used Bayesian modeling to calculate the RSL estimates and 

the rate of RSL change during the eH, as described in the following section. To produce 

meaningful results from these data, a number of high-quality datapoints that are spread 

evenly to cover the entire time interval of interest is used here.  

 

1.3  Database Structure  
 

The sea-level indicators used in this project have been collated in the HOLSEA 

database format (Khan et al., 2019). The protocol to collate RSL indicators in databases 



 

 21 
 

provided in Hijma et al. (2015) has been followed in putting together this database, 

estimating various errors and corrections, and a detailed discussion about all the 

components of the database can be found there. The end goal of analyzing any RSL 

indicator is to calculate at what elevation (depth/elevation of the sample with the errors 

associated, briefly discussed in section 3.2) it formed and at what time (dating of the 

samples, with the uncertainties involved, briefly discussed in section 3.1), with relation 

to the RSL (indicative meaning, discussed in section 5). These indicators also have a 

number of uncertainties which are briefly discussed in section 3.3. 

 

3.1 Dating 

  

All the samples used in this RSL database have been dated using the radiocarbon method. 

All the radiocarbon samples have gone through isotopic fractionation correction (Stuiver 

and Polach, 1977), as mentioned in the publications. All the indicators collated in this 

database are intertidal basal saltmarsh and mangrove peats or plant remains from tidal 

flats, and they are not affected by marine or estuarine reservoir effects. In case of bulk 

peat samples, a bulk error of 100 years has been used (Hu, 2010). Also, in the few instances 

where only calibrated radiocarbon ages were reported, an appropriate age uncertainty 

has been introduced, as discussed in the relevant sections. We used OxCal (Bronk 

Ramsey, 2009, 2017) for calibrating the 14C ages to calendar years, using the IntCal20 

calibration curve (Reimer et al., 2020), and the weighted mean calibrated ages were used. 

The 2σ age errors, rounded to the nearest 10 years are also reported. 
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3.2 Elevation 

 

In cases that lacked detailed information regarding the uncertainties in elevation of the 

RSL indicators, these errors had to be estimated, following Hijma et al. (2015), leading 

to mostly large (i.e., conservative) vertical errors. The data coming from publications 

with detailed documentation of these aspects tend to have smaller errors associated 

with their final paleo-RSL calculations. The final upward and downward vertical errors 

are calculated by the expression:  

𝐸𝑡 = √𝑒1
2 + 𝑒2

2 + ⋯ + 𝑒𝑛
2 

where e1, e2, …, en are individual component errors assigned to a specific data point 

related to its indicative meaning, sampling, and elevation measurement and Et is the 

total vertical error. 

 

3.3 Compaction, paleotidal and GIA corrections associated with RSL indicators  

The RSL data were also corrected for several other factors. To correct for compaction, 

the vertical distance between the base of the sample and the top of the compaction-free 

consolidated base is calculated. This distance is multiplied by 2.5, and in some cases, by 

4 for the deepest samples and then added to the calculated paleo-RSL of the SLIP.  
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 The sea-level indicators are also affected by paleotidal changes, which have been 

calculated using various paleotidal models for the different study areas (Hijma and 

Cohen, 2019; Hill et 

al., 2011; Uehara et 

al., 2002; Uehara et 

al., 2006). These 

paleotidal models 

were created for 

open marine tides, 

using 

paleobathymetry 

from GIA models, 

which might 

introduce greater uncertainties in the RSL indicators which are mostly onshore. 

Therefore we use the difference between the present IR and the paleo-IR as an 

additional error, following Hijma et al. (2015). Detailed paleotidal models are available 

for the Mississippi Delta (MD) (Hill et al., 2011) and the Rhine-Meuse Delta (Uehara et 

al., 2006; Van der Molen and Van Dijck, 2000; Van der Molen and De Swart, 2001) and 

these models have been utilized to calculate the paleo-IR for the SLIPs from these areas. 

However, even in these cases, limitations exist. For example, in Hill et al. (2011) and 

Uehara et al. (2006), which are the most detailed models available, 1000-year age 

increments are used. Uehara et al. (2006), Hijma and Cohen (2019) and others show that 

Figure 3. Comparing the changes in indicative range over time in 

different study areas, Yangtze delta (blue dots),Malay Peninsula 

(orange dots),Singapore (grey dots), Mississippi delta (yellow dots) and 

Rhine-Meuse delta (blue dots), as a proxy for calculating paleotidal 

uncertainties. The modern data comes from Admiralty Tide Tables. 
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the tidal range in the area surrounding Rotterdam, which is our study area in the Rhine-

Meuse Delta, has remained fairly constant throughout the last 8 kyr, and this area was 

only flooded a while before this (Lambeck, 1995). In case of the RSL indicators from the 

MD, following Hill et al. (2011), the paleo-IR of samples older than 8 ka have been 

calculated by increasing the present day IR by a factor of 1.5.  During the time period of 

10 to 8 ka, studies like Hill et al. (2011) from the western North Atlantic and Uehara et 

al. (2002) from the Yangtze Delta have noticed a dramatic change in the tidal amplitude. 

Uehara et al. (2002) showed about a 50% increase from 6 to 10 ka in the YD in the M2 

magnitude. However, in case of Uehara et al. (2002), the models were only generated 

for the present day, 6 ka and 10 ka, so the exact timing of the increased tidal amplitude 

is not known. In the absence of detailed paleotidal modeling and paleo-tidal range 

reconstruction studies in the YD and Malay Peninsula, for RSL samples older than 8 ka, 

we have increased the present-day IR by a factor of 50% to calculate the paleo-IR and by 

a factor of 10% for samples younger than 8 ka. The present-day tidal parameters come 

from the Admiralty Tidal Tables (https://www.admiralty.co.uk/digital-

services/admiralty-digital-publications/admiralty-totaltide).  

 GIA can cause slight spatial variability between sites within a single study area. 

To correct for this, the differences between the modeled RSL of a specific site and that of 

a central location using different Earth models, are calculated. The ICE-5G ice model 

has been used for these GIA models. The average of these differences for a specific time-

period is then used to calculate the GIA uncertainty for al sampling sites within the 

study area. This is used to correct the paleo-RSL calculated from the data.  
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1.4 Bayesian statistical modeling of RSL records 

 RSL indicators can produce noisy data with both temporal, spatial and elevation 

uncertainties, and statistical models can be used to string these separate values into a 

quality-controlled consistent record for which these uncertainties are well quantified 

(Ashe et al., 2019; Düsterhus et al., 2016). To estimate the RSL history and calculate the 

rate of RSL change  in the study areas, we use an Errors-in-Variables Integrated Gaussian 

Process (EIV IGP) model which performs Bayesian inference on RSL records, to calculate 

rates of RSL change (Cahill et al., 2015, 2016). Placing a Gaussian process prior on the rate 

of RSL change, the model then integrates to calculate the mean of the likelihood for the 

observed data. Both the independent (age) and dependent (elevation) variable 

uncertainties are considered by the EIV framework (Ashe et al., 2019; Cahill et al., 2015, 

2016). This in turn captures the continuous dynamic change in RSL with all the 

uncertainties considered. 

The age and calculated paleo-RSL of the SLIPs are used here as the input, with their 

one-sigma uncertainties, as required by the EIV-IGP model setup. The RSL estimates and 

rates of change are calculated for each of the records, with 95% confidence intervals 

(Section 5). This method uses only a few parameters and is simple and flexible when 

compared to other methods used in the past (Cahill et al., 2015). The estimated RSL and 

the rates of change of RSL calculated by this method are smoothed, which making it 

suitable for comparison with the rates calculated from GIA models which are also 

relatively smooth, due to the large age-increments used in these models. Note, however, 
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that the uncertainties computed at the endpoints of the time series are exaggerated 

compared to the real uncertainties, herein referred to as ‘edge effect’.   

 

 

1.5 Description of individual records 
 

Using the above-mentioned criteria for RSL indicators, the areas that have a well-

constrained and useful record for our questions are the Yangtze Delta , the Rhine-Meuse 

Delta , the Mississippi Delta and Malay Peninsula. The records and the calculated rates 

of RSL change from these areas are presented in the following sections. 
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The Mississippi Delta 

 

A new RSL record was obtained from the eastern Mississippi Delta for the time interval 

~8 to 11 ka, expanding on previously obtained and mostly younger RSL data from this 

region (Törnqvist et al., 2004b; Vetter et al., 2017). Here we report 14 14C dated cores 

(Extended Data Fig. x) with 53 14C ages (Extended Data Table y) from 25 discrete 

Figure 4. Plot showing the SLIPs, upper limiting data, estimated RSL, and the rate of change of RSL between 5-10 ka in 

the Mississippi Delta 
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samples. This has resulted in 17 new RSL indicators (10 SLIPs and 7 upper LDPs) 

derived from basal peat or near-basal peat. This includes two recently published cores 

from the study area with SLIPs from basal peat (Vetter et al., 2017). The interpretation of 

the sea-level data is aided by stable carbon isotope ratios, plant macrofossils, and 

micropaleontology; 14C dating was in most cases undertaken on multiple subsamples. 

All the data have been subject to rigorous error assessments, taking into account vertical 

changes due to sediment compaction and tidal-range change, as well as the role of 

sediment isostatic adjustment (see Methods). 

The SLIPs and limiting data corroborate one another and collectively exhibit a 

comparatively modest and constant rate of RSL rise, with slightly higher rates between 

9 and 8 ka. The record is constrained by SLIPs back to 10 ka; comparable rates of RSL 

rise may have occurred between 11 and 10 ka, considering the similarity between upper 

limiting data and SLIPs where they co-occur (Fig. 4). To our knowledge, this is the first 

RSL record that stretches back to 10 ka with a vertical resolution better than 1 m. This 

record differs markedly from the Lambeck et al. (2014) GMSL curve that shows a 

progressive rate increase before 7 ka (Lambeck et al., 2014b). While RSL in the MD was 

similar in elevation around 8.5 ka compared to the global sea-level curve of Lambeck et 

al. (Lambeck et al., 2014b), it plots ~15 m higher around 10 ka. Thus, we can now 

conclusively demonstrate what previous studies (Simms et al., 2007) had inferred: early 

Holocene RSL along the US Gulf Coast was considerably higher than the global 

average. 
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It is well documented that the Mississippi Delta has experienced slightly enhanced 

Holocene subsidence due to sediment isostatic adjustment (SIA)(Kuchar et al., 2018; 

Wolstencroft et al., 2014; Yu et al., 2012). We corrected for this effect based on these 

studies that used GIA modeling constrained by RSL data to infer a present-day SIA-

driven rate of about 0.2 mm yr-1 for the study area. We assume here that this was 

broadly comparable during the early Holocene, even though the Mississippi Delta in its 

present configuration had yet to form. However, given that the shoreline was located 

near our study area, it is conceivable that rapid infilling of the paleovalley of the 

Mississippi River took place during this time, resulting in appreciable sediment loading. 

We assessed the uncertainty of the SIA component by using values of 0.1 and 0.3 mm 

yr-1 which resulted in small differences (about 1 m for the oldest part of the record). 
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The Rhine-Meuse Delta 

 

This record has 23 SLIPs and 5 upper LDPs from the Rotterdam and Maasvlakte 

areas of The Netherlands, compiled from Hijma and Cohen (2010, 2019), Van de 

Plassche et al. (1982, 1995; 2010), Berendsen et al. (2007), Vos (2013), Vos and Cohen 

(2015), Vos et al. (2015) and Jelgersma (1961). The SLIPs used here are all basal peats, 

sampled from the peat beds on buried eolian dune flanks, dune toes, and valley floors 

Figure 5 Plot showing the SLIPs, upper limiting data, estimated RSL, and the rate of change of 

RSL between 5-10 ka in Rhine-Meuse Delta 



 

 31 
 

in the lower Rhine-Meuse Delta, and the upper limiting data are peat samples as well. 

We have adopted most of the interpretations and error calculations for the RSL 

indicators from Hijma and Cohen (2019), who have used the RSL database protocol as 

described in Hijma et al. (2015). For the RSL indicators from the Rhine- Meuse Delta, 

Yangtze Delta and the Malay Peninsula, a conservative RWL has been used for the 

SLIPs, defined to be (HAT+MTL)/2.  For the upper limiting data, the RWL has been 

defined to be the MTL.   

The RSL record for the Rhine-Meuse Delta covers the entire 9-7 ka period. However, the 

oldest SLIP in this has a central age of 8.77 cal a BP. This increases the uncertainty for 

the RSL curve and RSL change rate calculated using EIV-IGP in the oldest portion of the 

record that therefore carries less weight in our interpretation (below). The peak rate of 

RSL rise in the Rhine-Meuse Delta was ~11 ±2 mm/yr around 8.2 ka.  

 

 

Malay Peninsula 

The RSL history of the Malay Peninsula is based on radiocarbon ages from basal 

peats as described in Geyh et al. (1979) and Chua et al. (2021) from Singapore. We have 

interpreted six basal mangrove peat samples from Geyh et al. (1979) and three basal 
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mangrove peat samples from Chua et al. (2021) to be SLIPs and one mangrove peat 

sample (Geyh et al., 1979) to be an upper limiting data point. The SLIPs from Geyh et al. 

(1979) are described as basal peats overlying terrestrial deposits, without any erosional 

hiatus with the overlying marine deposits. The lone upper LDP is a peat overlying 

brackish water deposits, which is not a basal peat. 

  

 

Figure 6 Plot showing the SLIPs, upper limiting data, estimated RSL, and the rate of change of 

RSL between 4 -10 ka in the Malay Peninsula 
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The Yangtze Delta 

  In the southern Yangtze Delta region of China, the RSL history is reconstructed 

using sea level data reported in Wang et al. (2018; 2013), Zong et al. (2011), and Zhao 

(2015). The record consists of 12 SLIPs and one upper LDP, covering the time from ~10 

ka to ~6.2 ka. Dated plant fragments collected from saltmarsh peat and tidal flats have 

been used as SLIPs, while the upper LDP consists of plant fragments from supratidal 

flat deposits. These publications provide detailed facies descriptions and other 

information about sample depth. We reinterpreted the IR for the SLIPs to be more 

Figure 7 Plot showing the SLIPS, upper limiting data, estimated RSL, and the rate of change of 

RSL between 6.5 -10 ka in the Yangtze delta  
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conservative (MTL to HAT) than in the original publications where all the indicators 

had narrower ranges as their indicative meanings. The RSL record for this area covers 

the entire time period of interest 9-7 ka, with SLIPs present throughout this time period.  

 

Key features from the four RSL records 

 In three of the four study areas discussed in the above section, namely the Rhine-

Meuse Delta, Yangtze Delta and Malay Peninsula, we see the "peak" RSL rise rates 

around 9 to 8.5 ka. In these RSL records, we notice an increase in RSL rise rate from 9 to 

8.5 ka, followed by a constant rate of RSL change until 7.5 ka and a decrease between 7.5 

and 7 ka. In case of the Mississippi Delta, an increase in RSL rate is seen throughout our 

time-period of interest. 

   

 
 
 
 

1.6 Glacial isostatic adjustment modeling 
 

 
 Predictions of past RSL changes for the four study areas have been 

generated using a GIA model. To run GIA models several components are needed: a 

suitable ice history (Argus et al., 2014; Peltier, 2004; Tarasov et al., 2012), a sea-level 

equation-solving algorithm that ensures proper redistribution of the meltwater (Farrell 

and Clark, 1976; Mitrovica and Milne, 2003), and an earth rheology model that 

constrains the isostatic response of the earth surface to glacial loading/unloading 
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(Milne and Shennan, 2013; Peltier, 1974; Whitehouse, 2018). Using various combinations 

of seven Earth models and 156 possible NAIS) and AIS ice model configurations 

(discussed below), a total of 1092 modeled RSL histories are tested and compared 

against the RSL history of each respective study area. The RSL history has been 

generated individually for the multiple NAIS and AIS models, using different Earth 

models. Then, for every Earth model scenario, the two sets of RSL curves, one generated 

using all the combinations of NAIS and the other using all AIS models, have been 

added to create the modeled RSL histories for the specific study area. 

 

 

6.1 Earth Models 

 

 

 

 
. 

 

 

We assume a spherically symmetric Maxwell viscoelastic Earth model in which 

the viscosity structure is defined by a 3-shell structure: a thin outer region of very high 

viscosity (~1040 Pas) to simulate an elastic lithosphere (different thicknesses of this layer 

were considered (Table 1), an upper mantle region of uniform viscosity extending form 

Table 1 The different Earth model parameters used for the glacial isostatic adjustment.  

Earth model Parameters Values tested 

Lithospheric thickness (LT) (km) 46 71 96 

Upper mantle viscosity (UMV) (x1021 Pa s) 0.1 0.5 1 

Lower mantle viscosity (LMV) (x1021 Pa s) 1 10 70 
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the base of the lithosphere to 670 km depth, and a uniform viscosity lower mantle 

region extending from 670 km depth to the core-mantle boundary (~2900 km depth).  

We tested seven different combinations of lithospheric thickness, and upper and lower 

mantle viscosity, using three different values for each of the variables (Table 1). These 

different Earth model configurations were selected to span plausible uncertainty in 

these values as inferred from the relevant literature [for e.g.(Bassett et al., 2005; 

Lambeck et al., 2014a; Milne and Peros, 2013; Stocchi and Spada, 2009; Whitehouse et 

al., 2012a; Whitehouse et al., 2012b)].   

For the four study areas, the optimum Earth model parameters were chosen after 

calculating misfits between the RSL rates determined from the Bayesian modeling of 

RSL records, henceforth referred to as the data-derived RSL rates (dRSLr), to RSL rates 

calculated from the GIA model derived RSL predictions, henceforth referred to as 

model-derived RSL rates (mRSLr) for the different Earth models using the 𝜒2 value (Eq. 

1.1). The misfit between the RSL rise rate computed from these models for the specific 

location and time step and the RSL rate from the data is calculated using the 

relationship following similar relationships used by Love et al. (2016) and Milne and 

Peros (2013):  

𝜒2 =  
1

𝑁
∑ [

𝑑𝑅𝑆𝐿𝑟 − 𝑚𝑅𝑆𝐿𝑟

𝜎𝑖
]

2𝑁

𝑖=1
 

                                                                                                 ……….Equation 1.1 

where 𝜒2 is the value of the data-model fit , N is the total number of time steps covering 

the dRSLr calculated from the available SLIPs for a given study  



 

 37 
 

area, dRSLr and mRSLr are the observed and predicted RSL rates for the ith time step 

and 𝜎𝑖 is the rate uncertainty in the observed RSL rate value. An important distinction 

between this analysis and the 𝜒2 analysis done by earlier studies (e.g., Milne and Peros, 

2013) is that instead of directly using SLIPs to compare with the GIA-modeled past RSL 

elevations, we use the rate of RSL rise. So, in other words, N is defined 4 (total time 

period, 2000 years, divided by the time increment used, 500 years) by us for this 2000-

year time interval.  

Seven model runs were computed using the LT, UMV, and LMV values from 

Table 1 for each of the four study areas (Fig 8). In case of the Malay Peninsula and the 

Figure 8 Data-model misfit calculation for the different earth model configuration shown in 

Table 1 for the different study areas: Rhine-Meuse Delta (blue bars), Malay Peninsula (orange 

bars), Mississippi delta (grey bars), Yangtze delta (yellow bars). 
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Yangtze Delta, no significant difference was noted amongst the different Earth model 

configurations. However, in case of the Rhine-Meuse Delta and the Mississippi Delta, 

the Earth model with a less viscous lower mantle shows a high data-model misfit. Even 

though the earth model with a less viscous upper mantle has the lowest 𝜒2, we did not 

use that model because it does not work well for the Mississippi Delta. We 

acknowledge that there is some sensitivity to earth structure, particularly at the sites 

closest to former ice margins. Therefore, by considering different Earth model 

parameter sets, we are accommodating this uncertainty in the model results.  We 

wanted to isolate one model that works moderately well for all the four study areas. For 

the subsequent data-model comparison an Earth model with a 71 km thick lithosphere, 

an upper mantle viscosity of 0.5x1021 Pa s and a lower mantle viscosity of 10x1022 Pa s 

has been used, which has a low 𝜒2 in the Mississippi Delta, the Yangtze Delta and the 

Malay Peninsula and works comparatively well in Rhine-Meuse Delta.  

 
 

6.2 Ice models 

Twenty-five different ice models have been used; 13 of these are NAIS models (Tarasov 

et al., 2012) and 12 are AIS models (Lecavalier and Tarasov, manuscript in preparation) 

(Fig 9). The NAIS suite of models is selected from a larger set of over 50,000 model runs, 

discussed in detail in Tarasov et al. (2012) to capture a high variance set of plausible ice 

histories for the 9-7 ka time period (Fig 9). All the NAIS and AIS ice sheet chronologies 

are output from a glacial systems model and so the thickness distributions are 
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consistent with the specific boundary conditions (e.g., climate forcing) and incorporated 

ice physics (see Tarasov et al., 2012 and Lecavalier and Tarasov for further information). 

These models were calibrated against a large set of mostly near-field/ice margin RSL 

data, present-day surface uplift data as well as deglacial ice-margin chronologies and 

strandline observations. However, a number of unknown factors like ice sheet 

thickness, basal velocity, ice temperature fields, ice margin chronology, and Earth 

rheology add to the uncertainty for these models (Tarasov et al., 2012). Since these are 

regional ice sheet models, outside of North America and Antarctica, we used ICE-5G 

(Peltier, 2004) as the background model to ensure that the GIA signal due to other ice 

sheets is included in the model output.. Even though available ice models like ICE-5G 

can be manually made to fit RSL data (e.g., (Charbit et al., 2007; Marshall et al., 2000)), 

these models lack constraints like climate chronologies and glaciological self -

consistency related to factors like ice deformation physics (Tarasov et al., 2012). The ice 

models used here consider both glaciological and geophysical constraints.   
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1.7 Data-Model comparison 
 

7.1 Method 

The data-model comparison was done in four steps. In this study, we are comparing the 

RSL history from vastly different areas around the world and instead of comparing the 

actual RSL elevation data, which can show major contrasts depending on local factors 

contributing to RSL change, the RSL rates calculated from the Bayesian modeling of 

RSL records for the study areas, dRSLr, have been compared with RSL rates calculated 

from the GIA model derived RSL predictions, mRSLr.  

At first, for every study area all 1092 mRSLr were plotted with the dRSLr, with 

its 95% confidence interval to understand the overall (mis)fit between the data and the 

models. Then the spread of the mRSLr was narrowed down to the 156 ice model 

combinations and the reference Earth model. In the next step to identify the best -fit 

Figure 9 Steps for data-model comparison between RSL rates calculated from sea-level 

indicators and those from GIA models. 
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NAIS model, the models were run with the reference Earth model, the reference AIS 

model and the entire spread of 13 NAIS models. In the next step, the mRSLr was 

calculated using all the AIS models and the best-fit NAIS model to pinpoint the 

combined ice model that has the closest fit to the dRSLr (Fig 10).  

. 

7.2 Ice sheet fingerprints in the study areas  

 
Each combination of ice models has a unique fingerprint, which in conjunction 

with the data constraints can guide us to the most plausible solution. To identify the 

dominant ice sheet fingerprint in the different study areas, 25 individual GIA models, 

for each of the 13 NAIS and 12 AIS ice models and one reference Earth model were run 

to produce RSL predictions. As discussed above, 13 NAIS models, with the background 

ICE-5G model used for the other ice sheets, and 12 AIS models, with the ICE-5G model 

as background were used. Fig 11 shows the results of this analysis. In every study area, 

the mRSLr plots derived from the GIA models using NAIS models matched the dRSLr 

better than the ones using AIS models. In the Asian study areas and the Rhine-Meuse 

Delta (Fig 3b, c and d), the NAIS models have a better spread and are closer to 

describing the RSLR history compared to that shown by the AIS models. In the MSD, 

however, the AIS and NAIS ice models have a comparatively similar spread and 

compare well with the dSLRr. The dominant ice sheet signal for the four study areas 

between 9-7 ka comes from the NAIS, with the AIS signal only contributing a small part 

of the total RSLR in the Yangtze Delta, Malay Peninsula and Rhine-Meuse Delta. 



 

 42 
 

However, in case of MSD, even though the dominant signal is still the NAIS, the 

Figure 10 Comparison of the NAIS and the AIS signals in the four study areas, namely, Mississippi 

Delta, Rhine-Meuse Delta, Malay Peninsula and Yangtze Delta. The dotted lines represent RSLR rates 

calculated from GIA models that only use NAIS models and dotted lines with squares represent the same 

with only AIS models. 
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proportion of AIS signal is comparatively larger than the other three areas.  

 

 

7.3 Results 

 
The main focus of the data-model comparison is on the shapes of the dRSLr and 

mRSLr curves, instead of the particular values at different time steps. A number of 

mRSLr curves might match the values of the dRSLr curves at specific time steps, yet 

they may still fail to portray the trend of the full RSLR history in the study areas 

between 9-7 ka.  For example, in Fig 11c and d, we can see that there are two distinct 

sets of mRSLr curves, one consistently showing slower rates relative to other model 

curves (an example being NAIS configuration 8530), and the other set showing a 

maximum between 8.5-7.5 ka, and subsequently slowing down (as shown by NAIS 

configuration 1263 and others). The shape of the dRSLr curve, with an increased rate 

between 9-8 ka, and subsequent slower rate of RSL change, provides a better match 

with the second set of the mRSLr curves shown by the likes of ice model 1263. 
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Yangtze Delta 

In the Yangtze Delta, the model predictions differ substantially from the dRSLr. The 

second set of mRSLr curves shows an increase in RSL rise rate from 9 to 8.5 ka, followed 

by a constant rate of RSL change until 7.5 ka and a decrease between 7.5 and 7 ka. This 

Figure 11 Data-model comparison for the Yangtze Delta study area. A. comparison between data 

derived rate of RSL change (dRSLr) to rates calculated from GIA modeling (mRSLr) using different 

NAIS models with one AIS model and the reference Earth model. B. Comparison of GIA models using 

the best-fit NAIS model with different AIS models and the reference Earth model. The red line 

signifies the best-fit model. 
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set of curves matches the trend of the dRSLr plot, however, all models underpredict the 

rate of RSL change between 9-8 ka by at least 5 mm/yr. After 8 ka, as RSL approaches 

present-day sea level, the models predict the rate of RSL change in this area correctly. We 

identify the best-fit combination of NAIS and AIS models, shown in red in Fig 4, but even 

this scenario consistently underpredicts the rate of RSL change between 9 and 8 ka. When 

this combination of ice models is traced back to Fig. 2, which shows the sea-level 

equivalent of all the ice models, it appears that the best-fit NAIS ice model is the one with 

the maximum amount of meltwater (model #1263). In case of the AIS ice models (Fig 2b), 

the best-fit model is #46914, also one of the models producing higher amounts of 

meltwater. However, NAIS remains a far larger contributor to RSLR compared to AIS, so 

the NAIS ice models with a higher rate of production of melt water between 9-8 ka are 

the best avenue towards a better data-model fit. 
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Malay Peninsula 

In the Malay Peninsula, the data-model comparison yields similar results as in the 

Yangtze Delta. The mRSLr plots, with an increase in the rate of RSL change between 9-8 

ka, followed by a constant rate of change until 7.5 ka, and a gradual decrease after that, 

Figure 12 Data model comparison in the Malay Peninsula area. The top figure shows the comparison between data 

derived rate of RSL change to that of calculated from GIA models using different NAIS models with one AIS model 

and the ‘reference’ earth model. The bottom figure shows the same with the GIA models using the best-fit NAIS model 

with different AIS models and the ‘reference’ earth model. The grey box denotes the time-period 9-8 ka where the 

models underpredict the rate of RSL change. The red line signifies the best-fit model. 
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match the dRSLr trend. However, similar to the situation in the Yangtze Delta, all model 

scenarios underpredict the rate of RSL change as calculated from the RSL data by ~5 

mm/yr at its maximum. In the Malay Peninsula, the data and model start to merge at 

around 8 ka. The combination of NAIS and AIS models that performs best in the Yangtze 

Delta also shows the best fit in the Malay Peninsula. 

 

 

Rhine-Meuse Delta 

In the Rhine-Meuse Delta, the dRSLr is very well-constrained for the time-period between 

7 and 8.7 ka. The uncertainty in the dRSLr increases past 8.5 ka and we should consider 

this issue while carrying out the data-model comparison. The models underpredict the 

rate of RSL change in this area between 9-8 ka, but the difference between the data and 
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the models is smaller than that seen in the Asian study areas, with the best-fit model 

Figure 13 Data model comparison in the Rhine-Meuse delta. The top figure shows the comparison 

between data derived rate of RSL change to that of calculated from GIA models using different NAIS 

models with one AIS model and the ‘reference’ earth model. The bottom figure shows the same with 

the GIA models using the best-fit NAIS model with different AIS models and the ‘reference’ earth 

model. The red line signifies the best-fit model. 
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plotting just beneath the dRSLr curve. However, the models also overpredict the rate of 

RSL change in this area between 7.7-7 ka, which can be attributed to the fact that this 

study area is closer to an ice margin. On testing the combination of NAIS and AIS models 

that produce the best match in the Yangtze Delta and the Malay Peninsula, it is noted that 

the same ice model combination gives the most promising fit in the Rhine-Meuse Delta. 

Mississippi Delta 

The Mississippi Delta is the only study area amongst the four where the NAIS signal did 

not dominate during 9-7 ka (Fig 15), as seen by the greater spread of the RSLR rate 

calculated from the AIS models. This is the only study area where both the NAIS and AIS 

signals are almost equally large. In the three other study areas, the NAIS signal dominates 

(Fig 11). Here the dSLRr and mRSLr plots show comparable results.  Some ice model 

combinations in this part of the world are able to predict the rate of RSL change during 

the entire 9-7 ka, with a number of the combinations plotting well below the observation 

envelope. The AIS and NAIS model combination, which is the best-fit model for the other 

three locations, largely fits the data here as seen in Fig 14.  
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Figure 14 Data model comparison in the Mississippi delta. The top figure shows the comparison 

between data derived rate of RSL change to that of calculated from GIA models using different 

NAIS models with one AIS model and the ‘reference’ earth model. The bottom figure shows the 

same with the GIA models using the best-fit NAIS model with different AIS models and the 

‘reference’ earth model. The red line signifies the best-fit model. 
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Introducing a best-fit NAIS model 
 

The analysis of RSL records from the four distinctly different geographic 

locations, and multiple GIA model runs using different ice models brings to light major 

differences in RSLR rates. At all sites except Mississippi, rates in the early part of the 

time window (~9-8 ka) are too low by ~5 mm/yr. The only way to address this misfit is 

by increasing the contribution from the NAIS (so that the models still fit the dRSLr from 

the Mississippi delta).   
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Figure 15 Comparison between two different NAIS models (1263 in black solid line, the best-fit NAIS model (6526) in black dashed 
line, ICE6G in black dots and dashed line), and ANU in black dotted line using one preferred AIS model (46914) and earth mode l in 
the four study areas as mentioned in the panels.
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 Using a newly developed ice model that aims to produce a better fit 

with the data an ice-model configuration (6526), henceforth referred to as the 

best-fit NAIS model (Fig 8 and 15), provides an estimate of the amount of 

meltwater required to fit the dRSLr seen in all the four study areas. This is only a 

minimum estimation of the excess meltwater that is believed to be produced 

from NAIS between 9-7 ka, i.e., a conservative number. This can be attested by 

the fit of this mRSLr with the lowest part of the error envelope for the dRSLr. In 

this ice model the sea-level equivalent (SLE) produced from NAIS is at least 14 m 

between 9-7 ka, as compared to ~9.5 ± 2 m and ~6 m from the average Tarasov et 

al. (2012) models and ICE-6G (Peltier et al., 2015; Stuhne and Peltier, 2017) (Fig 

18). ICE-6G plots lower than the dRSLr and shows a completely different trend 

compared to the best-fit NAIS reconstruction and 1263 reconstruction in all the 

study areas except the Mississippi Delta (Fig 15). Compared to these ice sheet 

reconstructions, the present study shows a deficit of at least ~5 m SLE, i.e., 

almost equivalent to the SLE of an ice sheet the size of the present-day Greenland 

Ice Sheet. Such an amount of excess freshwater, when added to the North 

Atlantic system, would have had a number of implications for our current 

understanding of relative sea level rise (RSLR) and its effect on the other 

elements of the climate system between 9 and 7 ka.  We have seen that the model 

consistently underpredicts the observation for time periods older than 8 ka. So, 

we also compared the meltwater production from the different ice sheet models 
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and found that the bulk of the difference in the amount of meltwater actually 

stems from the time period 9-8 ka, the part of the record which has consistently 

being underpredicted by models from Tarasov et al. (2012) (Fig 16). On the other 

hand, the best-fit AIS model used in the present study, 46914, yields ~3.7 m SLE 

during this 2000 yr period (Fig 16). The average of the Lecavalier and Tarasov (in 

prep.) ice models produces 2 ± 3 m of SLE for the same time period, while ICE-

6G produces <1 m (Argus et al., 2014).  

 

1.8 Discussion 
 
Partitioning NAIS and AIS meltwater  

 

According to the present study, the amount of meltwater produced from 

NAIS between 9-7 ka (>14 m) was about four times that originating from the AIS 

(3.7 m). The proportion of meltwater partitioning becomes even larger when we 

just concentrate on the time period between 9-8 ka, where we see a consistent 

mismatch between observation and model. Between 9-8 ka, according to this 

study, NAIS produced ~10 m of SLE compared to ~2 m from AIS, driving the 

meltwater partitioning between the two ice sheets, i.e. five times more. This 

suggests that NAIS was by far the largest contributor to global sea level rise 

during this time [for e.g. (Carlson et al., 2008; Nichols et al., 2019; Peltier et al., 

2015; Whitehouse et al., 2012a)].  Combining the NAIS component of the widely 

used ICE-6G reconstruction with the best-fit AIS reconstruction in the present 
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study, we show that the NAIS meltwater contribution from ICE-6G 

underpredicts the RSL rise rates in all four study areas (Fig 17).  ICE-6G and ICE-

5G have thinner ice-sheets for this time period compared to other ice models like 

Licciardi et al. (1998), which shows a NAIS contribution of 14 m between 9-7 ka, 

and ANU model (Lambeck et al., 2014).  Commonly used models like ICE-6G, 

ICE-5G, and the average Tarasov et al. (2012) models predicts a comparatively 

lower amount of meltwater to the oceans between 9-7 ka, whereas this study 

presents evidence that during the same time period, a minimum of ~18 m of SLE 

was contributed to the RSL rise around the global coasts, and the bulk of it 

coming from the NAIS (a minimum of 14 m) (Fig 18).  

 

Figure 16 Comparison of the proportion of NAIS vs AIS sea level equivalent contribution 
to global sea level rise for the time period 9-7 ka between the different ice sheet models 
ANU (Lambeck et al., 2017; Lambeck et al., 2014a), ICE-5G ((Peltier, 2004), ICE-6G 
(Argus et al., 2014; Stuhne and Peltier, 2017), average NAIS models from Tarasov et al. 
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(2012), mentioned here as T2012, and Lecavalier and Tarasov(manuscript in prep.) and 
the present study. The AIS component for the ANU model was calculated by subtracting 
the NAIS component as reported in Lambeck et al. (2017) from the total sea level 
equivalent sea level change reported in Lambeck et al. (2014) for the 9-7 ka time period. 
The vertical black lines for T2012 is the 1Ϭ standard deviation for the different 
configurations of the NAIS models reported in Tarasov et al. (2012). The arrow at the top 
of the bars represents that the estimates for the portioning of AIS vs NAIS sea level 
equivalents are only a minimum constraint and the actual ice melt volume might have 
been higher. 

However, the difference lies not only in the amount of meltwater, but also 

in the rate of NAIS melting through this time period. Compared to an average 

SLR rate of ~5 mm/yr from the NAIS between 9-8 ka (Carlson et al., 2008), the 

best-fit NAIS model used here yields a SLR rate of ~10 mm/yr during the same 

time period.  Our best-fit AIS model yields a rate of ~2 mm/yr of SLR rise 

between 9-8 ka. According to this calculation, significantly more meltwater was 

added to the North Atlantic Ocean from a rapidly melting NAIS during the early 

Holocene. Since the best-fit NAIS model only fits the lower bounds of the data in 

the Asian study areas, we propose these values as a minimum estimate for the 

amount of meltwater that must have been released from the NAIS during 9-8 ka.  

 The ‘missing ice problem’ at the beginning of the deglaciation (for 

eg,.(Andrews, 1992; Clark and Tarasov, 2014; Simms et al., 2019) has been a well-

documented question in the paleo sea level community, but the data-model 

comparison carried out during this work has brought into light a that there was a 

larger amount of ice melting from NAIS at the very end of the deglaciation as 

well. The estimates of SLR during the post-LGM deglaciation and that of the total 

ice melted during this same time shows a prominent offset, with the ‘missing ice’ 
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accounting for about 18.1 ± 9.6 m of GMSL rise since the LGM [for eg., (Clark and 

Tarasov, 2014; Simms et al., 2019)].  A number of studies have sought to estimate 

the volume of LGM AIS using both geological constrains [for e.g. (Clark et al., 

2009)] as well as numerical modeling (for e.g. (Austermann et al., 2013; Golledge 

et al., 2013; Ivins et al., 2013; Whitehouse et al., 2012b). They typically yield lower 

values for the AIS contribution as well (~9.9 ± 1.7 m SLE) (Simms et al., 2019). 

ICE-6G and ICE-5G show a post-glacial net loss of mass of 13.6 and 17.6 m, 

respectively, which are higher estimates, more so for ICE5G, when compared to 

the other models mentioned earlier (Peltier, 2004; Peltier et al., 2015). 

The ice melt from NAIS has been underestimated by at least ~5 m for the time 

period between 9-8 ka (Fig 16). This lack of knowledge about the precise amount 

of ice melt and the rate at which this meltwater was being added to the ocean 

during 9-7 ka has potential implications for the global SL history during most of 

the last deglaciation and begs us to question our understanding for everything 

that must have come before 9 ka as well. To address this issue, which has 

numerous implications including projections of future SLR, we need many more 

high-resolution RSL records from different parts of the world. However, 

published high resolution RSL records are difficult to find in the Southern 

Hemisphere, and future work needs to be concentrated in the pursuit of 

collecting these records globally, with a special focus on locations from the 

Southern Hemisphere to discern the AIS melt history and its effect on global SLR 

over the last deglaciation.  
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The effects of higher NAIS meltwater contribution on the 8.2 ka event 
  

Abrupt climate change, like the 8.2 ka event which is the most prominent 

abrupt North American climate change during the Holocene, has been of interest 

to the paleoclimate and paleo sea level community in connection to its potential 

occurrence in a future warming world (Alley et al., 2003; Barber et al., 1999). The 

sea-level jump around 8.2 ka has been detected in a number of locations around 

the world, including the Mississippi Delta (Li et al., 2012; Törnqvist et al., 2004a), 

the  Rhine-Meuse Delta (Hijma and Cohen, 2010), southwest Scotland (Lawrence 

et al., 2016), Asia (Hori and Saito, 2007) and in Guatemala (Obrist-Farner et al., 

2022), but with variable amounts of RSLR during this event. The RSL jumps in 

the Rhine-Meuse delta and the Mississippi Delta have been recorded to be 3 ± 1.2 

m, with a corresponding drainage volume of ~6-15 x 1014 m3 (Hijma and Cohen, 

2010) and 1.5 ± 0.7 m with a drainage volume of ~3-8 x 1014 m3 (Li et al., 2012) 

respectively. The catastrophic collapse of an ice dam over Hudson Bay leading to 

the final drainage of proglacial Lakes Agassiz and Ojibway (LAO) into the 

Labrador Sea (Barber et al., 1999)  resulted in the introduction of a large 

freshwater flux (FWF) into the North Atlantic Ocean. Evidence shows that the 

North Atlantic Ocean was undergoing preconditioning for this abrupt climate 

change by the way of additional FWF, with the draining of the LAO being the 

last straw (Carlson et al., 2009a; Carlson et al., 2008; Clark et al., 2001; Gregoire et 

al., 2012).   
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Since the estimated total volume of LAO (1.63 x 1014 m3) (Kendall et al., 

2008; Leverington et al., 2002; Törnqvist and Hijma, 2012) during the final 

episode of drainage is less than the estimates of the freshwater volume needed 

for the corresponding RSL rise,  two other freshwater sources have been 

proposed for the 8.2 ka event - the change in continental North American routing 

(Carlson et al., 2009b; Clark et al., 2001), and the melting and retreat of NAIS 

(Carlson et al., 2008; Ullman et al., 2016). The amount of freshwater from the 

melting of NAIS is not as well constrained as the first two sources and this study 

provides new constraints.  Matero et al. (2017) and Gregoire et al. (2012) have 

suggested that the collapse of an ice saddle connecting the Labrador and Baffin 

domes of the NAIS over Hudson Bay was the reason behind the significant FWF 

in the North Atlantic Ocean. A larger amount of ice in the NAIS during 9-8 ka, in 

turn providing additional FWF to the North Atlantic, supports the idea of an ice 

saddle collapse during this time. This work also shows that the amount of RSLR 

during this time was larger than what could have been produced from the LAO 

(Li et al., 2012). Studying RSL change in areas far away from the LAO and NAIS 

like the Malay Peninsula and Yangtze Delta is integral to discerning the sea level 

rise signal of the 8.2 ka event which can in turn help us in estimating total 

volume of freshwater that was added to the North Atlantic between 9-8 ka.  

Climate models have reached the same conclusion that using just the LAO 

meltwater volume as a one-time FWF around 8.2 ka cannot explain the sustained 

8.2 ka cooling event, and the addition of other FWFs are needed to explain the 
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continued cooling for 100-200 years that seen in proxy records [for e.g. (Aguiar et 

al., 2021; Matero et al., 2017; Wagner et al., 2013; Wiersma et al., 2006)]. The 

majority of the older climate models have used a meltwater flux of 2.5 Sv for ~0.5 

yr during the collapse of LAO, with a small background meltwater flux (~0.17 

Sv) following this event for some of these models (Morrill et al., 2013; Renssen et 

al., 2001; Wiersma et al., 2006; Wiersma and Jongma, 2010).  Wagner et al. (2013) 

and Matero et al. (2017) used a small baseline FWF of 0.05 Sv prior to the collapse 

of LAO, based on prior reconstructions of NAIS. Aguiar et al. (2021) tested 

multiple model scenarios for the 8.2 ka event and compared them with δ18O and 

SST records. They concluded that a background flux of 0.066 Sv (~5 m SLE) over 

1000 years (9-8 ka), possibly from the melting NAIS, with an intensification over 

130 years, which was possibly from the re-routing of the continental runoff and 

drainage of LAO, could explain the paleoproxy anomalies. We compare these 

modeled FWF values from the literature to the flux that would be generated from 

the melting of the average Tarasov et al. (2012) models and the best-fit NAIS 

model from the present study (Fig 17). The  NAIS reconstruction from the 

present study contributes a considerably higher rate of freshwater to the North 

Atlantic around 8.5 ka, right before the LAO drainage event, compared to the 

FWF contribution from the average Tarasov et al. (2012) models, which are quite 

similar to the  different modeled FWF reconstruction done by Aguiar et al. 

(2021), Matero et al. (2017) and Wagner et al. (2013). 
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 A much higher FWF in the North Atlantic during this time period has far-

reaching implications for the mechanisms and processes related to the 8.2 ka 

event, including the sensitivity of the Atlantic Meridional Overturning 

Circulation (AMOC) to FWF. The AMOC has been shown to weaken recently 

(Bakker et al., 2016; Caesar et al., 2018; Thornalley et al., 2018) due to the 

enhanced FWF from the Arctic and Nordic seas due to melting glaciers and 

thickened sea ice. However, the sensitivity of the amount of freshwater forcing 

on AMOC is a source of uncertainty in climate models (for e.g., (Sgubin et al., 

2017; Swingedouw et al., 2007). The present study points towards the evidence 

that during interglacial times, the AMOC is not as sensitive to freshwater fluxes, 

as has been shown by past studies [for e.g., (Törnqvist and Hijma, 2012)]. During 

the 8.2 ka event, even with more meltwater available, the North Atlantic Ocean 

was merely being set up for the final push in the form of the ice saddle collapse 

and the LAO drainage. Melting of the Greenland Ice Sheet is one of the major 

responses to global warming, which will add fresh water in the ocean and might 

destabilize AMOC in the future (Cazenave, 2006; Fettweis et al., 2017; Shepherd 

et al., 2020). Incorporating an excess amount of meltwater, close to the SLE of the 

Greenland ice sheet, in climate modeling for the 8.2 ka event, can also help us in 

understanding and predicting future changes in the climate. 



 

 62 
 

 

Figure 17 Comparison between the amount of freshwater flux that would have been 

generated from the different NAIS ice sheet reconstruction (present study which is the 

new NAIS model used here and Tarasov et al.,2012) and climate modeling studies which 

use a background freshwater flux from the NAIS melting in the North Atlantic Ocean 

before the 8.2 ka event (Aguiar et al., 2021; Matero et al., 2017; Wagner et al., 2013) 
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CHAPTER 2: What controlled sediment transport across 
the continental shelf edge during the Last Glacial 
Maximum? A case-study from the South African 

continental margin 
 

ABSTRACT 

 Source to sink (S2S) research has come to the forefront as a holistic 

paradigm of sediment transport and stratigraphic studies as well as for 

implications on biogeochemical cycles. In this chapter my aim is to understand the 

influence of sediment flux, be it from a single large source or multiple point-

sources available, and the distance between the shoreline and the continental shelf 

edge during RSL lowstand on the formation and progradation of the shelf-edge. 

The eastern and western shelves off southern Africa not only have different 

morphologies, but also exhibit a difference in climate, precipitation, relief, type of 

sediment transport, and size of drainage basins, thus giving us an appropriate 

study area to test our research questions. We use a glacio-isostatic adjustment 

model of the southern African continental shelf to recreate the paleo-elevation of 

the region during the Last Glacial Maximum (LGM, ~21 ka) to recreate the LGM 

shoreline and the shelf edge. The interaction between the shoreline and the shelf 

edge during the LGM shows different extents of exposure of the continental shelf 

in different portions of the area. The sediment flux transported by rivers to the two 

shelves are also different. Using relatively simple geomorphic parameters 

involving the morphology of the shelf edge, the project seeks to answer questions 
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about whether riverine sediments can reach the deeper marine sinks during RSL 

lowstands and prograde the continental shelf edge.  

 

2.1 Introduction 

 

 Source to sink (S2S) research has come to the forefront as a holistic paradigm 

of sediment transport and stratigraphic studies. Borrowing from the ideas of 

Hutton (1788), S2S research can be defined as an approach to link areas of 

sediment production to the transport-limited parts of the system and the sinks, 

and it aims to quantify earth-surface processes in a budgetary manner (Walsh et 

al., 2016). Typically, a sedimentary system can be subdivided into three spatial 

zones based on the dominant mass-flux behavior active at that point in the 

system, namely, denudation/erosion, transfer, and accumulation/deposition 

(Schumm, 1977). Instead of looking at these different domains of sediment 

transport systems individually, as is done in traditional sedimentology and 

stratigraphy, the S2S concept focuses on integration and quantification of the 

various components of the siliciclastic sedimentary system.  

Boundaries like the continental shelf edge (CSE) are important components of 

S2S studies, because the CSE plays a significant role in the partitioning of 

sediments between shelf and deep-water environments. The CSE acts as the 

transition zone between mixed marine and terrestrial sediments, driven in part 

by shelf currents and fluvial processes, to predominantly deep marine 
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sedimentation, generally carved out by gravity driven processes (Laugier and 

Plink‐Björklund, 2016). The continental shelf is the only area where there is a 

probability of the formation of all the seven different types of sequence 

stratigraphic surfaces, influenced by the change in shoreline trajectory 

(Catuneanu et al., 2009b).  

The sediment transport mechanism active in the shelf-slope system is 

important for several distinct reasons. Submergence of the shelf and the CSE 

depends on relative sea level (RSL) and sediment supply, thus making the CSE a 

variable but significant component in the S2S system. During high-amplitude 

lowstand conditions, individual river basins merge to decrease the number of 

point sources of sediment emptying into deep-marine basins, typically increasing 

the amount of sediment being supplied at the single point source that flows 

across the exposed broad shelf to the CSE. The process of channel migration and 

valley widening on the shelf after incision also increases the sediment flux 

flowing into the basin (Blum et al., 2013). Formation and maintenance of the 

characteristic topography of the shelf and CSE is dependent solely on 

sedimentation or a combination of both sedimentation and tectonics (Helland-

Hansen et al., 2012). It has also been proposed that the smaller the river system 

flowing onto the shelf, the easier it is for the shelf system to maintain a steeper 

and narrower shelf, making it easier for the sediments to bypass the shelf 

(Sømme et al., 2009). However, Nyberg et al. (2018) argue against this because of 

a weak power-law correlation between sediment discharge and shelf width. 
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Most traditional sequence-stratigraphic models explain deep-marine 

sedimentation to occur during lowstand conditions (Catuneanu et al., 2009b; 

Porębski and Steel, 2003; Posamentier and Vail, 1988a). But a number of other 

studies talk about the caveat to these models and the possibility of deep-marine 

deposition during highstand (Burgess and Hovius, 1998; Posamentier, 2001). 

In traditional sequence-stratigraphic models, cross-shelf paleovalleys (Blum et 

al., 2013; Zaitlin et al., 1994) are considered to be the transport systems through 

which, during RSL lowstands, sediment supply from the continents can be 

transported over the shelf, which aids in deep-marine sedimentation by 

formation of submarine channel and fan systems (Catuneanu et al., 2009b; 

Posamentier et al., 1992). These models suggest that valley cutting is an 

immediate result of RSL fall at the CSECSE (Posamentier and Vail, 1988b). There 

is a need to understand and quantify how, when and where paleovalleys are 

created due to RSL fall. Paleovalleys are important constituents of the sequence 

stratigraphic framework, as they are used to define sequence boundaries. The 

relationship between RSL change and valley formation, is a critical parameter 

that needs to be studied in detail, as are the issues of the nature of CSE evolution 

and their biogeochemical implications. 
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 The complexity of spatiotemporal relations between RSL change and valley 

formation has been studied by a number of researchers (e.g.,(Amorosi et al., 2016; 

Blum et al., 2013; Blum and Törnqvist, 2000; Catuneanu et al., 2009b; Schumm, 

1993; Törnqvist et al., 2000; Wallinga et al., 2004). In particular, the question of 

whether RSL drops below the CSE is a critical one. The width of exposed 

continental shelf during an RSL lowstand depends on the CSE morphology and 

extent of RSL fall, which, 

in turn, determine the 

formation of 

paleovalleys. The 

position of the lowstand 

shoreline with respect to 

the CSE depends on the 

depth and morphology 

of the CSE (Fig 18). To 

investigate how the 

relationship between the 

CSE and the Last Glacial 

Maximum (LGM) 

shoreline influences the formation of paleovalleys that could have aided in 

sediment transport to the deep marine environment during the LGM, Törnqvist 

et. al. (2006) selected two contrasting CSE systems, the Gulf of Mexico, more 

Figure 18 Contrasting scenarios of lowstand shoreline position 

and fluvial incision. (after Törnqvist et al., 2006). A describes a 

scenario where the lowstand sea-level falls below the CSE, 

transporting sediments to the deep ocean. B shows a situation 

where the lowstand shoreline remains on the shelf, trapping 

sediments on the shelf. 
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specifically the US Gulf Coast, and the Bay of Biscay. To recreate the paleo-

topography of the two areas, a glacial isostatic adjustment (GIA) model was 

used. The two areas were strikingly different, as the modeled lowstand shoreline 

in the Gulf of Mexico was located seaward of the CSE, whereas in the case of the 

Bay of Biscay, the modeled lowstand shoreline was located well updip on the 

shelf. Due to the exposure of the Gulf of Mexico shelf during LGM, evidence of 

widespread fluvial incision can be found all across the shelf (Anderson et al., 

2016; Suter and Berryhill Jr, 1985). But in the Bay of Biscay, because the CSE and 

parts of the shelf remained submerged during RSL lowstand, fluvial incision was 

limited to the highstand coastal prism.  

  The contrasting scenarios between the Bay of Biscay and the Gulf of 

Mexico imply that the conventional sequence-stratigraphic models need to be 

reevaluated to consider stratigraphic conditions where the continental and deep 

marine sections of a transport system remain detached. Passive margins with 

differing sediment flux will also differ in the way they maintain and prograde 

their shape. I hypothesize that, in a passive margin setting, the progradation of 

the shelf edge depends on the amount of relative sea-level (RSL) fall leading to 

exposure of the shelf which in turn influences paleovalley incision that plays a 

big part in transporting sediments across the shelf edge. It also depends on the 

total amount of sediment flux coming from the hinterland, be it one large 

transport system or multiple point sources. 
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The wider and deeper the continental shelf-slope system, the greater the 

chance of a separation between the lowstand shoreline and the CSE. Fluvial 

incision occurring in such a condition will most likely be focused only on the 

shelf (Fig 18B) and will not be able to cross over to the slope system, thus 

depositing most of the sediment on the shelf. Moreover, depending on the 

amount of sediment coming into the shelf, the paleovalley that is incised can 

differ in dimensions and their ability to reach the CSE (Schumm, 1993). 

Depending on whether the sediment load bypasses the shelf or remains trapped 

on the shelf, it will have a prominent role to play in the formation and 

maintenance of the CSE geometry, as sedimentation is a primary factor in CSE 

morphology (Helland-Hansen et al., 2012).  

Compared to other parts of the world, the African shelf is not as well 

studied (Chiocci and Chivas, 2014). However, the interaction between the shelf 

and CSE geometry, RSL change, and differing sedimentation makes southern 

Africa extremely interesting to conduct a study like this. The eastern and western 

shelves of southern Africa are distinctly different in morphology, the eastern 

shelf being <5 km wide at places. The eastern shelf is also steeper than the 

western shelf. Paleovalleys from the LGM have been reported from the eastern 

shelf (Green and Uken, 2005). The eastern shelf receives more sediment from a 

number of smaller rivers as well as the Limpopo River, compared to the western 

shelf which is drained by the Orange River.  
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This project can help in understanding global carbon cycling (Leithold et 

al., 2016). Of the 200 Tg of particulate organic carbon (OC) being delivered every 

year to the oceans, continental shelves store about 10-25% particulate OC, along 

with the particulate OC originating from marine production (Blair and Aller, 

2012; Burdige, 2005; Galy et al., 2007; Ludwig et al., 1996). Understanding how 

sediments are delivered to the deeper ocean, bypassing the shelf, can also have 

implication in our understanding of carbon storage in the continental shelf 

during the last 20 kyr. 

In this study we determine the distance between the LGM shoreline and the CSE 

using the paleotopography generated from a GIA model, which has been 

calibrated using a RSL database. A critical look at the available RSL data from 

southern Africa is necessary to understand the regional RSL history. Such a 

database is needed to calibrate and test the RSL change of the study area as 

calculated from GIA modeling. During the past ~20 kyr, through which the Earth 

has undergone major and complex changes in RSL due to melting ice sheets, 

changes in RSL in southern Africa are mostly the result of glacio-eustasy and 

vertical land motion due to GIA, with other vertical movements like tectonics 

playing a smaller part (Wildman et al., 2016) in the total vertical movement of the 

crust in this region. Ocean steric and dynamic effects are also assumed to be 

small over these timescales. The vertical movements caused by GIA are spatially 

variable around the globe due to the difference in the proximity to the ice sheets 

and earth rheology, and the change in RSL in a far-field location like southern 
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Africa is affected by the earth rheology and the volume of meltwater being 

added to the ocean (Milne and Mitrovica, 2008; Lambeck et al., 2014).  

 

2.2 Study area 

 

The study area (Figure 19) consists of the southernmost part of the African 

continent. Tectonically, the southern African shelf is a passive margin and was 

Figure 19 A topographic map of southern Africa, indicating the study area. The 

locations of the sea-level indicators used here are marked by the various symbols, as 

shown in the legend. 
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also non-glaciated. The elevated southern African interior plateau is believed to 

have been formed due to deep mantle activity, due to the absence of collisional 

tectonism and the presence of a large low shear velocity province (Ritsema et al., 

1998; Sun and Miller, 2013). The flanks of the southern African plateau is 

characterized by higher relief near the coast, with higher elevations along the 

eastern coast compared to the western coast (Amante and Eakins, 2009; Stanley 

et al., 2021).Thermochronological studies (apatite fission track and U-Th-Sm/He 

thermochronology), landscape-evolution modeling, stratigraphic data, as well as 

cosmogenic dating show that the major epeirogenic uplift and subsequent 

denudation of the southern African plateau happened mainly during the 

Cretaceous and possibly during the mid-Cenozoic, with only ~1 km of elevation 

denuded during the Cenozoic (Braun et al., 2014; De Wit, 2007; Stanley et al., 

2021; Tinker et al., 2008; Wildman et al., 2016; Wildman et al., 2017). Due to the 

low isostatic gravity anomaly and free-air gravity anomaly, it has been proposed 

that the influence of dynamic topography in this area may have been small 

(Molnar et al., 2015) and this area has sustained a high elevation since the 

Cretaceous. Thus, this area was not affected by much vertical movement during 

the past 20 kyr. 

The eastern shelf is <5 km wide in places, compared to the global average 

width of the shelf of 50 km (Shepard, 1963). O’Grady et al. (2000) classified parts 

of this shelf as a Type 2 sigmoid type, with a constantly increasing slopes till a 

certain maximum slope, followed by a decrease in slope. The eastern continental 
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shelf is also steeper than the western continental shelf. The sequence boundary 

reported from the east coast of South Africa formed during the LGM and is 

defined by narrow paleovalleys which were formed during the exposure of the 

continental shelf because of the RSL fall. These valleys were later infilled with 

sediments when RSL started rising again (Green, 2009). All of these factors add 

up to formation of a characteristic narrow shelf. Inability to preserve entire 

sequences and high amplitude of RSL change can be a product of the narrow 

shelf, which is a characteristic of the eastern South African coast (Green, 2009).  

The western coast extends from the Atlantic Ocean in the west to the 

mountains of the Great Escarpment in the east. It is a low-relief plain varying in 

width from ~20 km in the north to ~60 km in the south. The shelf margin is 

gentle and smooth with the slope of the shelf <2°, and O’Grady et al. (2000) 

classified this as a Type 1 or a gentle and smooth margin. The western coast of 

southern Africa mainly was influenced by sedimentation from the hinterland, 

with the southern part of the coast getting more deposits and northern part 

having thinner deposits due to the presence of mostly ephemeral streams in the 

arid Namib sand sea (Chase and Thomas, 2006).  

The northern part of the western shelf receives very little sediment from the 

eolian processes in the Namib desert, whereas the eastern shelf and the southern 

part of the western shelf receives considerable sediment flux from the Limpopo 

(880 kg/s) and the Orange (725 kg/s) rivers, respectively (Cohen et al., 2014). A 

number of smaller rivers also flow into the eastern shelf, compared to the 
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western shelf which only has a handful of rivers flowing into it (Fig 20). 

Cosmogenic nuclide derived erosion rates for the study area is quite slow for the  
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Figure 20. Comparison of sediment flux entering the coasts of southern Africa. Panel A 

shows the distribution of drainage basins in the study area, with the Orange and the 

Limpopo river basins marked in bold. All the river basins are colored according to their 

amount of riverine sediment flux. Panel B shows a plot showing a comparison of the 

riverine sediment flux. The western shelf presently receives ~55% less sediment than the 

eastern shelf. The sediment flux data have been collected from Nienhuis et al. (2020) and 

Cohen et al. (2014). 

coastal plains as well as the inland plateau, averaging <10 m/Myr (Bierman et 

al., 2014; Chadwick et al., 2013; Cockburn et al., 2000; Makhubela et al., 2019). 

2.3 Data and methods   

3.1 Southern African RSL database 

The southern African RSL record published by Ramsay and Cooper (2002) is a 

compilation of a number of radiocarbon and U/Th ages for Pleistocene and 

Holocene RSL elevations from various parts of South Africa. However, these 

data do not have well-quantified uncertainties associated with them, nor are they 

presented in the form of a rigorous database. A recent Quaternary RSL record 

(Cooper et al., 2018) from South Africa is based on an RSL database using the 

HOLSEA protocol (Khan et al., 2019) similar to Hijma et al. (2015). A detailed 

look at this database raises a number of questions regarding the assignment of 

indicative meaning to the RSL data usage of various materials as RSL indicators, 

and the reservoir age correction in specific parts of the study area.   

A new RSL database is presented here following the well-defined protocol of 

Hijma et al. (2015). The criteria for acceptance of datapoints and the database 

protocol are discussed in greater detail in Chapter 1 of this thesis. The dataset 

presented here is from the ~3000 km long southern African coastline and covers 
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its eastern and western portions (Fig. 19). The western coast has a large number 

of samples reported from offshore whereas the data reported from the eastern 

coast are mostly onshore.  

  Articulated shells are the most common samples that have been dated 

(42%), followed by beachrock, other marine organisms and non-articulated shells 

(Fig. 21). Most of the articulated shells that have been dated do not have a very 

well-defined IR (Branch, 1981), disqualifying them as SLIPs. A summary of the 

indicative meanings for the different sample types accepted in the database is 

provided in Table 1. Bivalves like Loripes clausus, Lutraria lutraria and Assiminea 

ovata have been reported from the southern and western parts of the region. 

Loripes clausus is an estuarine species that occurs in the middle intertidal to 

subtidal zone and was sampled from the Keurbooms estuary (Reddering, 1988). 

L. lutraria and A. ovata are both marine species which occur on the continental 

shelf and thus can be used as lower LDPs. A fixed biological indicator in the 

form of an articulated barnacle (Austromegabalanus cylindricus) has been reported 

from Namibia (Compton, 2007), which is being treated as a lower LDP as well.  
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Figure 21 Proportion of different types of samples which have been used for this RSL 

database 

 

The other major category of samples in this part of the world are beachrock 

deposits. A beachrock can be assigned as a SLIP only when a detailed description 

of its cement, sedimentary structures, location and sampling elevation are known, 

along with its age, obtained using either radiocarbon or OSL techniques (Mauz et 

al., 2015). The beachrock specimens that have been reported in South Africa mostly 

lack the necessary information about cement and sedimentary structures in the 

relevant publications. However, these beachrocks formed very close to MSL in the 

microtidal southern African coast with a narrow zone of contact between 

freshwater and seawater, which is a necessary condition for beachrock formation. 

Moreover, the type of cement and modern day beachrock analogues from the 

region also suggest their indicative meaning to be SLIPs (Green, pers. comm., 2018) 

42%

10%

32%

16%

Types of materials dated

Articualed Shell

Other shells

Beach rock

Marine organic
material
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and thus the samples that were dated using the correct protocol have been 

classified as SLIPs in this database. The indicative meanings for the sea level 

indicators used for southern Africa are detailed in Table 2.2. 

 

 

Table 2 Summary of the indicative meanings of the different sample types in southern 
Africa that have been accepted in the database 

Sample type Indicative meaning  Reference water 

level 

Indicative range 

Beachrock Sea Level Index 

Points (SLIPs) 

MLW (HAT-LAT)/2 

Life-position 

articulated bivalve 

Lower LDP MTL - 

Bulk marine OM Lower LDP MTL - 

 

 

Dating 

Almost all the samples have been dated using 14C, except one beachrock sample 

which was dated using U/Th and two beachrock samples using OSL. The  14C 

ages have been reported in the publications using three different conventions. 

For about 50% of the ages reported, only the isotopic fractionation correction had 
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been performed but not the reservoir age correction, which makes it easier to 

control the reservoir age correction at a later time, when there is better data 

regarding the reservoir age of the area. The marine reservoir effect depends on 

the prevalence of upwelling, sea surface temperature and depth of the mixed 

layer of water (Stuiver et al., 1986). Wood samples do not require reservoir 

corrections and their ages were only corrected for isotopic fractionation, and then 

calibrated using ShCal13, which is the calibration curve used for samples from 

the Southern Hemisphere (Reimer et al., 2013). I used the average ΔR of 146 14C 

yr following Dewar et al. (2012) for calculating the corrected 14C age for the 

samples from the western coast of South Africa. However, this paper concerns 

the late Holocene, and a number of our samples are much older, so a reservoir 

age uncertainty of 200 14C yr has been used here instead of 85 14C yr as was 

reported. For the southern and eastern coasts, in almost all the publications 

concerning this area, the standard average reservoir age of 400 14C yr (i.e, ΔR=0) 

has been used. However, a number of modeling studies like Franke et al. (2008) 

and Butzin et al. (2017) suggest that the ΔR for the eastern and southern shelf of 

southern Africa cannot be zero and there must be an error associated with the 

reservoir age. Compared to the western South African coast, which is 

characterized by upwelling and thus has a high ΔR, the eastern and southern 

coasts will have a much lower reservoir age error which was assumed to be 

20±200 14C yr in this study, following the maximum and minimum variations of 
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reservoir ages in a time-span of the last ~10 kyr that can be seen from the time 

series plots of reservoir age modeling studies (Butzin et al., 2017).  

Once all the ages were corrected, I used OxCal (Bronk Ramsey, 2009, 2017) for 

calibrating the 14C ages to calendar years, using the Marine13 (Reimer et al., 2013) 

calibration curve for the marine and estuarine samples and a combination of 

Marine13 and Shcal13 (Reimer et al., 2013) calibration curves for the beachrocks. 

The weighted mean calibrated ages were used. The 2σ age errors, rounded to the 

nearest 10 years are reported for both 14C and OSL ages. The corrected U/Th age 

of the beachrock sample has been reported as is, rounded to the nearest 100 

years, in absence of the raw U/Th age. 

 

3.2 GIA model 

 

To understand the shoreline position during the LGM in the study area, a GIA 

model has been utilized. A GIA model is a geophysical model used to calculate 

and predict past and future RSL curves, suitably adjusted for isostatic 

movements caused by glaciation and deglaciation (Bassett et al., 2005; Milne, 

2015). During the Quaternary, the major influence on RSL change came from the 

mass exchange of water with continental ice sheets, due to the oscillation in ice 

volumes caused by Milankovich cycles.  

 Fourteen GIA model runs have been carried out with seven Earth models 

and two ice models, namely ICE-6G (Peltier et al., 2015) and the Bradley et al. 
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(2016) model, referred to here as EUST. A spherically symmetric Maxwell 

viscoelastic Earth model was used, with a number of combinations of 

lithospheric thickness and upper and lower mantle viscosities as shown in Table 

2. These parameters were decided upon after careful consideration of the Earth 

model configurations used in the literature [e.g. (Bassett et al., 2005; Lambeck et 

al., 2014a; Milne and Peros, 2013; Mitrovica and Forte, 2004)]. 

 

 

Table 3. Earth model parameters used for the glacial isostatic adjustment. 

 

 

 

 

 

 

3.3 Modeling the LGM shoreline and CSE 

A paleo elevation dataset of the study area corresponding to 21 ka is generated 

from the GIA model, which was exported to the ArcGIS Pro software as a raster 

and then interpolated into a DEM using the Africa Albers equal area conic 

projection. The LGM shoreline for the study area is calculated from the 0 m 

depth contour. For the purposes of this thesis, the CSE is defined to be the first 

major downdip increase in slope from the continental shelf, as that will be the 

Earth model Parameters Values tested 

Lithospheric thickness (LT) (km) 71 96 120 

Upper mantle viscosity (UMV) (x1021 Pa s) 0.1 0.5 1 

Lower mantle viscosity (LMV) (x1022 Pa s) 1 10 50 
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area first affected by fluvial incision, in the event of a RSL fall below it. Since it is 

impossible to assign one depth contour to the CSE, the first derivative of 

elevation, i.e., slope was calculated next using the ArcGIS Slope algorithm in the 

Spatial Analyst toolbar and it was seen that though a slope contour of 1 percent 

covers a major part of the CSE, it is not continuous enough to quantify the CSE in 

the entire study area. The rate of change of the slope with distance, i.e., the 

curvature was then calculated and the dip component (profile curvature) of the 

curvature values were contoured to choose the best suited value to quantify the 

CSE in the study area. Negative curvature values imply convex-up surfaces. 

Curvature serves to identify the location of the CSECSE in an objective and 

quantitative way. Once the curvature was calculated, the parameter was 

contoured to give us a straightforward way to quantify and compare CSE 

morphology. The entire southern African CSE can be quantified by a single 

curvature value, irrespective of the varying depth and morphology of the shelf, 

contrary to Törnqvist et.al. (2006) who found that curvature values had to differ 

significantly for morphologically different passive margins.  

Creating topographic/bathymetric profiles along the southern African coast to 

understand the relationship between the LGM shoreline and the CSE is the next 

step to quantify the difference in horizontal and vertical distance between the 

shoreline and the CSE, and the change in elevation in the different parts of the 

study area. With respect to a reference frame, which in this case is a smooth 

baseline following the outline of the LGM shoreline, multiple perpendicular 
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transects were projected intersecting the LGM shoreline and the CSE. The 

difference in both horizontal and vertical distance between the shoreline and CSE 

can be calculated once the topographic profiles are available.  

Some processes, like morphological changes due to sedimentation, erosion or 

local tectonics since the LGM that affect topographic evolution of land/seascapes 

cannot be considered during this study. However, the study area is a quiescent 

passive margin [e.g. (De Wit, 2007; Tinker et al., 2008; Wildman et al., 2016; 

Wildman et al., 2017) and does not contain major depocenters. Nevertheless, we 

should be careful about these assumptions while analyzing the results from the 

topographic profiles. 

Multiple topographic profiles (~60) were constructed in the study area 

connecting the LGM shoreline and CSE (the workflow is shown in Fig 22), and 

the locations of these transects are shown in the inset of Fig 6. These profiles 

were constructed both as a method to verify the location of the calculated LGM 

shelf edge (Fig 9) as well as to determine the distance between the CSE and the 

shoreline along the coast (Fig 10). In order to generate the transects needed to 

build the topographic/bathymetric profiles, a baseline was constructed by 

tracing a smoothed copy of the LGM shoreline 50 km inland from which the 

transects originated. From this baseline, using appropriate ArcGIS tools, 60 

transects were created to cover the entire study area. The transects are long 

enough that they extend past both the CSE and shoreline.  
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Figure 22 Workflow for generating transects along the coast of southern Africa 

 

2.4 Results and Discussion 

Southern African RSL history 

The RSL history of the area (Fig. 22) as seen from this dataset is restricted to the 

period between ~10 and ~5 ka, due to the absence of any suitable data before that 

time. A number of publications like Cooper et al. (2018) have attempted to 

describe the change in RSL during the time before 10 ka but most of these data 
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are from geomorphic features on the submerged continental shelf which have 

not been dated. Using the protocol described in Chapter 1 of this thesis, the 

samples that are accepted are in situ and relatively uncompacted SLIPs as well as 

LDPs. The criteria for 2σ vertical and horizontal resolution have been relaxed in 

the case of the SLIPs and LDPs of southern Africa because the aim of this project 

is to mainly reconstruct an RSL history for the study area between 21 and 5 ka 

and then use that to choose the best performing GIA model as the 

paleotopographic dataset. The RSL database contains 61 data points from both 

the eastern and the western coasts of South Africa dating from 21 to 5 ka, collated 

from various published works spanning from 1971 to 2002. Out of these, only 17 

data points can be used confidently to reconstruct the RSL history of the area 

(Fig. 22). The rest is unsuitable for this exercise and have been discarded mainly 

due to issues regarding sampling, dating and documentation, since they do not 

follow our protocol (as discussed in Chapter 1). The RSL history in the western 

and southern parts of the study area are mainly described using biological 

samples as LDPs, while the SLIPs are the beachrock samples from the eastern 

coast. In Fig 22, the SLIPs are represented by crosses, with the horizontal bar 

representing the 2σ age range and the vertical bar representing the upward and 

downward errors of elevation. For the T-shaped lower LDPs, the horizontal bar 

represents the 2σ age range, but the vertical bar represents the sum of the 

upward and downward errorss. 



 

 98 
 

A number of shells whose ages are in the range of ~21 to ~14 ka have been 

collected from the continental shelf in this region, but they are also not 

considered because they are most certainly ex situ. Between 14 ka and 5 ka, the 

RSL plots from Cooper et al. (2018) show 17 SLIPs and 11 lower LDPs, from both 

the eastern and western coasts of the area (Fig. 23). It is quite impossible to track 

down each of these data points in their database, because of the lack of clarity 

about their definition of SLIPs and LDPs. In their spreadsheet, none of their data 

are clearly marked as SLIPs or LDP. Such a drastic difference in the number of 

SLIPs in the two databases introduces conservative uncertainty to the RSL 

history described by the present database. Apart from the issue of 

documentation, the present dataset uses different criteria than the Cooper et al. 

(2018) dataset for defining SLIPs and lower LDP, which is the major reason 

behind the differences in the two databases. Differences have also arisen due to 

the different reservoir ages used and inaccessibility to certain data for the present 

database.  

Most of the publications define the LGM in South Africa using shells which are 

dredged from the continental shelf (Vogel and Marais, 1971; Pether, 1994; 

Ramsay and Cooper, 2002) or from undated submerged beach ridges at -120 m 

(Green and Uken, 2005; Cooper et al., 2018), which are discarded here. Also, the 

RSL history of the eastern coast of the study area is described by 5 SLIPs 

assigned to beachrocks dated with radiocarbon and OSL, while the one U/Th 

dated beachrock has been disregarded in this dataset since it was a whole rock 
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date which is not useful in case of RSL studies from beachrocks, due to 

significant geochemical alterations (Mauz et al., 2015). 

From 10 to 8.5 ka, RSL rose by ~9m as seen from the SLIPs on the eastern coast. 

Between ~8.5 ka and ~7.2 ka, the RSL rise slows down a little. Following this 

period, until ~6 ka, the RSL data show a highstand ~1.5 m above present MSL at 

~6 ka, signifying the mid-Holocene highstand, which is expected in an equatorial 

ocean basin like the one discussed here (Cooper et al., 2018; Mitrovica and Milne, 

2002). The time period from 6 to 5 ka are only described in the present database 

with lower LDPs.  In Cooper et al. (2018), the RSL history shows a rise between 6 

ka and 5 ka, based on a few SLIPs, which is not seen in the present database (Fig. 

24). 

   

Figure 23 Relative RSL plot from southern Africa 
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Figure 24 Comparison between the present database, shown in red and Cooper et al. 

(2018) database, shown in black 

 

 
Data-model comparison 

 

Using the RSL history from the database as described in the previous section, an 

RSL data-GIA model comparison has been done for the southern African region. 
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The result of this data-model comparison is shown in Fig. 25. The GIA models 

using ICE-6G produce a better fit than  the ones using EUST with the southern 

African RSL history, as reconstructed from the RSL database. All the five SLIPs 

from the database plot on the RSL predictions calculated from the GIA models 

using ICE-6G, irrespective of the Earth model used. The lower LDP also plots 

Figure 25 Comparison between the relative sea level history calculated from the data 

collected from the study area and the glacial isostatic adjustment models, using two 

different ice models and seven different Earth models. 
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below these RSL predictions, signifying a good fit with the data. Even though in 

the first chapter of this thesis I have shown that ICE-6G falls short when it comes 

to understanding early Holocene meltwater partitioning, this ice model performs 

better in recreating the RSL history in southern Africa, as shown here. On the 

other hand, the RSL predictions from GIA models using the EUST ice model 

plots lower than the SLIPs from the RSL database, underpredicting the RSL 

history of southern Africa. Following this data-model comparison, to generate a 

paleotopography dataset from the GIA model, ICE-6G is used as the preferred 

ice model with a 96-km thick elastic lithosphere for the Earth’s viscosity model, 

with an upper mantle viscosity of 5𝑥1020 Pa s and a lower mantle viscosity of 1020 

Pa s. However, the predicted RSL curves using different Earth models and ICE-

6G show a wide spread of RSL values (~120-~100m) at LGM. Without well-

constrained SLIPs from the LGM,we cannot choose the Earth model that will 
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give us the best fit. This also affects the depth of the modeled LGM shoreline 

from the paleotopography generated and is a limitation of this study.  

 

 

Figure 26 Three-dimensional view of the land/seascape of southern Africa with the LGM 

shoreline and the CSE which is outlined by the curvature contour of -3x10-5. The 3D 

model has been 40% vertically exaggerated 
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Relationship between LGM shoreline and CSE 

The LGM CSE and the shoreline were modeled for the western coast and eastern 

coast of southern Africa and the coast of Mozambique. As discussed in  

 

Figure 27 The relationship between shoreline and CSE during the LGM in different parts of 

southern Africa. A shows a view of the western shelf where the shoreline remained considerably 

landward from the shelf edge. B shows a view of the eastern shelf where the shoreline was very 

close to shelf edge and in the north, the sea-level fell below the shelf edge. The lines W-W’ and E-E’ 

in the figure show the position of the topographic profile plots shown in Fig 28 
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section 2.2, the present-day western shelf of Southern Africa is wider than the 

eastern shelf, and we can see that the situation was the same 20 kyr ago. In the 

western part of the study area, there was a wide separation between the 

shoreline and the CSE during the LGM and the lowstand shoreline remained on 

the shelf (Fig 28A), the situation being comparable to Bay of Biscay and the one 

illustrated in Fig 18A. As expected, fluvial incision during the LGM is not 

reported from this part of Africa (Green and Uken, 2005). In contrast, the 

lowstand shoreline and the CSE were situated in proximity to each other in the 

eastern part of the study area (Fig 28B), at places the shoreline crossing the CSE 

Figure 28 Topographic profiles the western coast (W-W’)) in the top panel and for the 

eastern coast (E-E’) in the bottom panel. The red dots in the plots show the position of 

the LGM continental shelf and the blue dot with the wave shows the position of the LGM 

shoreline 
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and being positioned on the continental slope, similar to the situation portrayed 

in Fig 18B. As seen also in the Gulf of Mexico, this type of condition encourages 

fluvial incision and a number of cross-shelf paleovalleys are reported from 

eastern Africa from around 21 ka (Green, 2009; Green and Uken, 2005).  

   

Fig 28A shows the topographic profile from the west coast of southern Africa 

(W-W’) where the shoreline was situated more than 100 km landward from the 

shelf edge. For the topographic profile from the east coast (E-E’), the LGM 

shoreline is only situated about 20 km landward from the CSE (Fig 28B). From 

Figs 27 and 29, we see that there are some locations along the eastern coast of 

southern Africa, where the LGM shoreline was situated seaward of the CSE. The 

Figure 29 Plot showing the distance between the CSE and the LGM shoreline for the 

study area. The distances were measured for 60 transects, starting from the west to 

the east. 
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average distance between the CSE and the shoreline for the western and eastern 

coast are ~130 km and ~20 km respectively, which are significantly different. It 

should also be pointed out that some LGM shoreline- CSE distances plotted in 

Fig 29 are shown as negative numbers which are the locations from the study 

area where the shoreline was situated seaward of the CSE during the LGM. The 

maximum and minimum distances between the two geomorphic features are 

~260 km and ~-60 km respectively.  

The different distances between the LGM CSE and shoreline in the two 

coasts of southern Africa adds to the idea that there are multiple situations that 

can arise during a lowstand sea level cycle and even though conventional 

sequence stratigraphic models predict it, a paleovalley may not be incised during 

this time at most locations, as has been also demonstrated earlier (Törnqvist et 

al., 2006). This also raises questions about the fate of sediments making it into the 

deeper parts of the ocean during lower sea level. During the LGM, rivers and 

their sediment loads were trapped on the continental shelves, instead of 

connecting the source to the subaqueous sinks. The numerical model study by 

Harris et al. (2018) also shows that the connection between sea level fall and deep 

marine sedimentation is not so simple as it does not take into account other 

factors including accommodation on the shelf. Even though the African coast is 

not as well-studied as other margins, seismic studies like Wenau et al. (2020) 

show the presence of a lowstand sediment wedge on the continental slope right 

offshore of the CSE, followed by deposition of sediments on the eastern CSE 
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around the LGM. The inner western shelf, however, has been described as 

generally sediment-free and rocky with exposed Late Proterozoic rocks and with 

limited Cenozoic aggradation (Kirkpatrick et al., 2019). A number of smaller 

point sources of sediment, with the presence of the Limpopo River, would 

accumulate enough sediment to the eastern shelf to prograde the CSE, in 

comparison to the western shelf, which is nearly only fed by the Orange River.  

Our study shows that there is a possibility that the deeper ocean might not have 

received as much sediments as was expected during LGM. Extrapolating this to 

the ancient rock record, both interpretation of stratigraphic boundaries, more 

specifically sequence boundaries, as well as older eustatic cycles might be more 

complex than it is presumed. Using easily calculated geomorphic parameters 

involving the morphology of the CSE, this project seeks to answer questions 

about how the riverine sediments can reach the deeper marine sinks during sea-

level low stands (Amorosi et al., 2016; Bhattacharya et al., 2016). These 

geomorphic parameters can also add to the ongoing morphometric analysis 

about the CSE (Harris and Macmillan-Lawler, 2016; O'Grady et al., 2000). 

Understanding deep-time S2S sedimentation can also be a potential outcome of 

this work (Bhattacharya et al., 2016; Nyberg et al., 2018). 

 The preservation of OC depends on how quickly the sediments are buried 

so as to reduce oxidation, which can be achieved by high rates of sediment 

accumulation on the continental shelf and in the deeper ocean. At present, in 

certain active margins, OC rapidly gets transferred to the deeper ocean where it 
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is buried, resulting in low exposure to oxidation and thus preservation in the 

muddy facies [for e.g., (Kao et al., 2014; Leithold and Hope, 1999)]. Along the 

passive margins, however, with the present-day higher sea level and the wider 

shelves compared to LGM, rivers either form a shoreline bulge or a subaqueous 

deltaic clinoforms. Only in the areas where rapid sediment deposition is 

happening, OC is buried quickly enough to have a high OC burial efficiency 

(Galy et al., 2007; Goni et al., 2014; Leithold et al., 2016). During the LGM, the 

passive margin on the eastern coast of southern Africa had a really narrow shelf 

with the shoreline being close to the CSE. In situations like these, during RSL 

lowstand, the OC along with the sediments would have been able to be 

deposited in the deeper ocean, probably leading to higher burial efficiency and 

better preservation of the OC. But in case of a situation like the western coast, 

where the sediments would be stuck on the shelf, the OC might have been 

remineralized due to waves and currents resuspending them in the 

comparatively shallow water, especially during glacials with lower RSL. Some 

work has been done to report that during this time there was an increase in rate 

of upwelling for the Benguela current (Lavik, 2001; Little et al., 1997), which 

should cause higher resuspension due to stronger currents and wave activities.  

 An increase in the terrestrial carbon stock has also been proposed for the 

time between LGM to the pre-industrial period (Jeltsch-Thömmes et al., 2018; 

Köhler and Fischer, 2004). However, a number of variables about land carbon 

stock is still unresolved due to lack of effective reconstructions, both proxy-based 
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or modeled, which can be speculative in nature. The modeling studies done to 

calculate the amount of carbon stored in the continental shelves are complicated 

by the different rates of relative sea-level rise and GIA, which would affect the 

actual area of the exposed shelves in the different parts of the world (Faure et al., 

1996; Montenegro et al., 2006). The modeling studies done by Montenegro et al. 

(2006) uses ICE-5G to calculate the exposed shelf area. But a more accurate 

approach to calculate the shelf area would be the process we have followed here, 

which starts with reconstructing the RSL history of a study and using a GIA 

model whose RSL history matches the history reconstructed from the RSL data 

as a paleotopography dataset. The workflow developed using the southern 

African dataset can be used on other similar passive margins to answer these 

questions. 

 

Conclusion 

 In this chapter, I show that higher sediment flux and smaller distance 

between the shoreline and CSE during lowstand sea level is essential for 

progradation of CSE. Using relatively simple parameters involving the 

morphology of the CSE, this work answers questions about whether riverine 

sediments always reach the deeper marine sinks during sea-level lowstands. This 

study has widespread implications including sequence stratigraphy and offshore 

burial of organic matter with possible implications for the global carbon cycle.  
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CHAPTER 3: Field testing autogenic storage thresholds for 
environmental signals in the strata of the Mississippi delta 

 
 

Abstract 

Sediments transported from source terrains to depositional sinks carry 

environmental signals, which may or may not be preserved in stratigraphy. 

Recently developed theory suggests storage thresholds for environmental signals 

are set by the internal dynamics of sediment transport systems. For the first time, 

we explore this theory by testing whether changes in relative sea level (RSL) of 

various scales produce signals stored in field scale stratigraphy. This field test 

builds on results from physical experiments where identifiable stratigraphic 

signals of RSL change were only produced from RSL cycles with magnitudes 

and/or periodicities greater than the spatial and temporal scales of the deltaic 

autogenic dynamics. Published long term sedimentation rates and sea level 

reconstructions suggest that the Mississippi River Delta (MRD) should be a good 

place to study sea level signal storage thresholds. We use publicly available 

seismic volumes from NAMSS-USGS and well-logs from the MRD to study how 

and if signals of paleo-sea level change are stored in strata of the MRD, 

comparing strata of the late Miocene (LM) and Early Quaternary (EQ). 

Comparison of the amplitude and period of cycles in these two time periods, 

constrained by micropaleontological data, suggest storage of RSL signals in EQ 

strata, but not in the LM strata. We focus on statistics of paleo-channels and 
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valleys interpreted in the 3-D seismic volumes and well logs and the 

dimensionless numbers for depth- and time-scales critical for estimating the 

storage potential of RSL cycles are calculated from these channel-body 

dimensions. We show here that larger amplitude Early Quaternary RSL signals 

are preserved in the MRD, but smaller amplitude Late Miocene signals are not 

preserved, which is in tune with the signal shredding theory. Differences in cycle 

period and amplitude of RSL change in the two time periods could also influence 

other stratigraphic characteristics like grain-size and sediment partitioning 

between the shelf and the deeper marine. At a time when we are starting to 

quantify the capacity of strata to store information about past climate change, 

this study adds field scale observations that quantify the intermingling of 

stratigraphic products of autogenic dynamics with products of RSL change over 

geological timescales. 

 

 Introduction 

Relative sea level (RSL) change can be connected to climate change and is used as 

a proxy to reconstruct past change in global temperature, melting of ice sheets, 

tectonics and paleogeography (Alley et al., 2005; Clark et al., 2004; Fairbanks, 

1989; Haq, 1991; Haq et al., 1987). Signals of sea level change through Earth 

history are stored in strata and decoding these signals can help us interpret paleo 

climate change and prediction of future RSL change. Changes in RSL also drive 

changes in the dynamics of Earth’s surface (e.g., channel migration rate) which 
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get recorded in strata. A branch of stratigraphy termed sequence stratigraphy 

focuses on connecting depositional patterns and erosional surfaces preserved in 

marginal marine strata to allogenic controls like RSL change (Catuneanu et al., 

2009b; Posamentier and Vail, 1988a; Van Wagoner et al., 1988). Many paleo-

environmental interpretations that utilize sequence stratigraphic methods 

emphasize landscape responses to RSL change to explain stratigraphic structure 

(Bhattacharya, 2011; Blum et al., 2013; Catuneanu et al., 2009a; Van Wagoner, 

1995). The tug of RSL change is generally thought to be one of the strongest 

allogenic forcings effecting Earth-surface dynamics, deposition rates, and 

stratigraphic architecture of continental margin systems. Falling RSL is 

connected to incision, formation of valleys, and a basinward shift of depositional 

facies. In contrast, rising RSL is thought to shift deposition landward, with 

eventual valley filling and preservation of paleovalleys in the strata (Posamentier 

and Vail, 1988b).  

Environmental signals like base-level change affect storage of sediments and 

scales of geomorphic features depositional basins (sinks), which has been a focus 

of study for sequence stratigraphy. Signals of changing sea level are thought to 

be abundant in marginal marine strata and have been studied for years. 

However, some recent work questions the ability of some basins to record signals 

of changing RSL. For example, Li et al. (2016) and Yu et al. (2017), using physical 

experiments, explored the destruction of RSL signals by processes that are 

intrinsic to the sediment transport systems (autogenic processes). This is in 
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contrast to many sequence-stratigraphic work flows that emphasize 

deterministic system responses to past SL change and the resultant stratal 

architecture. However, even some deterministic models suggest that reconstruction of 

RSL from strata can be difficult. As proposed by Allen (2008), deterministic 

modeling of processes in sediment transport systems can lead to buffering of 

signals due to surface processes that sometimes can be conceptualized as 

diffusive. Buffering or diffusion of signals describes the phenomenon of 

propagation signals (either upstream or downstream) that decay with distance 

from source or time since signal generation. Examples of environmental forcings 

that initiate diffusive signals include change in the upstream sediment supply or 

a downstream boundary elevation (Armitage et al., 2018; Paola, 2000). However, 

this approach tends to miss other variable responses due to the exclusion of 

stochastic processes (Straub et al., 2020). While processes that are extrinsic to the 

transport system (allogenic processes, like tectonics and sea level change) can 

influence depositional patterns, stochastic autogenic processes which cause 

storage and release of sediments are also important during RSL cycles and can 

influence stratigraphic architecture. This can mean that sediments get deposited 

even during the net erosional RSL fall phase, and vice versa during the 

depositional RSL rise phase (Blum and Price, 1998; Strong and Paola, 2008). 

In recent years, the community has started to explore how or when we might be 

able to differentiate allogenic from autogenic controls on sediment transport 

systems and their preservation potential, and, whether autogenic processes can 
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create stratigraphic features of the same scale as allogenic features (Best and 

Ashworth, 1997; Ganti et al., 2019). Some observational work (e.g. (Trower et al., 

2018)) has been done as an application of the signal shredding theory at field 

scale.  The theory that describes how signals are destructed due to sediment 

storage and release is called signal shredding and it is still a comparatively new 

area of research. Both buffering and signal shredding can result from the 

intermingling of allogenic and autogenic surface processes, which adds 

complexity to the stratigraphic record. These include the insertion of temporal 

gaps in the strata, and the incompleteness of the stratigraphic record (Paola et al., 

2018; Sadler, 1981). 

Certain environmental signals can be spread both temporally as well as spatially 

in a source to sink system due to autogenics. This is referred to as ‘smearing of 

signals’ over landscapes as well as the strata (Jerolmack and Paola, 2010). First, 

due to temporary storage in landforms like bed and bar forms, and due to flux of 

sediment out of channels to depositional environments like floodplains, signals 

can get smeared over space as they propagate downstream. This temporary 

storage in a range of depositional environments also results in a smearing of 

signals in time, as sediment liberated during a rapid climate event, by both large-

scale processes such as lobe switching, as well as smaller scale processes like 

ripple migration, might reach the terminus of the transport system over a wide 

swath of time. If this smearing of signals across time and space is significant, it 

becomes impossible to piece together the clues that exist in the form of deposited 
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sediment grains to tie it back to the original sudden increased pulse in sediment 

flux. Even with a complete coverage of the study area, these shredded signals are 

still not interpretable.   

Some environmental signals travel from the source to sink terrains and are 

imprinted in strata through the depositional products of channelized transport 

systems. An example might be changes in sediment flux resulting from source 

terrain changes in tectonics or climate. However, not all signals travel along the 

full length of the transport system before getting deposited. A good example of 

this type of environmental signal is a change in sea level, as it is felt by the 

transport systems first at the shoreline, from where a signal can be generated that 

propagates both up and down system. While signals can propagate horizontally 

along the transport path, signals can also travel vertically into strata. In the case 

of sea level change, this vertical signal propagation into the stratigraphic record 

can occur with no or limited horizontal propagation. During the burial process, 

signals first pass through the active layer (layer still susceptible to reworking via 

autogenic processes) where they still might be degraded, and if this degradation 

is significant, the resultant stratigraphy may not preserve any evidence of the 

changing RSL. Only when these deposits, imprinted with signals with scales in 

excess of the stratigraphic products of autogenic processes, are ultimately buried 

deep enough to be preserved in the immobile layer, are they safe from 

destruction from autogenic processes. We follow the language of Straub et al. 

(2020) and differentiate a “transport shredder” from a “stratigraphic shredder”. 
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The stratigraphic shredder is associated with the vertical burial of the signal. This 

work will focus on the stratigraphic shredder as RSL signals are buried very 

close to where the signal is first felt by the transport system (i.e. the shoreline). 

Several numerical models and physical experiments have been conducted over 

the last decade to understand signal storage in stratigraphy and specifically 

about the sediment flux signal in the preserved stratigraphy and the related 

signal-to-noise problems (Ciarletta et al., 2019; Jerolmack and Paola, 2010; 

Romans et al., 2016; Toby et al., 2019; Tofelde et al., 2019; Trampush and Hajek, 

2017; Van De Wiel and Coulthard, 2010).  

 

Studying stratigraphic signal storage with seismic data from the Mississippi delta 

When it comes to exploration of signal shredding theory at field scales, little has 

been done because of want of 3D data of decent areal coverage to characterize 

signals. Earlier studies suggested that since larger systems have larger autogenic 

scales, they should be more effective at shredding signals. To witness 

preservation of signals, smaller systems should be studied, but to test signal 

shredding a larger system like the MRD should be used. Signals of Early 

Quaternary (EQ) scale RSL cycles are of larger amplitude, compared to the late 

Miocene (LM) RSL cycles which are smaller in amplitude.  Since we want to test 

the thresholds to store Milankovitch scale RSL signals in sedimentary strata, a 

system that is large enough to shred the smaller RSL signals is needed.  Studies 

by Li et al. (2016) and Yu et al. (2017) that tested signal shredding theory using 
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physical experiments, suggested that MRD should be able to shred these smaller 

RSL signals, which makes this a good place to study RSL signal storage 

thresholds. We use publicly available seismic cubes from National Archive of 

Marine Seismic Survey, under USGS (NAMSS-USGS). Using a 3D seismic cube, 

we have interpreted the dimensions of a large number of stratigraphic features 

resulting from channelized flow in the stratigraphy of the Early Quaternary and 

the Late Miocene. These two time periods have different amplitudes and periods 

for the RSL change signal. This is the first field scale study to test the signal 

shredding theory.  

The past physical and numerical experiments used to test the theory have 

assumed that the major trunk system in a sedimentary basin sets the fidelity of 

the entire basin. But we want to understand how much effect the smaller coastal 

systems have on shredding signals in a basin, compared to the trunk system. We 

hypothesize that the EQ RSL signals will be preserved in all small and large 

systems, whereas the LM RSL signals are expected to be preserved in only 

smaller systems, but not in a larger system like the Mississippi River Basin.  

 

 

 

 

 

 



 

 126 
 

Study Area 

The northern Gulf of Mexico is a stable divergent continental margin (Galloway, 

1989) and has been the major sink for sediments sourced from the continental 

United States for the past 65 million years (Galloway et al., 2011) (Fig 30). The 

Mississippi River is a major source -to-sink system, draining into the Gulf of 

Mexico and the MRD has been active for most of the last 65 Myrs, except for the 

Eocene epoch, even though the sediment routing and drainage patterns have 

changed over time (Blum and Pecha, 2014; Blum et al., 2017; Galloway et al., 

2011; Xu et al., 2017). Numerous studies have been conducted to understand the 

evolution as well as the depositional history of the Mississippi River through 

time (Blum, 2019; Fisk and McFarlan Jr, 1955; Saucier, 1994). During the LM and 

EQ time-periods, the terminus of the Mississippi River was one of the principal 

depocenters in the Gulf of Mexico, along with depocenters linked to the 

Tennessee and Red Rivers (Bentley Sr et al., 2016; Blum et al., 2017; Galloway et 

al., 2011; Wu, 2004; Xu et al., 2017). 

 This area has been impacted by shifts in climate and sea level change over 

millennial and longer time scale during the post-glacial history (Buzas-Stephens 

et al., 2014). Changes in sediment flux from the hinterland due to change in 

climate, tectonics and geology present in the drainage basins of the rivers 

influence sedimentation pattern in this area (Anderson et al., 2016). MRD is 

highly influenced by the variable regional basin subsidence mainly driven by 

sediment compaction, glacial and sedimentary isostatic adjustment during the 
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timescales we are interested in. The rates and drivers of subsidence are highly 

debated [for eg., (Anderson et al., 2016; Frederick et al., 2019; Simms et al., 2013; 

Wolstencroft et al., 2014)]. Other factors that have influenced the shelf 

sedimentation and physiography in this area are the differential fluvial flux 

(Olariu and Steel, 2009) and oceanographic currents and circulation systems 

(Anderson et al., 2004; Anderson et al., 2016).  However, even though all of these 

factors play their part in signal storage, RSL signals are  significant and are 

applied to the sediments right at the shoreline where our study area is. 

The present fluvial axis of the Mississippi River has been in place since the 

Miocene. During the Miocene, the shelf-edge prograded by ~200 km and the 

nucleus for the fluvial-alluvial system that we see today, with the deepwater 

system in the Gulf of Mexico, was set up (Galloway et al., 2011; Winker, 1982). 

During the Miocene, the major source of sediment for the Mississippi system 

switched from the Rockies to the Appalachian Mountains and the influence of 

climate and tectonics for this switch has been a topic of much discussion in the 

literature [for e.g.,(Chapin, 2008; McMillan et al., 2006; Zachos et al., 2001)]. 

Along with this change in sediment supply, the uplift and rifting of Rio Grande 

played a major role in shifting the major sink for sediment from the NW Gulf of 

Mexico to the north-central Gulf of Mexico margin where they exist through the 

present. This coastal and deepwater sediment accumulation led to the formation 

of a composite delta system in the central Gulf of Mexico, with a slope apron and 

a channelized lobate fan complex (Bentley Sr et al., 2016; Combellas-Bigott and 
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Galloway, 2006; Galloway et al., 2000; Galloway et al., 2011; Winker, 1982; Wu, 

2004).  During this time, RSL cycles relevant for our study ranged from ~10-20 m 

with a cycle period of ~40 kyr (Lisiecki and Raymo, 2005; Miller et al., 2005; 

Raymo et al., 2006).   

Throughout much of the early Quaternary, RSL cycles were dominated by 

a 43 kyr period. This transitioned to a dominant period of 100 kyrs in the 

Pleistocene (Imbrie and Imbrie, 1980; Lisiecki and Raymo, 2005; Miller et al., 

2005; Raymo et al., 2006). In the Gulf of Mexico, this transition from 43 kyr cycle 

to 100 kyr cycle has been categorized by the presence of the foraminifera 

Trimosina A in wells, typically dated at ~0.6 Ma (Galloway et al., 2000). The EQ 

RSL cycles relevant for our study had a range of ~60-70 m and a period of ~40 

kyr (Lisiecki and Raymo, 2005; Miller et al., 2005; Raymo et al., 2006).  During 

this period, even though the exact location of the shoreline moved around in 

response to the fluctuations in RSL, the mean Quaternary shoreline rested 

around the present-day mid-shelf (Blum et al., 2009). During this time, the major 

tributaries of Mississippi, Missouri and Ohio rivers, were rerouted into the Gulf 

of Mexico due to the advancement of ice into North American interior, and the 

Platte, the Tennessee, and the Cumberland rivers were also part of the 

Mississippi drainage (Bentley Sr et al., 2016; Licciardi et al., 1998). At the shelf, 

the Mississippi was joined by the sediments from the Red river, the Tennessee-

Ohio system and the Arkansas River.(Bentley Sr et al., 2016; Feeley et al., 1990; 

Galloway et al., 2011; Saucier, 1994; Weimer, 1991). 
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 In a coastal to shallow marine environment like the MRD, the landscape is 

generally covered by a multitude of channels. There is a trunk channel and its 

distributaries contributing significant sediment to the basin. But there are also 

numerous smaller coastal channel systems that contribute to the reworking of 

sediment and ultimate filling of a depocenter. These smaller channel systems are 

crucial in understanding landscape dynamics, understanding ancient 

stratigraphic records, importantly floodplains, and coastal hydrology (Swartz et 

al., 2022). A number of small and large rivers have been flowing into the MRD 

during the time this basin has been active. Thus, some of the channel bodies 

residing in the strata of the Mississippi River Basin come from the ancestral 

Mississippi River, but others represent deposits of these smaller coastal systems.  

Over long timescales, depositional patterns in the GoM are influenced by 

structural processes, including deep-seated subsidence caused by cooling of 

basin’s basement and movement of gravity tectonic structures (i.e. mobile salt, 

namely Jurassic Louann salt). These gravity tectonic structures are manifested by 

extensive growth-faulting, salt bodies like welds, diapirs, and basin-floor 

compressional fold belts (Galloway, 2008). The salt and the structures created by 

its movement add to the overall complexity of the GoM. Salt mobilization during 

the Cenozoic has been a major player behind the creation of accommodation 

space and rapid subsidence in the shelf and upper slope (Galloway, 2008). The 

entire continental shelf and slope of northern Gulf of Mexico is influenced by 

these salt dynamics, which have produced many isolated salt-bodies enclosed by 
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interconnected minibasins near the shelf edge, which has affected the thickness 

of strata from the Mesozoic through the Quaternary (Combellas-Bigott and 

Galloway, 2006; Diegel et al., 1995; Galloway et al., 2000; Peel et al., 1995; Peel, 

2014; Winker, 1982). Fig 31 shows the presence of a salt dome in the study area 

and care has been taken to exclude manifestations of the salt structures and faults 

during seismic interpretation.  

 

 

 

Theoretical background 

 

 Following theory outlined by Li et al. (2016) and Yu et al. (2017), amplitude and 

time-periods of RSL cycles are compared with autogenic time and space scales 

for deltaic stratigraphy. H*, the dimensionless length scale and T*, the 

dimensionless timescale  (Li et al., 2016; Yu et al., 2017) are defined as – 

𝐻∗ =
𝑅𝑅𝑆𝐿

𝐻𝐶
 

                                                                                                                                           
Equation 1 

𝑇∗ =
𝑇𝑅𝑆𝐿

𝑇𝐶
 

                                                                                                                                   
Equation 2 

where 𝑅𝑅𝑆𝐿 is the range of a RSL cycle (i.e. difference in elevation of sea-level 

between peak and trough),  𝐻𝐶 is the depth of the largest autogenic channels, 
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which can be as large as 3Hmean (Ganti et al., 2014), 𝑇𝑅𝑆𝐿 is the period of an RSL 

cycle and 𝑇𝐶  is the compensational time-scale, which is the time for deposits of 

autogenic surface processes to average out such that an isopach reflects a 

subsidence pattern (Wang et al., 2011). The compensational time-scale can be 

estimated using the equation 

𝑇𝐶 =
𝑙

𝑟̅
, 

                                                                                                            Equation 3 

Where 𝑟̅ is the long-term sedimentation rate, and l is the maximum autogenic 

vertical roughness scale in a region of study. lt has been approximated by 𝐻𝐶 in 

several experimental studies. However, Trampush et al. (2017) showed that this 

scale for some settings might be larger than Hc, due to the presence of features 

like delta foresets that might introduce even larger roughness into a system. 

Results from physical experiments suggest that deltas experiencing RSL cycles 

characterized by H* and/or T* >>1 preserve sea level signals in their strata, but 

in systems where both H* and T* <<1, signals of RSL cycles are either absent or of 

similar scale to products of autogenic processes, making them difficult to detect.  

 Li et al. (2016) and Yu et al. (2017) calculated the preservation potential of 

RSL signals for a database of field scale deltaic systems. This analysis suggested 

that the present-day Mississippi Delta is a good place to test signal-shredding 

theory as H* and T* values calculated for the EQ suggest RSL signals should be 

preserved, while LM signals should be susceptible to shredding. We suggest that 

the structure of the present-day Mississippi river channel is largely the result of 
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autogenic processes at play during the Holocene and as such morphometric 

scales from the modern system can be used to estimate autogenic scales. During 

this time period the channel has not experienced major RSL change. An estimate 

of a vertical scale of roughness for the MSD and a reported rate of subsidence are 

needed to calculate the average H* and T* values for this marginal marine 

system. For this, we use the present-day depth of the deepest segments (𝐻𝐶) of 

the Mississippi river (~70 m) (Nittrouer, 2013) as the autogenic depth of the 

system and the long-term sedimentation rate from an area near the margin of the 

MRD (𝑟̅ = 0.23 m/kyr). This long-term sediment rate is reported near the mouth 

of the current mouth of the Mississippi River (Straub et al. 2009).  

For the EQ, the H* and T* values for MSD are 1 and 0.1respectively, whereas for 

LM stratigraphy, H* is 0.2and T* is 0.1. Based on these values, we hypothesize 

that the EQ RSL signals will be preserved in all small and large systems in this 

basin, whereas the LM RSL signals are expected to be preserved in only smaller 

systems, but not in a larger river system like the main trunk of the Mississippi 

River Basin. Even though this framework has been tested in physical 

experiments (Li et al., 2016; Yu et al., 2017), to date no one has field tested this 

theory.  
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Data and Methods 

 Micropaleontological data 

 To meaningfully analyze the seismic data from our study area, we need to first 

ascertain and assign ages to the different stratigraphic packages represented in 

the data, so that we can focus our analysis on the packages from the time periods 

of interest. We acknowledge the limited age data for our study area, which 

constrains our ability to assign high resolution ages to the stratigraphy we are 

working with. However, for this study, we don’t aim to identify the strata of a 

specific relative sea level cycle, but rather the strata deposited during periods in 

which cycles had similar periods and magnitudes. Thus, we only need to know 

the general age/depth range that a particular section of the stratigraphy is in, to 

characterize the deposits by RSL cycles of a certain amplitude and period. 

Micropaleontological data of planktonic foraminifera available from a well in the 

study area were used to generate an age-depth model for our study region (Fig 

31).  The planktonic microfossils were recovered from well API#177094078100, 

with data made publicly available by United States Department of the Interior 

Bureau of Ocean Energy Management. Using the depth ranges and age ranges of 

the microfossils Lenticulina and Bigenerina floridana, the stratigraphic units were 

assigned relative dates (Fig 31), which facilitates estimation of sedimentation 

rates for the study area (Fig 32). We also know the age of the current Earth 

surface (0 ma), which gives us three data points for estimating sedimentation rate 

of 0.54 m/ka. Using this long-term sedimentation rate for the study area, rather 
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than the rate presented for the terminus of the modern channel by Straub et al. 

(2009) for calculating the compensation timescale and the present-day depth of 

the deepest segments (𝐻𝐶) of the Mississippi river (~70 m) (Nittrouer, 2013) as 

the autogenic depth of the system, we refined our estimation for the H* and T* 

values for MSD. For the EQ, the H* and T* values are 1 and 0.8 respectively, 

whereas for LM stratigraphy, H* is 0.1 and T* is 0.3. 

This sedimentation rate and a typical seismic velocity for shallow stratigraphy 

was also used to characterize the EQ and LM stratigraphy. EQ was characterized 

as a unit above the presence of Lenticulina, more specifically a stratigraphic 

package which is about 0.5-1 km in depth, corresponding to an age range of 

approximately 1-0.8 Ma, whereas LM is characterized as the stratigraphic unit 

below the presence of Bigenerina floridana (BOEMRE, (Akers, 1955)). The LM 

sedimentary package in the study area corresponds to approximately 6-6.3 Ma 

and is at approximately 3.5-4 km in depth. 

 

Seismic dataset  

We focus on creating distributions to describe widths and depths of geobodies 

crafted by channelized processes in our two time periods of interest. A statistical 

comparison between the channel body widths and depths can help in 

quantifying if and how sea level cycles influenced MRD strata. We do this by 

mapping features in an industry grade seismic data set.  
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A publicly- available 3D seismic cube of ~980 sq km is used to study the strata 

from the EQ and LM time periods. (Fig. 30). This seismic volume covers a swath 

of the current continental shelf, just west of the Mississippi Canyon, which puts 

it near the center of the long-term MRD basin (Fig. 30), where it received 

sediments through the LM and EQ time-periods (Galloway, 2008; Galloway et 

al., 2000; Galloway et al., 2011).  It was collected in 1993 for oil and gas 

exploration purposes. Following federal regulations, this data was submitted to 

the Bureau of Ocean Energy Management. After 25 years, the seismic cube was 

released to the public by the National Archive of Marine Seismic Survey, under 

USGS. The inline and crossline spacings are 25 m and the sample interval is 4 

milliseconds. The frequency content of the seismic volume averages ~35 Hz with 

a fallout on the high frequency end at ~65 Hz. Assuming a typical seismic 

velocity for the depth range analyzed of 1700-2000 m/s we estimate a theoretical 

vertical resolution set by a quarter wavelength of between 7-14 m. 

Seismic waves reflect and refract along geophysical boundaries, many of which 

are associated with lithologic boundaries in the subsurface. Using this principle, 

the seismic cube was utilized to interpret channel bodies (CB) of different 

dimensions from the EQ and LM. For this study, we define channel bodies as any 

geobody constructed from channelized processes. With this purpose, this term 

encompasses channels, channel belts, and paleo-valleys. These CBs were 

interpreted from both horizontal and vertical seismic sections. Interpretation and 

mapping of the smaller channel features is easier in approximately horizontal 
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time slices compared to vertical sections due to data resolution and typical aspect 

ratio of channel bodies (width>depth). Channel margins are interpreted on 

horizontal (time) sections using a variance attribute that accentuates edges or 

discontinuities in the seismic data (Fig. 33,34). Windows of ~100 milliseconds, 

which corresponds to about 300 thousand years of age and close to 100m in 

thickness, are identified for both the EQ and LM time-periods, corresponding to 

the depths these stratigraphic sections are present in the seismic section. This 

thickness is roughly equivalent to the compensation scale of the basin (i.e. 

approximately equal to the upper range of the modern Mississippi River depth). 

Each of these windows of interest is then divided into ~12 time-slices with a 

sampling interval of ~8 milliseconds. For every time slice, discontinuities that 

resemble channel body margins, were mapped. CB margins can be described as 

two linear features which run approximately parallel to each other, and their 

sinuosity characteristics are like those of modern-day channels and channel belts. 

In cross-section, the channel bodies can be interpreted as inclined flanks which 

truncate underlying seismic horizons. This mapping process produced a 

database that consists of 821 channel bodies, 431 from EQ and 390 from LM time 

periods.  

 

Calculation of channel body dimensions 

The dimensions of channel bodies can hold valuable clues about their origins, 

which would suggest whether they are products of sea level cycles. Thus, 
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distributions of their dimensions can aid evaluation of the preservation of sea 

level signals in strata. Past their link to sea level cycles, the channel body 

dimensions can also inform us on the presence of autogenic vs allogenic signals. 

For example, even if channel body features do not resemble paleovalleys, we can 

compare typical CB dimensions from EQ and the LM with present day channel 

scales to see if they are all similar, i.e., they show forms which are like the 

modern autogenic configuration of the channel body, which would suggest a 

shredding of sea level signals. If they are different from the present-day scales, 

then preserved channel bodies possibly hold allogenic signals. Using the CB 

margins interpreted from the seismic data, channel-body widths  calculated from 

the interpreted paired CB margins using a Python based script designed by 

Sylvester and reported on in Sylvester et al. (2021)(pers. communication, Zoltan 

Sylvester). The detailed script and explanation for the width calculation is 

available at https://github.com/zsylvester/channelmapper.  

In a coastal environment, the different channelized transport systems present can 

be binned into four different types- alluvial valley fills, delta distributaries, 

meandering channels and braided channels. We are following a framework set 

up by Gibling (2006) to create bins for the different types of CB. The calculated 

CB widths were compared with the typical widths of these types of channels 

(Table 2) and then binned into the four types accordingly.  Our aim is to ascertain 

the presence of paleovalleys in the sedimentary packages from the two time 

periods of interest, which is indicative of the storage of sea level signals. Fluvial-

https://github.com/zsylvester/channelmapper
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channel bodies have been characterized by their width:depth ratio in the 

literature [for e.g., (Gibling et al., 2011; Krynine, 1948; Pettijohn et al., 1972)] and 

we did the same, using typical channel-body widths presented in the extensive 

database collated by Gibling (2006). The interpreted CBs were binned into the 

different types of channelized transport systems to differentiate between 

paleovalleys and other channel bodies.   

We also estimate thicknesses of channel bodies, specifically maximum 

thicknesses, to calculate H* and T* values. CBs with depths below the vertical 

resolution of the seismic volume cannot be interpreted in the vertical seismic 

slices. For each CB that could not be imaged in the vertical, we used the database 

from Gibling (2006) to calculate a theoretical maximum CB depths. The database 

reports the typical width:depth ratio for all the common types of fluvial systems. 

Depending on the type of CB, the width of the same was combined with the 

associated width:depth ratios to arrive at the theoretical maximum depth that the 

particular CB could have. (Table 2)  
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A portion of channel bodies can be interpreted both on the vertical and 

horizontal seismic slices. For these CBs the calculation of width and allocating 

them to different channel types was done with the methods described above. 

However, their thickness is calculated from the seismic data itself. To calculate 

H* and T*, we need the approximate depth of the deepest channels in the 

stratigraphy. For vertically resolvable CBs, we calculate the approximate 

maximum thickness between interpreted scours, which can be interpreted as the 

base of a channel body incised by the sediment transport system, and an 

approximate top envelope, constructed by mapping the seismic reflector just 

above the scour which was not incised by the channel body. This is the 

approximate thickness of the channel body, which can be then used in further 

analysis. 

Once CB dimensions were collected, the H* and T* for all the CBs are calculated 

using the equations described in the theoretical background section. There is an 

Table 4 The dimensions and their ratio used in the analysis to interpret types of channel bodies and calculate 
the channel depths, following Gibling (2006) 
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important distinction between the earlier works done by Li et al. (2016) and Yu et 

al. (2017) and this work. In earlier calculations for H* and T*, the regional 

preservation potential for an environmental signal was calculated for an entire 

depositional basin, using the compensational timescale and depth of the deepest 

channels in the basin. The experimental setup of these earlier studies utilized a 

single feed point from which all channels emanated. Thus, all channels were 

distributaries of the trunk system. In comparison, some of the CBs we image can 

be linked to the paleo-MR, while others are products of coastal catchments. So, to 

explore if clear signals of SL change are stored in the MRD strata (which includes 

products of the trunk system and smaller coastal systems) we generate 

distributions of H* and T* using all CBs measurements.  

 

 

Well log data 

Well log data from the six wells (API # 177094112900, 177094040000, 

177094078100, 177094146700, 177090014800, 177094140900) in the study area were 

also used to study the ratio of sand to shale (or net:gross) preserved in the study 

region during the two time periods. These publicly available well data from the 

Bureau of Safety and Environmental Enforcement report gamma ray (GR) and 

spontaneous potential (SP logs) with depth. Only one well in the area covers the 

EQ section, while the LM section is covered by all six wells. We focus on the 

gamma ray (GR) logs to estimate sand:shale proportions.  
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GR measurements come from wireline logging of wells and measures the 

naturally occurring radioactivity in the rock or sediment. Compared to sand, clay 

minerals, which make up a significant fraction of shale layers, generally have a 

higher concentration of radioactive elements. Thus, shale-free sand generally has 

a lower GR reading, while shale-rich strata have higher GR values.  

A cut-off GR value is assigned to demarcate the sand and the shale sections. 

Since the well logs come from different logging companies and times of running 

the wireline logging equipment, the instruments were corrected against different 

standards and the initial data processing also had different standards applied to 

them. Due to this, different cut-offs were used for the different wells. To decide 

on a cut-off value, visual inspection of the logs ( Fig 50, 52) was done, followed 

by plotting the GR data as bar diagrams to see their distributions (Fig 45). 

Depending on the GR value against a specific depth, if the GR was above the cut-

off, it was assigned to be shale, and if not, it was assigned sand. The proportions 

of sand and shale are then calculated in both EQ and LM sections (Fig 50,52).  

 

 

Present-day Mississippi channel width 

As discussed in Section 3, the present-day Mississippi river channel can be 

regarded as an example of a predominantly autogenic channel (Bentley Sr et al., 

2016). Thus, the dimensions from this channel were compared to the EQ and LM 

CB dimensions. We use data defining the depth and width of the lower 800 kms 
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of the present-day Mississippi channel, as measured from Head of Passes 

reported in Nittrouer et al. (2012) to compare the CB dimensions. The U.S. Army 

Corps of engineers (USACE; data collected 1974–1975; found in Harmar, 2004, 

appendix) collected these channel survey data on average every 312 m, covering 

the channel between the normal-flow stretch through the backwater reach. The 

40th percentile elevation, from the channel bed, for every transect was used to 

determine the channel-bed elevation (Nittrouer et al., 2012), which is used as the 

depth data for a modern-day autogenic channel. The width data comes from the 

transect profiles. All the elevation data are expressed in meters above mean sea 

level, and was converted from the data referenced to NGD 1929. 

 

Results 

 

Channel body dimensions 

 Classification of CBs based on the definitions of Gibling (2006) suggest 

that CBs interpreted in both EQ and LM are either delta distributaries (~40%) or 

meandering channels (~50%), with only a small section of these being braided 

channels (~10%) (Fig 39A). Even though this method creates very sharp 

boundaries between the different types of CBs, we want to emphasize the fact 

that in reality, these boundaries are gradational. The difference in the types of 

CBs between the two time periods only emerge in the tail of the distribution 

which characterizes the very largest CBs. The cumulative distributive functions 
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(CDF) of the widths of CBs from the EQ and LM are similar, spreading over 

scales of 101-103 m. However, the distribution from the EQ contains several 

datapoints, which are close to 104 m wide (Fig 39A). The significantly wider CBs 

interpreted in the EQ are interpreted to be paleovalley-fills, which are completely 

absent in the distribution of the LM CBs. The EQ CBs are not only considerably 

wider in comparison to the LM CBs, but they are also significantly deeper (Fig 

39B). The thickness of the CBs from both EQ and LM are between 101-102 m, 

except for the same few CBs from EQ which are between 102-103 m thick.  

The width-to-depth ratio was calculated for the CBs and a comparison was made 

of the EQ and LM (Fig 41). Almost all the CBs from EQ have a width to depth 

ratio between 1 to 60, with only two being higher than 100, whereas in case of 

LM, all but one CBs have a width to depth ratio between 1 and 40, with one 

being closer to 100. However, when we looked at the width to depth ratios of the 

CBs in conjunction to their thickness, we note that some of the deepest EQ CBs 

(depth>100s of m) show low width to depth value (<5), which can be taken as 

evidence for presence of paleovalleys in the stratigraphy. Width to depth ratios 

of paleovalleys, in marine and alluvial strata, is highly variable between 1 to 

1000, with considerably higher depth than the rest of the CBs in a system 

(Gibling, 2006). Conversely, for the LM CBs, the deeper channels also have larger 

width to depth ratios, as expected for a system perturbed mostly by autogenics. 

The H* and T* values of the CBs from the two different time periods are plotted 

in a H*-T* space in Fig 47. This H*-T* space can be divided into four quadrants, 
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based on the values of both the time and depth scales of RSL signal preservation. 

<5% of the EQ CBs have both H* and T* <1, plotting in the signal shredding 

regime and the rest of the CBs have both H* and T* greater than 1, thus CBs from 

this time is overwhelmingly expected to preserve the RSL signal. The EQ CBs 

with the lowest H* and T* values are paleovalleys. On the other hand, ~40 % of 

the LM CBs plot in the shredding regime, with only one LM CB having H*>1 and 

60% of them T*>1. Close to half of the total population of interpreted LM CBs are 

expected to shred the RSL signal.  

 

Present-day Mississippi channel width 

The present-day Mississippi river channel dimensions are compared with those 

from both the LM and EQ and the CDF of the width (Fig 39A) and thickness (Fig 

39B) of the channel bodies from the LM and the present-day Mississippi are 

plotted. The CDF of the channel width of the Mississippi spreads over a higher 

range of values, compared to the LM and EQ CBs. The CBs are a collection of 

different sediment transport systems from tidal channels to paleovalleys, with 

only a few of them being comparable with a Mississippi-scale system. So, 

comparing the whole distribution of the width and thickness data is not prudent 

here. The important observation here is that the deeper and wider channel-

bodies present in the EQ make the tails of the distributions heavier compared to 

that of the modern river or the ones from LM. The dimensions of the present-day 

autogenic Mississippi river are smaller than the dimensions of the interpreted 
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paleovalleys seen in the coarser tail of the EQ CBs, the width and the thickness of 

these features being close to a factor larger than anything seen in the LM 

distribution and the present-day Mississippi River. Thus, the dimensions of the 

present-day autogenic Mississippi river are closer to the distribution of CB 

dimensions from the LM, providing more evidence that the LM stratigraphy 

stored the autogenic signal, shredding the allogenic RSL signal.  

 

 

Well log data 

A major line of evidence that can be used to understand the preservation of 

signals of RSL forcing in depositional basins is the proportion of sand and shale. 

In traditional sequence stratigraphic models, the change in RSL cycle is assumed 

to be the largest contributor to the deposition of sediments in the deeper parts of 

the ocean (Catuneanu et al., 2009b; Posamentier and Vail, 1988a) and a higher 

sand/mud ratio signifies the lowest rates of RSL fall to a minimum value of RSL 

in a RSL cycle (Catuneanu et al., 2009b). During a single RSL cycle, alternation 

between high and low sand amounts should be seen at a given point, depending 

on the size of the RSL amplitude as well as the position on the RSL cycle.  During 

highstand (and higher amplitude cycles), the sand/mud ratio should be lower in 

the deeper marine and vice versa for lowstand (and lower amplitude cycles). 

Kim et al. (2009) have also shown that repeated eustatic cycling can cause 

increased sediment delivery to offshore, and the effect is proportional to the 
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amplitude of the RSL cycle. However, there have also been a number of studies 

that show that there is no direct correlation between deep water sand deposition 

during lowstand (Burgess et al., 2008; Harris et al., 2018; Harris et al., 2016; Kim 

et al., 2013).  

To analyze sand/mud ratio from a study area, the coverage of well data is 

essential, since data collected from a well is specific to a single point in the study 

area. Care must be taken when such data is utilized to reach regional 

conclusions. Only one well in the area covers the EQ section, while the LM 

section is covered by six wells. From a single data point in the area, it is not 

prudent to comment on the 3D distribution of proportion of sediments or their 

properties. However, some broad observations can be reported from the sand 

shale proportions, calculated from the GR logs, of these wells as well as by 

analyzing the pattern of the GR logs. 

During the LM, four out of six wells show a higher shale to sand ratio, with ~30% 

sand present in the subsurface. The remaining two have higher sand percentages 

(~55%) and both are located in the north-eastern part of the study area. The one 

well (API #177094078100) that was logged for EQ strata has 35% sand present in 

it, which is very similar to the average sand percentage in the study area during 

LM. During LM, this well had ~24% sand, and there was an increase of ~10% 

sand in this location from LM to EQ (Fig 48). 

 Analyzing GR log patterns, we can find important paleoenvironmental 

clues as well. The EQ strata mostly has multiple thin strips of intercalated sand in 



 

 147 
 

shale, some of which might be thin tidal channels. Some bell-shaped sandy 

features can be seen which could signify retrogradation and the presence of 

fluvial point bars, tidal bars and flats and tidal channels. The very base of this 

strata in an aggrading blocky sequence, which was probably an amalgamated 

channel (Fig 50). During the LM, in the same location, we see that the strata had 

even thinner intercalations of sand and a couple of bell-shaped retrograding bar 

deposits. Overall analysis of the LM well-logs shows an abundance of sawtooth 

GR patterns, which can be interpreted to be fluvial floodplains, with a number of 

bell-shaped retrograding point bars and tidal channel fills and some 

amalgamated channels. For example, the well with API #177090014800 has a 

very thick blocky amalgamated channel. The wells with the ~55% sand fraction 

(API #177094140900 and #177094112900) show evidence of fluvial floodplains, 

point bars, tidal channel fills and amalgamated channel fills too (Fig 52). 

 

Discussion 

The measured (and estimated) dimensions of channel bodies in our study 

region from the two time periods that we explore, EQ and LM, show differences 

in CB dimensions that are likely due to differences in allogenic forcings and the 

basin’s signal preservation potential. We defined a stratigraphic signal of RSL 

change as being an attribute of strata that could be differentiated from the 

products of autogenic surface dynamics that might occur in a basin unaffected by 

environmental change. For the MRD basin, we note that a wide distribution of  
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CB dimensions occurs for both the EQ and LM time periods. These CB’s are the 

products of sediment transport through the paleo-Mississippi River, in addition 

to many other paleo-coastal rivers.  

We use our measurements and estimates of CB thickness and long-term 

deposition rates to place each CB on the H*-T* plot. First, we note that this 

process produces a distribution of H*-T* values for each time period. These 

distributions span high H*-T* values associated with the smaller coastal channels 

to smaller values tied to CB’s with scales similar to the modern day Mississippi 

River. A key observation is that approximately half of the Miocene CBs plot in 

the shredding regime, compared to only ~5% of the CBs from the early 

Quaternary (fig). Practically, this means that the range and period of RSL cycles 

in the LM were less than the resulting CB thicknesses and the times to generate 

basin wide deposits of equivalent thicknesses as the CBs for half of the mapped 

geobodies. However, this result alone does not fully support the shredding of 

RSL signals in the LM as 1) half of the CB’s in the LM do fall within the signal 

preservation regime and 2) CBs that fall within the shredding regime could have 

scales influenced by RSL change, just with the influence being less than the total 

RSL change. We note, though, that all of the mapped CB’s in the LM, also have 

scales that are equal to or less than the scales of the modern day Mississippi 

channel, which we consider to be an autogenic representation of the system. 

Taken together, these observations support shredding of signals of RSL change 

in the LM strata.  



 

 149 
 

In contrast, 95% of the EQ CB’s fall within the signal preservation regime of 

the H*-T* plot. This suggests a much higher likelihood that strata of the EQ 

contain definitive signals of RSL change. Further, of the 5% of EQ CBs that do fall 

within the shredding regime most have scales in excess of those found on the 

modern (autogenic) configuration of the Mississippi River and some have 

width:depth ratios that suggest they formed during the filling of paleo-valleys 

carved in response to changing RSL. These observations support signal 

preservation of changing RSL in EQ strata. This is in line with our predictions  

based on signal shredding theory.    

Combined, observations from the LM and EQ support stratigraphic signal 

shredding theory. These two time periods were predicted to fall on either side of 

the signal shredding threshold with definitive signals preserved in the EQ, but 

not in the LM. This highlights how not all RSL change produces measurable 

signals in the ‘recorded history’ preserved in the stratigraphic archive. Next, we 

explore how our H*-T* regime can aid prediction of not only the presence, but an 

expected type of RSL signal in strata.  

In this study, we explore sea level change signals which are produced and 

stored in marginal marine basins. This contrasts with other signals of 

environmental change, for example sediment supply signals that are produced 

by changing tectonics or climate in hinterlands, that are produced far from where 

the stratigraphic signal might be recorded. As such, the primary culprit for 

shredding the RSL signals we explore is the stratigraphic shredder proposed by 
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Straub et al. (2020), in contrast to shredding of environmental signals by 

sediment transport proposed by Jerolmack and Paola (2010). Stratigraphic signal 

shredding results when the signals of environmental change are of similar or 

smaller scales as the stratigraphic products of autogenic processes, thus making 

it difficult to differentiate environmental signal from autogenic noise.  In the 

Mississippi River Basin, the estimated compensation timescale is approximately 

140 ka (using a channel depth of 70 m and a subsidence rate of 0.54 m/ka). The 

dominant Milankovitch timescales of RSL change (100 ky or 40 ky) are thus short 

in comparison to the basin’s maximum autogenic timescale, which would make 

signal identification beyond background noise difficult in both time periods. 

However, the amplitudes of the EQ RSL cycles are larger than most EQ CBs, 

suggesting susceptibility to changing surface dynamics and altered stratigraphic 

products due to the RSL change.  For the LM, the scale of RSL change was also in 

excess of the thicknesses of about half of the mapped CBs, specifically the smaller 

mapped CBs. However, the larger mapped CBs from the LM had thicknesses in 

excess of the RSL cycle range from that time period. Thus, the larger CB’s could 

not be differentiated from the autogenic scales and since there is an autogenic 

distribution of channel depths on the surface at any time period, which produce 

a distribution of CB thicknesses, it is difficult to equivocally identify the 

environmental signal in the smaller channels.  

 The H*-T* framework gives us a tool to quantitatively compare the scales 

of allogenic environmental forcings with the scales of local autogenic signals. 



 

 151 
 

Here we highlight expected signal attributes for RSL signals that fall in different 

quadrants of the H*-T* space. H* is a measure of the maximum autogenic depth 

of the individual channel bodies, compared to the amplitude of the allogenic SL 

change during that particular time period. In the same way, T* is a measure of 

the length of time necessary for a transport system to bury sediment to a depth 

that it is no longer susceptible to autogenic reworking by autogenic channelized 

processes, compared to the period of allogenic SL change. H* and T* are 

inversely proportional to autogenic channel depths. A channel that plots in the 

quadrant defined by both H* and T*>1 should produce channelized bodies that 

are both deeper and wider than their autogenic representation. In addition, this 

should result in more deposition in the distal part of the basin, compared to the 

proximal settings. In the case of H*>1 and T*<1, we suggest the dominant signal 

will be an increase in CB thickness relative to autogenic products. For T*>1 and 

H*<1, we suggest one would see wider CBs and more distal sediment deposition. 

In the case of H* and T* both being less than 1, the RSL signal will be susceptible 

to shredding. This will only happen when an RSL change signal is imposed on a 

CB, without any autogenic influence. Here we note that the predicted changes in 

deposition from proximal to distal parts of the system cannot be conclusively 

tested in this work, due to the limited geographical region explored, and the 

limited well-log data from the EQ time-period, which could aid identification of 

grain size signals in the strata. Future work can be focused on this issue. 
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Here we highlight the form of the geobodies from the EQ that we suggest 

carry the signals of RSL change in the EQ strata. In fig. 47, the interpreted 

paleovalleys from the EQ stratigraphy plot in the signal shredding domain. 

These paleovalleys have low width to depth ratios, compared with bodies 

resulting from single channel activity or meander belts, signifying their allogenic 

origin (fig 41). These geobodies were likely constructed by channels of significant 

size that were tugged by the RSL change. Channels on the upper end of the 

autogenic size range that responded to large RSL change create the most easily 

identifiable signal of paleo RSL-change in our study. This contrasts with other 

smaller-scale channels that were already been well within the autogenic band, 

that when tugged by RSL change deepened and widened, but not out of the 

autogenic bands.  

  

Uncertainties in this study and the implementation of stratigraphic shredding theory 

To document and analyze the preservation of RSL signals in stratigraphy, it 

is useful to estimate paleo-channel dimensions from stratigraphic observables. 

There are a number of ways to estimate paleo-channel depths from preserved 

channel fills, but there can be substantial error associated with these methods [for 

e.g., (Alexander et al., 2020; Mohrig et al., 2000)]. Some of this error is associated 

with our ability to differentiate stratigraphic products linked to autogenic 

channel processes from products of allogenic forcing. For example, recent work 

shows that autogenic processes like avulsions can create backwater and flood 
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scours whose dimensions can be comparable to incised paleovalleys formed in 

response to changing RSL [for e.g., (Ganti et al., 2019; Trower et al., 2018).   

The paleovalleys reported in this study are not as large as we expected them. The 

width to depth ratio as well as the width of the CBs identified as paleovalleys are 

in the lower end of the range of dimensions suggested by Gibling (2006), which 

can also be comparable to the modern-day channel belt dimensions. The absence 

of larger paleovalleys can be restricted by the size of the seismic volume, which 

would obstruct us from mapping larger CBs. 

 

Conclusion 

 This work demonstrates how to apply signal shredding theory to field scale 

settings. Even though a number of numerical and physical experiments have 

explored signal shredding of RSL change, changing sediment or fluid flux 

(Jerolmack and Paola, 2010; Li et al., 2016; von der Heydt et al., 2003; Yu et al., 

2017), this is the first test of this idea at field scale. While we cannot definitively 

state that signals of RSL change are present or not in either of the two time 

periods explored, broadly speaking the results support the stratigraphic signal 

shredding framework for RSL cycles. This supports the premise that in some 

sedimentary basins, some RSL cycles are of insufficient duration or magnitude to 

produce stratigraphic products outside the range of the products of autogenic 

channel dynamics. This adds to the growing body of literature that explores non-

uniqueness of stratigraphic properties, formed by allogenic and/or autogenic 
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processes (Burgess and Prince (2015). It highlights the need for multiple 

hypotheses and scenario development that should be considered when 

interpreting stratal architecture, scales, and geometries for interpretation of 

global RSL changes. 
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Figure 30 Map of the study area. The blue line is the extent of the continental shelf edge 

during the Early Quaternary and red signifies the one for Late Miocene. The study area was 

beyond the shelf edge during both times 
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Figure 31 A dip section showing the two-way travel time and depth relationship with respect 

to the relative sea level history adapted from Miller et al. (2005). The blue star shows the 

presence of an Early Quaternary microfossil which is used to constrain our time-period of 

interest, right above shown by a colored box labeled Early Quaternary. The Late Miocene 

stratigraphy has been constrained from foraminifera samples, shown by a yellow star, which 

constrains the age of our time period of interest right below, shown by the colored box 

labeled Late Miocene. Examples of channel bodies interpreted in the vertical sections for both 

EQ and LM are shown. The white line shows the approximate location of the time slice shown 

in fig 3 as an example of EQ stratigraphy and the black line is the same shown in fig 4 for 

Late Miocene. 



 

 157 
 

 

Figure 32 Age vs sediment thickness plot for the study area from Well API # 

177094078100. Age data was determined for biostratigraphic markers and best-fit trend 

line gives a long-term sedimentation or subsidence rate of 0.54 m/ka. 

 

 

 

 

 



 

 158 
 

 

 

 

Figure 33 A variance time-slice from EQ time-period. Panel A shows the 

uninterpreted section and Panel B shows the interpreted channels in yellow. 
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Figure 34 shows a variance time-slice from LM time-period. Panel A shows the 

uninterpreted section and Panel B shows the  interpreted channels in yellow. 
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Figure 35 A comparison of channel body widths and thickness between Early Quaternary 

(shown by circles) and Late Miocene (shown by crosses). The first figure shows the 

cumulative distribution function of the channel body widths, and the second figure shows 

the same of the channel body thickness. In both cases, the distributions are similar for two 

time periods with the exception of the largest channel body features in which the Early 

Quaternary has a pronounced heavy tail signifying presence of paleovalleys, meaning the 

EQ stratigraphy preserved the RSL signal. 
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Figure 36 The cumulative distribution function of the width to depth ratio of the EQ 

(shown by circles) and LM (shown by crosses) channel bodies. Channel bodies are 

colored according to their thickness, pink signifying deeper channel bodies, blue 

signifying shallower. Deepest channel-boies from EQ show lower W/D ratio, hence can 

be considered to be allogenic 
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Figure 37 Comparing channel body widths and thickness between EQ (shown by circles), LM (shown 

by crosses) and the present-day Mississippi river width and depth (shown by red triangles). Panel A 

shows the cumulative distribution function of the channel body widths, and panel B shows the same of 

the channel body thickness. In both cases, the difference lies in the heavier tail of the EQ distribution, 

signifying presence of paleovalleys, which is not seen in the present-day Mississippi river, which is 

similar to the LM distribution. 
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Figure 38 The bar diagrams showing the distributions of GR values for the Miocene stratigraphy in the six 

wells. The first two wells show a distinct bimodal distributions, which show an almost equal distribution of 

sand and shale. 
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Figure 39 Plot showing H* and T* values of EQ (shown by circles) and LM (shown by 

crosses). The area where H* and T* are less than 1 is the shredding regime and the rest 

of the space is the preservation regime. Symbols are colored by their CDF values, shown 

in the corresponding colorbar 
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Figure 40 Location of the well logs in the study area shown in the map. The sand:shale ratio is shown with 

pie charts. The one in the left is from EQ and the six pie charts in the right are from LM. 
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Figure 41 The well-log spans from Quaternary and Miocene strata. The first column shows 

the GR log, which is followed by the calculated sand-shale log. The yellow boxes in the sand 

shale log represents sand in the stratigraphy and the brown boxes represents shale. 
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Figure 42 The logs from the six wells that span the Miocene. The first column shows the 

GR log, which is followed by the calculated sand-shale log. The yellow boxes in the sand 

shale log represents sand in the stratigraphy and the brown boxes represents shale. The 

first well also has SP log, shown in the second column. The blue lines denote top and 

bottom of Miocene. 
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CONCLUSIONS 

 I have explored RSL change and its effect on sediment transport on the 

continental shelf system in this dissertation. Mass redistribution, both in the form 

of water and sediments, on the shelf is an active area of research and this 

dissertation advances the fields of paleo-sea level studies as well as sediment 

transport and stratigraphy.  

In the first chapter of this dissertation, I have identified the North American 

ice sheet, and not the Antarctic ice sheet, as the dominant source of meltwater that 

was being added to the global oceans during the 9-7 ka time-period. I have also 

shown that the ice models being used hitherto were underestimating the amount 

of meltwater that was being produced by the North American ice sheet by at least 

~14 m. This work has the potential to change our perspective about the events that 

led to the most recent abrupt climate change event, the 8.2 kyr event, as well as 

help us in understanding future climate change events. 

In the next two chapters, I look at processes related to sediment transport 

and preservation of these sediments and the signals embedded in them with 

relation of relative sea level change. This work adds to the idea of stochasticity and 

non-unique solutions in sediment transport and sequence stratigraphic models. I 

provide new insight into the progradation of the continental shelf edge and 

transport of sediments into the deeper ocean during lowstand sea level change 

depending on the available sediment flux and the distance between the shelf edge 

and the lowstand shoreline in the second chapter of my dissertation.  
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Preservation of relative sea level signals and reconstructing these relative 

sea level changes have been a big part of sequence stratigraphy. In the third 

chapter, I question the rationale that all RSL signals are equally preserved in the 

stratigraphy and can be reconstructed, using seismic data and the theory of signal 

shredding. I show that only larger RSL signals are stored in a large depositional 

basin like the Mississippi River and smaller RSL signals are effectively shredded. 

This is the first field testing of the signal shredding theory. 

This dissertation advances the fields of stratigraphy, sediment transport 

processes and paleo sea-level studies. However, several questions and gaps in data 

have been raised by this dissertation which I hope to answer in the future.  The 

dearth in both RSL as well as stratigraphic data from the Southern Hemisphere 

can be a barrier in answering some of these questions. Better constraints on sea 

level from places such as Africa, South America and Australia can help us in 

understanding the contribution of the Antarctic meltwater to the global sea level 

change. Accessible seismic and stratigraphic data can shed better light on 

researching the preservation of signals and fundamental questions about effective 

sediment transport to the deeper ocean during changes of sea level.  
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