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Abstract
[bookmark: _3znysh7]This study used the comparative analysis of 3 gravity cores (GCs) obtained from the shallow offshore at ~40 m water depth to reconstruct the morphological evolution of the delta. The focus of this study is on the interpretation of elemental tracers and their justification between these tracers and microfossil data to understand the impact of climate-sea level controls on the evolution of the Niger Delta during the Late Quaternary. Key elemental tracers comprising Ti, Zr, Fe, and S were explored to strengthen this concept. High Ti/Zr ratio values down-hole indicate fluvial transport of terrestrial components to the marine setting (20-11.7 ka), whereas high values of Fe/S ratio up-hole provide an extent of inherent marine shale of the Niger Delta (11.7-6.5 ka). In addition, the integrated multiple proxy (mangrove and hinterland pollen, planktonic foraminifera, and sedimentary facies) with elemental tracer ratios provided robust and coherent information for delineating the late glacial (MIS2) prograding and interglacial (MIS1) retrograding deltaic transition, respectively. The overall trends of the two elemental tracer ratios (Lower and Mid-upper depths of the GCs) provide a new distinction on the depositional patterns (prograding and retrograding delta) to determine the proximal/upper (clay, silt, and very fine sand) and distal offshore/lower shorefaces (coarse-medium sand), and gross paleoenvironments based on planktonic foraminifera records.
These sequential records provide a new clue as evidence of the morphological evolutionary stages (delta plain, delta front, and prodelta) of the Niger Delta landscape, gross paleoenvironments, and vegetation dynamics (pollen data) during two distinct time-bound intervals (20-6.5 ka), which potentially delineate the climate and sea level regime of the coastal offshore. 
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1. Introduction
[bookmark: _tyjcwt]The reconstruction of the deltaic morphological evolution of the Niger Delta during the late to post-glacial period (Marine Isotope Stages - MIS1 and MIS2) over the last 20 ka has been the subject of debate (Armentrout et al., 1999; Kim et al., 2010; Adeonipekun et al., 2019). This study presents a model that explains the interplay between the driving mechanisms and palaeoenvironmental settings in the basin based on biotic and abiotic evidence (Zong et al., 2009; Riboulot et al., 2012; Adojoh et al., 2017). Previous studies of the Late Quaternary-sea level in the shallow offshore of the Niger Delta and other West African regions indicate post-glacial early Holocene sea level rise (SLR) and a middle Holocene SLR, followed by a subsequent fall to the present time (e.g., Oomkens, 1974; Lézine, 1997; Lézine et al., 2005; Scourse et al., 2005; Miller and Gosling, 2013; Bouimetarhan et al., 2015; Joo-Chang et al., 2015; Chadwick et al., 2020; Bouimetarhan et al., 2021). Climate-driven sea level change and local fluvial sediment discharge are among the factors controlling evolution of the Niger Delta during the Quaternary (Lézine, 1997; Adojoh et al., 2017; Adeonipekun and Sowunmi, 2019). Several shallow offshore palaeoenvironments exist in this setting, such as including the littoral realm (mangrove swamps, barrier islands, lagoons, estuary, deltas), and inner neritic realm. These palaeoenvironments may be composed of an integrated depositional system, and thus cannot be examined in sequestration (Woodroffe, 2002, Cohen et al. 2014). The major depositional systems under rising sea level on a gently sloping sandy coast are barrier islands or littoral systems, while strand plains (sand belts) with beach ridges are essentially absent (Cohen et al., 2014, Chadwick et al., 2020). 
[bookmark: _3dy6vkm]The response of the shallow offshore paleoenvironments of the Niger Delta to sea level changes is influenced by tidal impact, and climate driven-nearshore wave and fluvial discharge relative to the nature of the sedimentary budget (Lézine et al., 2005; Adojoh et al., 2017). All littoral settings assumed their present structure during the onset of sea level transgression that occurred during the Last Glacial Maximum (LGM), about 20-25 ka early Holocene (Poumot 1989; Lézine, 1997; Riboulot et al., 2012; Cohen et al., 2014 Adojoh et al., 2017; Chadwick et al., 2020). Nevertheless, a sea level fall promotes extremely adverse conditions for the origination and preservation of the littoral and neritic realms, especially in wave-controlled settings. Thus, if rapid fluvial/sediment supply occurs during shoreline progradation, it may generate a delta (Cohen et al., 2014, Chadwick et al., 2020). Under this circumstance and depositional complexities, lagoons, shoreface, and the neritic realm evolve, and wave-dominated deposits may rapidly prograde, causing regressive sand strands (Martin and Suguio, 1992; Chadwick et al., 2020). 
[bookmark: _1t3h5sf]Some major questions associated  However, those depositional complexities remain unanswered unclear with vegetation succession. For instance, in relation to the link between the nature of the vegetation dynamics and timing of sediment supply to the onshore and shallow offshore Niger Delta areas, as well as the impact role of the Niger and Benue Rivers and their tributaries (Figure 1). The significance of the key sedimentary facies and vegetation distribution over the post-glacial evolution of the Niger Delta is still not well known, in particular how the sedimentary facies and delta depositional patterns have responded to sea level changes and the impact of Holocene warm and wet conditions on the coastal successions. This study attempts to answer some of these questions through the correlation and evaluation of key elemental tracer, planktonic foraminifera, pollen data, and sedimentary facies using three gravity cores (GCs) (Figure 1). When present, key elemental tracers, and mangrove pollen in marine sediments along the littoral realm can be used as markers of coastal and delta morphological dynamics, since their locations within the intertidal zone are strongly influenced by SLR (Woodroffe,1989, 1995, 2002; Lézine, 1997; Scourse et al., 2005; Adeonipekun and Sowunmi, 2019). The mangroves and littoral fringe of most tropical settings have kept up with sedimentation and can accommodate eustatic SLR rates of ~ 3.8 mm/year. However, when eustatic rates surpass 5.2 mm/year, then the mangroves would not be preserved (Mckee et al., 2007; Cohen et al., 2014; Chadwick et al., 2020). 
The main aim of this study is to establish understand the evolution of the Niger Delta landscape and delta response due to climate-driven sea level change during the Late Quaternary. In addition, it explores the significance of detailed and integrated multiproxy data (key elemental tracer, planktonic foraminifera, pollen indicators, and sedimentary facies) to identify the main controls on the distinct stages of the Niger Delta evolution and its reorganisation during the Late Quaternary (MIS1 and MIS2). The methodological approaches will contribute to the body of knowledge on the factors affecting the depositional patterns (stages of evolution) of the West African region through the impact of climate-driven sea level fluctuations on the coastal/littoral delta shifts
2.	Materials and methods
The three gravity cores (GCs) utilized for this study were collected from the Niger Delta by Fugro Geotechnical Company for Shell Petroleum Development Company of Nigeria in 2002 (Figure 1). The cores were acquired from the seabed within the nearshore (shallow marine) realm at approximately 40 m water depth. They were well positioned in the eastern (GC1 = Latitude - 4°49″43 N, Longitude - 5°20′20″ E), central (GC2 = Latitude - 4°05′08″ N, Longitude - 6°33′30″ E), and western (GC3 = Latitude - 4°11′59″ N, Longitude - 7°21′29″ E) parts of the delta. A detailed lithological description on the scale of 1:10 cm was undertaken to select the intervals for detailed microfossil and geochemical analyses. Each gravity core was sampled at every 2 cm for detailed analyses to further infer the imprints of sea level/climate cycles and delta morphological dynamics over time. 
Preparations for palynomorph data (at the University of Liverpool, UK) followed the standard procedures described in Adojoh et al. (2017). In that method, preparation of palynomorphs followed the non-acetolysis and required sieving procedures. A small amount (~10 to 15ml) of cold 10% hydrochloric acid (HCl) was added to the sieved material to dissolve the carbonate component. The residue was decanted and neutralised ready for the HF. Cold 40% hydrofluoric acid (HF) was added to the test tube vial and left for 24 hours to dissolve the silicate component. The final residue was treated with heavy liquid (Sodium Polytungstate; density of 2.4g/cm3) to separate palynomorphs and non-palynomorphs from the residue. Palynomorphs and Non-palynomorphs slides were mounted on the microscope stage and where possible, a minimum of 300 palynomorphs and 120-200 mangrove taxa were counted on 400X magnification for the quantitative interpretation. 
[bookmark: _17dp8vu]In addition, the geochemical components of the three GC samples were analysed at 2 cm intervals for physical, and chemical properties using a Bruker S2 Ranger XRF Spectrophotometer Autosampler at the University of Liverpool, UK. In this study, 28 samples were selected as required for the maximum batch of 28 clean and dry pots. Nylon film was used to separate the individual pots while the bases of the pots were kept flat and level with no protrusions. The samples were compacted gently by using the brass plunger. All recorded measurements were obtained from the saved drive of th138e XRF analyser database and used for graphical plots. The samples for Ti/Zr and Fe/S ratios were selected in their ranges of elemental analyses for the XRF Spectrophotometer. This is because high Ti/Zr ratios provide information on the extent of fluvial materials supplied from terrestrial environments, whereas high Fe/S ratios provide the extent of inherent marine shale deposited on the continental shelf (Marius and Lucas, 1991; Zabel et al., 2001; Adegbie et al., 2003; Doktorgrades, 2004; Mendoza, 2007). Note: All data used for this study can found here - https://issues.pangaea.de/browse/PDI-33758
3.	Chronology 
Adojoh et al. (2017, 2020) based the age model for each gravity core on biostratigraphy defined by the first occurrences (FO) of calcareous nannoplankton (NN19 to NN21) and planktonic foraminifera (Glorobotalia tumida and Glorobotalia truncatulinoides), and extrapolated radiometric dating (Peltier, 1994; Scourse et al., 2005). In this study, radiometric dating was not successful because impact of freshwater dilution and siliciclastic flux (peculiar with long and large volume river dominated deltas) on the near-shelf margin affected the preservation and quantitative counts of relevant fossil materials, such as foraminiferal tests, macrofossil shells (gastropod, bivalves), and wood particles, that could have been used for dating. To note here, is another similar study in Congo River delta (Core KZai 02) (Dalibard et al., 2014) that encountered the same chronological situation. In that study, the pollen and other data listed below were correlated with the nannofossil (NN) stratigraphy of KZai 02 as well as MIS 1-2 and radiometric dating records from a nearby core. The age model is also supported by similar chronological records (MIS 1-2) that are regionally linked to wiggles of Total Organic Carbon (Schneider et al., 1997), Vostock ice core CO2 (Petit et al., 1999), Guinean Gulf Sea Surface Temperatures (Schneider et al., 1997), Congo Basin Mean Temperature (Weijers et at., 2007), West African Monsoon (Weldeab et al., 2007), summer insulation curve (Berger and Loutre, 1992), and Latitudinal Insolation Gradients (Davis and Brewer, 2009) as discussed by Dalibard et al., 2014. 
[bookmark: _3rdcrjn][bookmark: _Hlk123745522]Furthermore, given that similar sedimentary archives of marine cores are recognised based on sea level and climate fluctuations, this paper has compared the dated multiple proxy records from the GCs with published data on relative sea level change for the Niger Delta region over the last 20 ka. In Figures 2-4, we have extrapolated the relative sea level curve for the Gulf of Guinea region plotted against the radiocarbon date from a global isostatic model database (Peltier, 1994) and a representative location (5830V S, 11830V E, T89-16 core) on the Congo shelf margin (Scourse et al., 2005) which instill confidence in our age model.    

4.	Results   
Here we provide a novelty based on selected elemental tracers (Ti/Zr; Fe/S ratios), microfossils - key pollen/vegetation (Mangrove, Savanna), and foraminifera (Globorotalia spp.) proxies to establish the landscape and morphological evolution of the Niger Delta. The three GCs record remarkably similar changes in the different proxies and two main stages of delta sedimentation were distinguished (Figures 2-5).

4.1 Microfossils proxy
[bookmark: _26in1rg]4.1.1	Lower depths (GC1: 272-202 cm, GC2: 266-202 cm, GC3: 260-202 cm)
[bookmark: _lnxbz9]The lower depths record lower sedimentation of intercalated coarse to medium sand (GC1 = 9.8cm/kyr; GC2 = 13.9cm/kyr; GC3 = 13.1 cm/kyr), high abundances of hinterland (terrestrial) components (e.g., ~40-41% Savannah grass pollen – Poaceae, 30% Cyperaceae, 19-21% charred grass _ cuticles, ~43% Afromontane taxon – Podocarpus), ~18-19% freshwater algae – Pediastrum (Table 1). In addition, low abundances of planktonic foraminifera Globorotalia spp. (~18-20%) and mangrove pollen (Rhizophora 21%, Avicenniaceae ~13 are also recorded at these depths (Figures 2-5). Thus, terrestrial indicators increased relative to mangrove/littoral proxies.

[bookmark: _35nkun2]4.1.2	Mid-upper depths (GC1: 0-202 cm, GC2: 0-202 cm, and GC3: 0-202 cm)
[bookmark: _1ksv4uv]These depths cover the middle to the upper parts of the three GCs and are characterised by a slower sedimentation rate of mudstone ((Table 1) due to expansion of mangrove vegetation (~60-80% Rhizophora sp. and 25-30% Avicenniaceae) and increase in planktonic foraminifera (~60-79 % Globorotalia spp.). These depths also record fewer hinterland pollen (e.g., ~10-20% Poaceae, 0-5% Podocarpus, ~7% Cyperaceae, 0-4% cuticles _ charred grass), 2-5% Pediastrum, and higher sedimentation rate of very fine-silty sand (GC1 = 78.2 cm/kyr; GC2 = 57.3 cm/kyr; GC3 = 57.3 cm/kyr) (Table 1). During this interval of rapid expansion of mangrove-dominated pollen, hinterland pollen, and other components (e.g., cuticles) dramatically decline when compared to the lower depths (Figures 2-5).

4.2	 Elemental tracers proxy
In this study, Ti/Zr vs. Fe/S ratios were selected from the range of elemental analysis carried out through the XRF Spectrophotometer. Two elemental tracer ratios data plots and lithological logs presented demonstrate various changes in elemental concentration and sediment chemistry observed throughout the three GCs (Figure 5). 
The value of Ti/Zr ratio is significant with an abrupt shift in baseline down-hole (140-80 mg-1/PPM) at the lower depth intervals (GC1: 272-180 cm, GC2: 266-185 cm, GC3: 260-187 cm), especially at the bottom of the GCs (Figure 5). The value of Fe/S is low (between 0-6 mg-1/PPM) throughout the same intervals at the bottom of the GCs due to the low presence of organic matter and relative formation of pyrite. 
However, from the middle to uppermost intervals of the three GCs (GC1: 180-0 cm, GC2: 185-0 cm, GC3: 187-0 cm), the value of the Ti/Zr decreases (5-65 mg-1/PPM) but the value of Fe/S increases (4-45 mg-1/PPM) across the same relative intervals in the three GCs (Figures 2-5). 



5.	Interpretation
[bookmark: _44sinio]5.1	Lower depths - GC1: 272-180 cm, GC2: 262-185 cm, GC3: 260-187 cm 
These depths correlate to the later part of the last glacial period (MIS2) which is characterised by fluvial run-off of weathered Ti/Zr components from open landscape vegetation (Dupont and Agwu, 1991; Morley, 1995; Morley et al., 2011, 2017; Miller and Gosling, 2013; Cohen et al., 2014; Adojoh et al., 2017; Adeonikpekun and Sowunmi, 2019) (Figure 6-7). It provides evidence of dry conditions and fluvial sediment supply to the Niger Delta based on abundant records of the catchment (Ti/Zr ratio) and hinterland (Poaceae, cuticle) indicators interpreted from the lower part of the GCs (Zabel et al., 2001; Adegbie et al., 2003; Pastouret et al., 1978; Morley and Richards, 1993; Skonieczny et al., 2015; Adojoh et al., 2017; Adeonipekun and Sowunmi, 2019) (Figures 2-5). In addition, the observed fluvial sediment supply could be linked to the seasonal latitudinal migration of the Intertropical Convergent Zone (ITCZ) with a mean annual position assumed to be around 15oN positioned further south (15oS) (Leroux, 1993; Marret et al., 2001; Kim et al., 2010; Shannahan et al., 2015; Höpker et al., 2019).
Assuming the sedimentation pattern remained uneroded, this phase could be the main conduit through which terrestrial and riverine materials (e.g., pollen, cuticle, trace elements, etc.) were transported to the Niger Delta during the sea level fall and dry climate. It was is possible that sediment transport was local (period of intense tectonism), regional (climate sea and level change), or experienced both conditions, which contributed to the volume of sediment discharge through the Niger and Benue Rivers to the Niger Delta (Adegbie et al., 2003; Skonieczny et al., 2015; George et al., 2019) (Figures 1; 6-7). 
 
5.2 	Mid-upper depths - GC1: 180-0 cm, GC2: 185-0 cm, GC3: 187-0 cm 
[bookmark: _2jxsxqh]Fe/S ratio can be linked to stages of sea-level and climate change over the last 20 ka (Marius and Lucas, 1991), as also inferred in this study (Figures 2-5). During the Early to mid-Holocene (11-6.5 ka), these depths (up-hole GCs) experienced sea level transgression and warm climate based on the higher sedimentation rate, expansion of mangrove assemblages (e.g., Rhizophora sp.), and marine indicators (Fe/S ratio) in the GC depths of ~202-0 cm (Figures 2-5). This was a set of both rapid spread of the coastal/littoral vegetation zone and marine organically related iron- sulphur preservation associated with sea level rise and linked to the gently sloping shelf where transgressive sedimentation took place, leading to delta plain retreat (; Lézine, 1997; Scourse et al., 2005; Rull, 2002; Torricelli et al., 2006; Amorosi et al., 2014; Adojoh et al., 2015; Adeonikpekun and Sowunmi, 2019; Höpker et al., 2019). These depths also experienced increased marine (tidal) influence when compared to lower depths (GC depths of ~272-202) (Figures 2-5), implying that marine organically rich iron-sulphur (Fe/S) and mangrove pollen preservation in intertidal- tidal settings would be much higher (Rull 2002; Punwong et al., 2013; Joo-Chang et al., 2015) (Figures 6-7). Consequently, high values of Fe/S ratio correlated with abundance of mangrove pollen type (Rhizophora) and planktonic foraminifera is acknowledged as an indicator of sea level transgression when matched with the regional sea level curve (e.g., Peltier, 1994; Scourse et al., 2005; Joo-Chang et al., 2015; Chadwick et al., 2020) (Figures 2-5). 

6. 	Discussion
[bookmark: _z337ya]Given the array of multiple proxy (sedimentary facies, microfossils, and elemental tracers) components of the GCs interpreted here are independent of the visual characteristics. In context, the cores logged and investigated show a general observation of the sedimentary facies (lithofacies types) indicating the dominance of mudstone lamination intercalation with pulses of coarse-medium grained sand at the lower depths of the GCs (Figure 5). In addition, the Ti and Zr components obtained are from the weathering of basaltic granites during the wetting and drying of the rock, whereas Fe and S elements are disseminated from post-weathering and transportation of weathered felsic rocks into adjourning stream channels linked to the coastal Niger Delta (Marius and Lucas, 1991; Doktrogrades, 2004; Olayiwola et al., 2017; Ghandour et al., 2021).  These descriptions correlated with other multiple proxy (especially sedimentary facies and planktonic foraminifera) and provide a new information on the depositional patterns and palaeoenvironmental conditions of the delta (Figures 5; 8.). Based on the information observed from the multiple proxy, the sequential records on the depositional patterns and morphological stages (Progradation and Retrogradation) of the Niger Delta evidenced by elemental tracers, sedimentary facies, and planktonic foraminifera are discussed below. 

[bookmark: _3j2qqm3]6.1 	Delta progradation – Stage 1
The record shows high values of Ti/Zr and low values of Fe/S ratios in these intervals (272 - 185 cm) across the GCs during the late Pleistocene (MIS 2). High Ti/Zr ratio points to a granitic/arkosic rock composition identifying nearby highland weathering (Cameroun highland fringe) and siliciclastic input (Olayiwola et al., 2017; Ghandour et al., 2021) (Figure 5). Originally, deposition of sediments took place under continental or terrestrial conditions but was subsequently remobilized and redeposited as siliciclastic input within the marine realm basin (Zabel et al., 2001; Adegbie et al., 2003; Doktorgrades, 2004; Bulian et al., 2019; Ghandour et al., 2021).  This suggests a prograding delta and fluvial transport of terrestrial sediment from the continental setting into the middle neritic/pro-delta realm of the Niger Delta (source-to-sink). The depositional environment identified is due to the occurrence of Globorotalia spp. microfauna (Adegoke, 1975; Murray, 1991; Hayward et al., 2004; Hart et al., 2015; 2017; Ghandour et al., 2021) (Figure 8).
[bookmark: _1y810tw]6.2 	Delta retrogradation – Stage 2
[bookmark: _4i7ojhp]An intermediate value of Ti/Zr and Fe/S ratios is recorded in this interval (185 - 120 cm) across the GCs at the onset of early Holocene (MIS 1). Overlying the intervals (120 - 60 cm) below is a decrease in the values of Ti/Zr ratio, whereas the Fe/S ratio increases that probably provides a hint of the mixture of transported sediments (clay, silt) within the marine setting (Zabel et al., 2001) (Figure 5). The lower part of this interval indicates a sequential short-lived, highly organic rooted swamp environment, characterized by temporarily inundated conditions, and preservation of the microfauna (Globorotalia spp. and sporadic appearance of Globigerinoides ruber), transported or washed is identified as well. The phase lines of evidence from the elemental tracer values (Fe/S), sedimentary facies (clay, silt), and microfauna suggest an inner-middle neritic or delta front (Allen, 1965; Adegbie et al., 2003) depositional environment (Figure 8) (Adegbie et al., 2003; Bulian et al., 2019; and Cattaneo et al., 2004; Ghandour et al., 2021).
Retrograding towards the shoreline are the intervals between 45 - 0 cm that cut across the GCs during the mid-Holocene (MIS 1). These intervals also show a low value of Ti/Zr ratio, while the value of Fe/S ratio increases continuously (Figure X). These variations suggest marine-dominated sediment (clay, very fine sand) and a complete shift to a marine-based depositional setting (Allen, 1965; Doust and Omatsola, 1990; Adegbie et al., 2003, Doktorgrades, 2004; Reijer, 2011; Riboulot et al., 2012; Omuije et al., 2015; George et al., 2019). This condition relates to a period of anoxia due to the increase in the concentration of Fe and S contents (pyrite) in the sediment (Doktorgrades, 2004; Karoodi et al., 2012). Thus, the sedimentary facies (clay, silt, very fine sand) interpreted and the occurrence of the microfauna (Globorotalia spp. and Globigerinoides ruber) suggest a retrograding and lagoonal barrier system to coastal plain depositional environment (delta plain) (Figure 5) (Allen, 1964; Murray, 1991; Kakroodi et al., 2012; Hart et al., 2015; 2017 Ghandour et al., 2021).

6.3	Climate and sea level change controls as an expression of palaeoenvironmental and morphological evolution of the Niger Delta
The three GCs record a coherent signal of significant changes in elemental tracer ratios and abundances of palynomorphs and planktonic foraminifera that correlate with the effects of the transition from low sea level to sea level rise (two succinct time-bound stages) on the coastal margin of the Niger Delta. This change in sea level has been reported elsewhere, especially along the East Equatorial African margin (Lézine, 1997; Scourse et al., 2005). In addition, these source-to-sink relationships record transitions between glacial-interglacial variations in sediment chemistry, vegetation dynamics, sediment gradation, catchment preferences, and climate change in the Niger Delta. The integrated multiple proxy obtained presented in this study provide a link to two evolutionary time-bound stages of the Niger Delta during the last 20 ka. These two succinct time-bound stages provide a resonating clue on the prevailing past environment, climate, and sea level change as follows: prograding/ advancing and retrograding/ retreating delta (Figures 5-8).
During delta progradation (stage 1), the GC data confirm the emergence of the continental shelf in response to a lower than present-day sea level (Figures 7-8). The littoral environment (mangrove and coastal swamp) is subaerially exposed, and sedimentation and fluvial transport are affected by mass movement triggered by the weak West African Monsoon (WAM) (Morley, 1995; Reijers, 2011; Zong et al., 2009; Shannahan et al., 2015; Skonieczny et al., 2015; Adojoh et al., 2017; Höpker et al., 2019; Chadwick et al., 2020). The morphological evolution of the Late Quaternary Niger Delta was identified based on terrestrial components transported beyond the littoral realm/coastal zone, representing a strong signal of the prevalent arid-dry conditions (Figures 6-8). Under this setting, GCs record indicate high values of Ti/Zr ratio, coarse-medium sand, the predominance of hinterland pollen, cuticle, freshwater algae (Pediastrum), and rapid sedimentation rate. In addition, the dominance of multiple proxy correlated with low abundance of planktonic foraminifera (Globlorotalia spp.) suggests a distal offshore/lower shoreface prodelta paleoenvironment (Adegoke, 1975; Murray, 1991; Omuije et al., 2015) (Figures 6-8). On a regional scale, this stage was a period of enhanced sediment transport, as observed in the settings of the Amazon, Senegal (Ogolian regression), and Congo Rivers (Figures 3-5; 7) (Barusseau, 1988; Barusseau et al., 1995; Marret et al., 2001; Giosan et al., 2005; Bonne, 2014; Adeonipkekun and Sowunmi, 2019).
[bookmark: _2xcytpi]Following delta retrogradation (stage 1) was a period of rapid sediment retreat in the Niger Delta attributed to sea level rise (Figures 6-8). This period of onset of Early to mid-Holocene sea level rise and warm climate coincides with an episode of shoreline transgression and fine-grain (clay, silt, very fine sand) sediment suspension reflecting the proximity of turbidity currents (Peltier, 1994; Goodbred, 2003; Scourse et al., 2005; Joo-Chang et al; 2015; Höpker et al., 2019). Increases in the values of Fe/S elemental tracer as opposed Ti/Zr ratio suggests a reducing environment with the potential of rapid post-dissolution of pyrite (FeS) minerals and organic-rich sulphur content (Fletcher, 2005; Mendoza, 2007). Sedimentary facies and pollen deposition during this stage were principally driven by the interaction between the creation of accommodation space and density of mangrove vegetation spread across the nearshore realm (Bonne, 2014) (Figures 6-7). On a regional extent, delta retrogradation correlates to the period of sea level rise (Nouakchottian transgression) as observed from the coastal margins of Congo, Senegal, and Mauritania (Barusseau, 1988; Barusseau et al., 1995; Lézine 1997; Lézine and Denefle, 1997; Dalibard et al., 2014; Scourse et al., 2005; Höpker et al., 2019). In addition, this setting suggests a proximal-upper shoreface (delta plain/delta front) palaeoenvironment based on the dominance of the planktonic foraminiferal (Globorotalia spp., Globigerinoides ruber) (Figure 8).

7.	Conclusions 
The variations in the elemental tracer ratios during the two stages of sedimentation provided the first clarification and supportive evidence on the timing between glacial-interglacial feedback on vegetation, sedimentary facies, and morphological evolution in the Niger Delta. The overall trends (Lower and Mid-upper depths of the GCs) of the two ratios (Ti/Zi and Fe/S) provide a transition and distinction between the climate-driven sea level regime, depositional environments (lower / upper shoreface), and morphological patterns (prograding and retrograding delta) of the Niger Delta.
[bookmark: _1ci93xb][bookmark: _Hlk123812984]Integration of the multiple datasets in the GCs (three gravity cores) permitted the identification of the direct link between delta landscape and sediment transport (source-to-sink) in the eastern (GC1), central (GC2), and western (GC3) locations of the Late Quaternary Niger Delta. Given the sequence of changes observed, this study clearly identified two time-bound stages (prograding) and (retrograding) of delta evolution as inputs for interpreting seasonal (glacial and interglacial) variations in climate and sea level change. The stages of prograding and retrograding delta were identified at 20-11.75 ka (Lower depth) and 11.7-6.5 (Upper depth), respectively. These stages outlined in this context confirm a direct link between the elemental tracers, pollen data, and sediment supply as evidence of landscape evolution of the Niger Delta. The major findings are as follows: 
1. [bookmark: _3whwml4]The integrated and correlated datasets – elemental tracer ratios, mangrove and hinterland pollen, cuticle, planktonic foraminifera, and sedimentary facies provided robust and coherent information for delineating the late glacial (MIS2) prograding delta and interglacial (MIS1) retrograding delta boundary. In addition, planktonic foraminifera species aided to distinguish between the proximal/upper and distal offshore/lower shoreface paleoenvironments (delta plain, delta front and prodelta). 
2. Prograding delta stage linked the period from 20-11.7 ka to higher influx of hinterland pollen, higher values of Ti/Zr ratio and coarse-medium sedimentation on the prodelta, sea level fall, and drier climate in the Niger Delta. 
3. Retrograding delta stage (11.7-6.5 ka) indicated a stage of slow-moderate clay-very fine sand sedimentation on the delta front, sea level rise, and warm climate. In addition, sedgeland/sedge swamp (Cyperaceae) dominance in prograding delta area was replaced by mangrove and higher values of Fe/S ratio in retrograding stage due to greater salinity and organic matter-rich water depths associated with sea-level inundation. 
4. Multiple datasets used in this study demonstrate the significance of key driving mechanisms of deltaic morphological evolution. Sea level change has been the main driving factor influencing ancient deltaic growth and landscape, and paleoenvironments due to variations of seasonal monsoon runoff. This implies that the morphological evolution of Niger Delta was developed and accelerated due to a large amount of sediment trapped and encircled by the dense littoral vegetation as the shoreline fluctuates between the proximal and distal axis of the delta.

8.	Study limitations and recommendations
The Late Quaternary marine sediments from the Niger Delta lack an age model using conventional radiocarbon dating due to the rarity of calcareous macrofossils and poorly filtered wood materials. Niger Delta (mixed delta) similar to other long and large river-dominated deltas such as Congo and Amazon tend to pose this difficulty, especially shallow water depth. In addition, the proprietary nature of material drilled by companies prospecting for hydrocarbons in the Niger Delta basin, and in the rare cases when samples are available for study added to this dearth of knowledge. Numerous studies have also, noted that the preservation and abundance of marine microfossils shells and wood materials for radiocarbon dating in shallow parts of marine deltas are mostly impacted by freshwater dilution and siliciclastic flux from continental runoff. These conditions affected our initial attempts (radiometric dates) by providing errors and noise, and different age connotations across the GCs depths investigated. Although the age control used for this study is reliable based on the precise matched GCs results received from different organisations (industry and institution), we recommend that other dating methods (e.g., tree ring, OSL, etc.) should be employed and compared with our method. 
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Figure 1. Map of the Niger Delta showing its location in southern Nigeria (inset) and the locations of the gravity cores (GCs). Note - The major river was formed from the confluence of Niger (North-West Nigeria) and Benue (South-West Nigeria) Rivers (modified after Adojoh et al., 2017). 


[image: ]Figure 2. Vegetation, pollen, geochemical, lithological log, and sedimentation rate records in GC 1.


[image: ]Figure 3. Vegetation, pollen, geochemical, lithological log, and sedimentation rate records in GC 1.


[image: ]Figure 4. Vegetation, pollen, geochemical, lithological log, and sedimentation rate records in GC 1.
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Figure 6. A model of sea level change in relation to vegetation dynamics, deltaic evolution, and sediment supply (grain size variation).


[image: ]Figure 5. Sedimentary facies / lithological logs, elemental tracer ratios, grain size change, and depositional morphology / patterns record in GCs based on sea level control. (Note: Colors indicator can be referred to key-legend in figure 6). C=Clay, S= Silt, FS = Fine Sand
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Figure 7. Two stages of vegetation dynamics, sea level change, and depositional patterns observed in Figures 3-5 modified into the landscape evolution of the Niger Delta during the Late Quaternary (last 20 ka).
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Figure 8. Gross palaeoenvironmental and stages of evolution of the Niger Delta linked to the offshore paleobathymetry as observed from microfauna ecology (planktonic foraminifera), sedimentary facies succession, and depositional patterns record in GCs. (Note: Red color delineation indicate the types of deltaic facies and environments examined in this study) 


Table 1: Sedimentation rate records of the GCs. Sedimentation rate (SR, cm/kyr) is the thickness of sediment (Z, cm) that accumulates over a specified time interval (age difference) (T, kyr). Therefore, SR = Z/T where = Intervals between samples (cm); T= Age difference between samples (kyr). The first two intervals (i.e, from 11.7-8.5 + 6.5) ka were added to compute the SR result for the phase II.

	Gravity Core (GC)
	Age (ka)
	GC1
	SR (cm/ kyr)
	GC 2
	SR SR (cm/kyr)
	GC3
	SR (cm/ kyr)

	Depth (cm)
	6.5
	0-40
	6.2
	0-40
	6.2
	0-40
	6.2

	Depth (cm)
	11.7
	40-184
	72.0
	40-142
	52.6
	40-142
	52.6

	Depth (cm)
	20
	184-272
	9.8
	142-266
	13.8
	142-260
	13.1
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