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Abstract 

Organic carbon (OC) entrainment, transmission and transformation along the terrestrial-

marine continuum is fueled by terrestrial sources, modified by progressive in-situ mixing, 

production, and decomposition of marine OC.   

Bulk (OC, Nitrogen), molecular (Fatty acid methyl esters, FAME) and isotopic (δ13Corg, 

Δ14C) geochemical data are used in combination with mineral surface area and advanced 

computational models (Bayesian statistics, inversion models) to identify OC sources and 

their geochemical composition in estuarine and marine surface sediments of the South 

China Sea (SCS).  A novel inversion modelling approach is presented that estimates OC 

pools (incl. petrogenic and dead carbon) validated against end-members. Dominance of 

marine OM is confirmed for coastal environments, implying efficient net loss of 

terrestrial OM, as it crosses the land-sea interface.  The Δ14C values range from modern 

to ~-970‰, with oldest OC focussed to the Red River outflow and remote regions of the 

Sunda Shelf palaeoriver systems, modern marine surface sediments are dominant in 

oceanic and shelf areas, which contrasts results from other studies from different 

river-marine shelf-open ocean systems available in the literature (e.g. the northern part of 

the SCS).  Also reported, for the first time, anthropogenic synthetic organic compounds 

demonstrating the impact of potential pollution on the modern marine environment. 
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1 Introduction 

1.1 General introduction   

Continental shelf systems mark a critical transition zone between terrestrial freshwater 

environments (e.g. river deltas, estuaries) and deep and open marine environment.  These 

systems exhibit complex transport and storage mechanisms for carbon, minerals, 

nutrients, and their reactivity and interaction with the environment.  Costal and inner shelf 

sediments store complex combinations of terrigenous (vegetation, soils and fossil 

reworked) and marine OM, each with different reactivity and fate when transported 

through the environment and buried in the sediments.  These variables are crucial when 

modelling global carbon cycles [2] and monitoring hazardous materials exported from 

e.g. agriculture or industry operations.  Previous studies suggest that OM from marine 

bio-production is characterised by simpler chemical structures relative to terrestrial OM, 

which implies faster decomposition of marine OM [3].  Therefore to more accurately 

describe and model global climate change, it is essential to obtain accurate and 

quantitative information on the concentration, origin, reactivity/degree of preservation, 

age and transport pathways of organic carbon and associated components (OM) on shelf 

systems. 

Along with riverine runoff and aeolian dust, potentially hazardous compounds, such as 

pesticides and/or herbicides, can be introduced into coastal and shelf environments.  Once 

in the marine environment they are spatially dispersed along with the fine (clay) mineral 

fraction (e.g. “mud”, [4]) by shallow ocean current systems to further degrade parts of 

complex deposition-resuspension loops.  The dispersal and storage of these compounds 

of environmental concern as part of the total continental mineral load is not well 

understood but likely important for marine ecosystems, as they can be toxic and become 

part of the food chain, feeding back into fish ecosystems and finally important food 

sources for society.  According to the Food and Agriculture Organization of the United 

Nations and the World Health Organization, global food production is expected to 

increase by more than 70 % by 2050 (relative to 2007) [5], which in turn implies an 

increasing use of herbicides, at the global scale.  This may cause massive and 

unforeseeable challenges, affecting the environment and ecosystems, from local, to 

regional and possibly global scales. 
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This PhD project targets the westernmost part of the South China Sea (SCS) as part of the 

international research collaboration program “Sources, Transport Pathways, Residence 

Times and Sinks of Organic Matter in the South China Sea” (STREETS).  STREETS 

combines the expertise and capacities of Heriot-Watt University Edinburgh, University 

of Hamburg, Eidgenoessische Technische Hochschule Zurich (ETH), Tongji University 

Shanghai (TONGJI), and the Second Institute of Oceanography, Hangzhou (SOI).  All 

partners of STREETS have actively contributed to this project, by sharing sample 

material, data, and expertise.   

Decades of earlier research in the SCS, led by the Hamburg and Chinese research groups 

of STREETS, have culminated in a large database that enables to monitor and understand 

the fundamental controls on OM transport and burial in the region, including 

oceanography, (clay) mineralogy, micropalaeontology, and inorganic and organic 

geochemistry.  This PhD study takes full advantage of this data and sample base, to 

investigate OM transfer across three interconnected shelf systems from Vietnam to 

Indonesia and its exchange with the deep SCS basin.  The shelf systems under 

investigation include (A) the Gulf of Tonkin in the north, (B) the narrow shelf along the 

east coast of Vietnam, and (C) major parts of the Sunda Shelf connecting with 

Indonesia/Borneo-Sumatra (Fig. 1).  This geographically diverse region covers a total 

length of about 2300 km (N-S), with numerous small and large rivers draining the shelf 

and highly variable climatic and oceanographic conditions, in combination controlling 

the export, movement and final burial of sediment and OM on the shelf and the adjacent 

deep marine basins.  To enable this project, the STREETS network provided 320 river 

and marine surface sediment samples for detailed organic geochemical and 

sedimentological analyses. 

The Mekong River drainage system in southern Vietnam is controlled mainly by the East 

Asian monsoon and its evolution since the last glacial period.  Observations from modern 

shelf carbon processes and budgets, however, suggest that factors such as the lateral 

advection of OM, time scales of particle transport, carbon production rates and deposition 

efficiency strongly impact on the abundance and fate of OM in shelf/slope surface 

sediments [6–9]. 

High resolution studies on the temporal relationships of different OM pools in the marine 

environment have only recently become available, pioneered by the 14C dating of OM in 

bulk sediments and grain-size fractions (e.g. Bao et al. [7, 10]).  The spatial heterogeneity 
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in 14C age of OM (Δ14C age) reported for surface sediments of the East China Sea [10], 

emphasises the relevance of redistribution of organic carbon (OC) from different sources 

and age pools.  The identification and quantification of petrogenic and inert carbon 

sources is important for Δ14C dating, enabling the correction of the Δ14C age for modern 

carbon sources.  A recent study by Blattmann et al. [11] addresses this challenge in the 

northern SCS (Taiwan), just outside of the study area of this project, illustrating the 

contribution of terrestrial surface of lithology to Δ14C systematics.  The occurrence of pre-

aged organic carbon (OC) in continental margin surface sediments is a commonly 

observed phenomenon, yet the nature, sources, and causes of this aged OC remains 

largely undetermined for many continental shelf settings [10].  This study focusses its 

investigations on the causes of Δ14C variability and interactions of fresh and degraded 

organic carbon within the southern SCS.  For this purpose, the OM in terms of 

concentration, origin, species, maturity, diagenesis, and isotopic carbon signature (δ13C 

and Δ14C) along the western part of the continental margin of the SCS has been 

investigated. 

Carbon isotopes help identifying and quantifying carbon cycle processes, such as the 

transfer of terrestrial carbon to the ocean and its burial [10].  This has led to an improved 

understanding of natural processes and anthropogenic impact [12–14].  For example, Bao 

et al. [10] show a distinct heterogeneity of Δ14C ages in bulk OM surface sediments in the 

East China Sea, emphasising the complex interplay of OM sources, hydrodynamic 

processes and sediment transport on the OC found in the modern shelf.  Further studies 

focussing on carbon cycle processes are essential for deepening and expanding these 

recent observations in Δ14C isotope systematics, as evident by recent studies of [12–14] 

(in China, Siberian Arctic and the Arctic).  Furthermore, redistribution processes of 

lithogenic particles in shallow and deep water have been shown to be important in the 

SCS [15, 16].  Riverine input is known to play a dominate role for the composition of the 

sediments in the SCS, at least for coastal and inner shelf systems.  Suspended solids and 

surface sediments capture the composition of shelf-slope sedimentary OM, with 

radiocarbon (Δ14C) ages typically older than modern signatures [17, 18].  This observation 

suggests a time lag between the initial production and the final storage of OM, favouring 

mobilisation, export and burial of stratigraphically older strata and deeper soil layers     

[12, 19, 20] in the marine environment.  In order to identify and quantify this re-worked 

and potentially older OM, end-member mixing models have been developed using δ13C, 

Δ14C, and molecular biomarker [21].   
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The molecular biomarker approach provides a powerful tool to identify the origins of OM 

and can help to identify the associated biogeochemical processes, thus helping to 

reconstruct the environmental changes previously occurring in the OM origins [22–25].  

Organic biomarkers (such as fatty acids) can provide abundant information about the 

original sedimentary source material composition, change in geochemical and 

biochemical processes, climatic changes [26–28]. 

A molecular marker here is defined as “a molecule whose carbon skeleton can be 

unambiguously linked to that of a known biological precursor compound” [29] or as “a 

complex organic compound having little to no changes in its chemical structure from the 

precursor molecules once existed in living organisms” [30–32].  To qualify as a molecular 

marker, i) source specificity and ii) conservative behaviour [29] must be ensured.  Under 

ideal conditions, molecular markers should present a direct and unique link with the given 

sources, and they should be refractory over the time scales of the processes of interest 

[25].  Concerning criterion i) and ii) in natural environments, organic molecules are likely 

to be under the influence of various processes, including physical (particle transport and 

phase transfer), chemical, and microbial processes, which affect the spatial distribution 

and the fate and even induce chemical changes in their structures which can lead to 

misinterpretation. 

In this study, the focus lays on source-specific fatty acids (FA) coupled together with 

radiocarbon measurements (Δ14C) of bulk OM to resolve possible transport and burial 

mechanisms.  Furthermore, the potential entrainment of compounds of environmental 

concern in the shelf and deep sea sediments is traced. 

The presented study contains four science Chapters (Chapters 3 to 6), with each Chapter 

summarised in brief below. 

Chapter 3: Assessment of transport and accumulation of organic matter in the western 

SCS – implications from estuary and marine surface sediments 

A new dataset covering fundamental variables including TOC, δ13Corg and Corg/Ntotal is 

presented from a comprehensive set of surface samples. The focus of the analysis lies on 

the identification of source variability, homogenisation of terrestrial OM during 

deposition, and the identification of OM storage sites. Additionally, fatty acid methyl 

esters (FAME) are analysed and used as a sensitive geochemical proxy in the 

interpretation of OC modification during transport from land to sea and to attempt to 

correlate FAME abundances and composition to region-specific changes in e.g. 
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vegetation.  The observation from FAME is then compared with interpretations based on 

δ13Corg and Corg/Ntotal data.  The key finding of this assessment is that marine OM 

dominates in surface sediments across the SCS, including coastal and estuary/riverine 

settings. The relative contribution of different OM sources is based on multiple 

geochemical variables (δ13Corg, Corg/Ntotal, FAME distribution, and the occurance of short-

chain to mid-chain FA).  Meaningful interpretation of FAME biomarker data requires 

simultaneous evaluation, achieved graphically using multi-variable histogram plots 

(spider diagram), which is previously undocumented.  The FAME data require smoothing 

through sample normalisation, for which two potential reservoirs are defined here.  

Emphasis is placed on the need for specialised and localised reservoirs, which are linked 

to local geographic and geologic features. 

Chapter 4: Controls on regional mixing and degradation of organic matter in the South 

China Sea – implications of mineral surface area, Δ14C, δ13Corg and TOC 

The geographic extent of the SCS requires the identification of pertinent data that can be 

used to constrain (sub) regional details of the carbon cycle within the SCS.  These will 

include the evaluation of mineral surface area, radiocarbon Δ14C, stable δ13Corg and TOC 

data.  Variations in the Δ14C values are expected, which can be caused by e.g. different 

transport timescales and variable size fractions of petrogenic carbon, which is 

predominantly perceived to be mobilised from terrestrial sources, with highly variable 

isotopic composition.  The radiocarbon Δ14C values of most marine sediments of the SCS 

are positive, consistent with relatively recent/modern carbon supply and burial.  This 

observation points to a very fast and probably also very efficient net loss of terrestrial OM 

at the terrestrial-marine interface, compared to other shelf regions.  The TOC data imply 

low carbon concentration on the shelf areas, while at the same time dominated by marine 

OM.  This conflicts with the general relationship between sources to sink processes, 

questioning the global validity of computational models to predict or reconstruct carbon 

budgets and cycles on global and regional scales.      

Chapter 5: Model estimates of OC pools in the SCS – comparing simulation and 

calculation-based approaches 

To investigate potential bias in numerical models, several different solutions are 

compared and evaluated to identify the most accurate approach.  To increase the accuracy 

and likelihood of the model, several numerical solutions are combined.  The output of 

these models is compared with the geological setting and used to extract potential carbon 
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source regions composition (Δ14C and δ13Corg).  Such information concerning source 

compositions is currently unavailable for the study area.  Chapter 5 features a Bayesian 

statistical approach, which, in combination with an iterative framework, leads to novel 

insights of diverse OC pools, some of which cannot be not directly measured (e.g. 

petrogenic carbon). The iterative approach validates different OC end-members and 

gradually refines the model outcome.  Using this novel approach OC pools can be 

validated and missing OC pools (e.g. petrogenic or dead carbon) identified.  The new 

approach emphasises the importance of individually picked end-members for different 

environments as opposed to the common approach to apply generallised end-members.  

The used model allows identifying the general distribution of OM, segmented into 

different fractions of carbon pools and the trend of an accumulated type of OM can be 

confirmed.  The iteration first identifies components, while the Bayesian statistics 

provides a mathematical estimate, creating a robust and reliable overview of carbon pools 

and their approximate size fractions. 

Chapter 6: Distribution patterns and transport mechanisms of synthetic halocarbons 

in the SCS – an ‘unconventional biomarker’ approach to trace ocean contamination 

The presence and distribution of persistent organic pollutions caused by anthropogenic 

activity are documented using the selected compounds tris(2-chloroethyl)phosphate, 

tris(2-chloroisopropyl)phosphate and triallate to build a foundation for future work 

concerning marine pollution.  The distribution and abundance of these compounds is 

compared with observations made for organic matter (Chapter 1- General Introduction 

and 2 – Material and Methods) to investigate similarities in transport pathways and 

mechanisms.  The presence of these compounds requires immediate action, such as 

quantification and study of toxicologic impact on marine life, to prevent accumulation 

over critical thresholds, which also need to be identified.  

To provide a broader interpretational framework, detailed information is provided in the 

general introduction (Chapter 1 - General Introduction), the Methods chapter (Chapter 2 

- Material and Methods), and a summary conclusion and future work perspective (Chapter 

7).   
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1.2 Study Area 

1.2.1 Geographical setting  

South Asia covers an area of approximately 5.2 x 106 km2 and is characterised by high 

biological diversity and climatic variations.  The mean annual temperature varies from 

2 °C - 50 °C and covers the tropical, subtropical, temperate, and alpine zones (Southeast 

Asia, 2009 in [33].   

The SCS covers an area of approximately 3.5 x 106 km2, with an average water depth of 

about 1.140 m [34] and a maximum water depth in some places of 5500 m [35], making 

it the largest marginal sea of the Pacific Ocean (e.g. Chu et al. and Chen et al. [36, 37]).  

The shelf sea along the study area is highly diverse, with the Gulf of Tonkin in the north 

having a maximal water depth of 120 m and an average water depth of about 45 m [38].  

Further south and west, the Gulf of Thailand has a water depth of not more than 100 m 

and an average water depth of 50 m [35].  Including the Gulf of Thailand and southern 

part of the Vietnam Shelf, the Sunda Shelf embraces a large area of about 1.8 × 106 km2 

[39] with a spatially diverse but maximum water depth of about 120 m [40] (Fig. 1).   

The SCS is bordered by China in the North, Taiwan, and the Philippines in the East, 

Brunei, Singapore, and the Malayan Peninsula in the South and Vietnam in the West 

(Fig. 1).  The SCS covers over 250 small islands and atolls, most of which are 

uninhabitable since they are permanently below the ocean surface or submerged by tide.   
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Figure 1) Geographic overview of the study area, located in South-East-Asia.  The Sunda Shelf, Gulf of 
Tonkin, and Gulf of Thailand are pre-defined geographic landmarks.  Bathymetric data indicates shallow 
areas (light blue) and deeper areas (darker blue) 

The study area covers the westernmost part of the SCS, which is segmented into the Gulf 

of Tonkin, Vietnamese Shelf, Vietnamese Coast, Sunda Shelf, and Slope/Deep Sea 

(Fig. 2).  The working area includes estuaries from major and small rivers from Vietnam, 

Hainan (China), Thailand, Malaysia and Indonesia, to capture the link between continent 

and ocean.  The Vietnamese coastline offers a unique opportunity to study a variety of 

different shelf systems in a relatively small-scaled region.  The region includes very 

narrow shelves (western-central coast of Vietnam) to wide ranged (Gulf of Tonkin) and 

very wide range systems (Sunda Shelf).  On the western-central Vietnamese Shelf, the 

transport distance from land to deep sea is short.  The Gulf of Tonkin is a semi-closed 

system with large river in-flow from the Red River, providing significant input of 

continental OM.  The Sunda Shelf in the south is characterised by long transportation 

distances from land to the deep sea.  Major rivers flow into the western part of the SCS, 

e.g. the Red River, Mekong River, Rajang River and Chao Phraya (Fig. 2).  The Gulf of 

Tonkin is connected to the deep sea through a narrow mouth (Fig. 1 and 2), while the 



Chapter 1 - General Introduction  

 

9 

 

regions Vietnamese Shelf, Vietnamese Coast and Sunda Shelf exhibit direct, unobstructed 

pathways to the deep sea.  Furthermore, the Gulf of Tonkin is a Cenozoic rift basin [41] 

with the occurrence of neritic relict sediments, which primarily consist of terrigenous 

material.  These neritic relict sediments might act as preferential storage/ source for pre-

aged carbon, which is relevant to Δ14C dating and related interpretations, making this 

region a prime area for geochronological studies of mixing between multiple sources.  

The continental margin east of central Vietnam is very narrow and acts as a direct link 

between land and the deep sea.  These distinct geographical differences have implications 

when comparing Δ14C data, as mixing of pre-aged sediments and fresh material is 

expected to be less likely or less efficient along the Vietnamese Shelf.  Additionally, 

recent measurements and simulations [16] discuss the influence of the Qiongzhou Strait 

between Hainan and the Chinese mainland, which flows westwards year-round, forcing 

a cyclonic circulation in the Gulf of Tonkin throughout the year (6).  This cyclonic setting 

limits the number of external sources of OM in the gulf. 

 

Figure 2) Geographic overview of sample locations, such as rivers (red dots), marine surface sediments 
up to 200 m depth (yellow dots) and marine surface sediments with depth greater than 200 m (blue 
dots).  Samples are grouped into geographic regions named: Gulf of Tonkin (red); Vietnamese Shelf 
(purple); Vietnamese Coast (blue), Sunda Shelf (yellow) and Deep Sea (green). 
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1.2.2 Geological setting 

The SCS is tectonically located at the intersection of the Eurasian, Pacific, and Indo-

Australian plates.  It formed between ~ 32 Ma to ~ 16 Ma on the Cenozoic continental 

margin [42].  Since then, it has undergone almost a complete Wilson cycle, from 

continental breakup to seafloor spreading and subduction of the seabed [16].  South China 

has been tectonically stable (cratonic) since the Mesozoic [16].   

In the western part of SCS, in the province of Guangxi, Palaeozoic-Mesozoic carbonate 

rocks (mainly Permian-Triassic limestone) dominate.  The Indochina Peninsula to the 

west of the SCS, with the adjacent eastern Tibetan Plateau, consists mainly of Palaeozoic-

Mesozoic sedimentary rocks with a low proportion of plutonites and volcanics [43].  

Along the fault zone of the Red River and in the coastal mountains of the eastern 

peninsula small amounts of magmatic and Precambrian metamorphic rocks are found 

[44].  The Red River fault zone is still tectonically active with an average slip rate of at 

least 5 mm/yr. since the Pliocene [45–47].  Mesozoic sedimentary rocks (mainly 

sandstone and mudstone) dominate lowlands of the southern Indochina peninsula.  Larger 

Neogene basalt bodies (Fig. 3) intrude them. 

In the south, the Malay Peninsula consists mainly of Palaeozoic-Mesozoic granite and 

granodiorite as well as Palaeozoic sedimentary rocks [48], comparable to the lithology of 

the eastern part of southern China.  As part of the Sunda Lands, the Malay Peninsula has 

been tectonically stable since the Mesozoic [49] (Fig. 3). 

On Sumatra, the main surface rocks exposed are Quaternary interstitial and basic volcanic 

rocks in the mountains and sedimentary rocks in the northwest [48].   

By contrast, Borneo is predominantly comprised of sedimentary units, some of which are 

described as deep marine sediments.  Igneous intrusive and extrusive rocks are rarely 

exposed at the surface [50] (Fig. 3). 
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Figure 3) Lithological map of the terrestrial land masses adjacent to the study area, data from Hartmann 
and Moosdorf [44].  Important features are the presence of carbonate sedimentary rocks (blue), felsic 
igneous rocks (red) and basic igneous rocks (purple), which can have distinct δ13C isotopic composition 
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1.2.3 Climate conditions  

The SCS has a tropical to subtropical climate characterised by the bi-annual occurrence 

of monsoons.  For the SCS, the East Asian monsoon system is most important [51]. 

The monsoon system results from complex interplay of physical parameters (solar 

radiation, heat capacity, etc.), which forces a horizontally oriented energy gradient [52].  

Seasonality in mean air surface temperatures creates variation in the observed monsoonal 

patterns [52].  The duration of the monsoon period in winter is approximately six months, 

while the summer monsoon is shorter and of lower intensity [53].  The most notable 

feature relevant for this study is the chance in mean surface wind stress, which reaches 

its maximum of 0.3 N/m2 during December (winter-monsoon), while the summer 

monsoon has values of 0.1 N/m2.  This has direct effects on the surface currents of the 

study area.  For a detailed explanation on how the monsoon systems form, a detailed 

summary can be found in e.g. Paeth et al. [52] (Fig.4).   

 

Figure 4) Simplified overview of oceanographic features, dotted line: ocean current circulation during 
winter, black solid lines: ocean current circulation during summer.  The red arrows indicate the direction 
of monsoon winds as labelled in figure, based on Wang et al. [54] and Liu et al. [55] 



Chapter 1 - General Introduction  

 

13 

 

The main wind axis during the winter monsoon stretches in the SCS from the southern 

tip of Taiwan to the southwest to Borneo [56].  Between the summer and winter 

monsoons, there are inter-monsoon phases over a period of one to two months.  In these 

situations, the prevailing wind direction turns, the phase has relatively low precipitation.  

Wind strengths up to 4 m/s are achieved.  During the summer monsoon, temperatures are 

between 28 °C - 30 °C throughout the SCS, and fall by 4 °C - 7 °C during the winter 

monsoon [56].  The main monsoon seasons are between mid-May to mid-September [53] 

and between December and February. 

Every couple of years El Niño Southern Oscillation (ENSO) affects the study region 

causing a marked increase in the sea surface temperature  (up to 3 °C e.g. Narman [57] 

data from https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml), 

while the wind intensity is reduced, and the surface circulation comes to an almost 

completely halt.  This situation effectively overheats surface waters across the study 

region, which leads to a collapse of the primary bio-production and thus a lower flux of 

marine OM to the sea floor, effectively slowing the carbon pump.  La Niña events have 

the opposite effects on wind and temperature, relative to El Niño, and typically follow the 

occurrence of El Niño.  Under La Niña conditions, surface circulation and surface water 

perturbation are increased due to higher wind speeds, reducing surface water temperatures 

but enhancing primary production.  The dynamics of monsoons and ENSO are intimately 

linked [58], with ENSO events having a direct impact on regular monsoon conditions.   

1.2.4 Vegetation zones and Types of plants present in the study area  

Southeast Asia is divided into two different main climatic zones, which strongly influence 

the type of vegetation.  These regions are the Indochina Peninsula (includes Thailand, 

Vietnam, Cambodia, Laos and Myanmar) and the Insular Southeast Asia.  The study area 

has a humid subtropical climate with a dry winter season; much of the area receives a 

high amount of annual rainfall [33].  Most of the Indochina Peninsula is covered by 

tropical forests, which includes both rainforests with rainfall during the entire year and 

monsoon forests which experience dry episodes [33].  Prior to the description of 

vegetation zones, a general classification of plant types is provided, as these are 

intertwined with the vegetation zones.  This is followed by a country and region specific 

characterisation.  Some regions adjacent to the study area are reported for completeness, 

since the data have been used to formulate first hypotheses of this thesis.  However, 

continuous work has rendered some of these regions redundant in this study, as no 

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml
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immediate link could be established.  Still they contribute to the solidification of the 

scientific framework and are made available to the reader.  

Since the vegetation cover has immediate impact on the OM composition transported 

from land to ocean interface mainly by river systems, regions and countries are described 

individually.  This anticipated complexity in regional OM source composition is 

supported by δ13Corg isotopic data and Corg/Ntotal data presented and discussed in Chapter 

3. 

The different types of metabolism of different plants (C3, C4, Crassulacean acid 

metabolism (CAM)) result in indistinct geo-chemical signatures.  These signatures are 

highly useful for the interpretation of OM sources in SCS surface sediments.  Below these 

main types of vegetation are briefly introduced along with their diagnostic properties . 

C3 and C4 type plants have different optimum conditions for growth.  C4 plants generally 

prefer high temperatures and low pCO2 ecosystems [59].  C3 plants, C4 plants and CAM 

plants (which are not a focus of this study) have three different metabolic pathways for 

carbon fixation in photosynthesis, with C3 being the most common one.  The C3 carbon 

fixation converts CO2 and ribulose bisphosphate into two molecules of 

3-phosphoglycerate.  This reaction is the first step of the Calvin-Benson cycle.  The 

Calvin-Benson Cycle converts CO2 and other compounds into glucose, with three phases 

of light independent reactions: carbon fixation, reduction reactions, and ribulose 

1.5-bisphosphate (RuBP) regeneration.  These processes only occur when light is 

available.  The key enzyme for carbon fixation is Ribulose-1,5-bisphosphate carboxylase/ 

oxygenase (RuBisCO), which mediates carboxylation of C5 sugar during carbon 

assimilation.  Different from that, C4 plants are using the Hatch-Stack pathway for the 

fixation of carbon in addition to the Calvin-Benson Cycle.  C4 plants internally 

concentrate CO2 before carbon fixation, giving C4 plants a competitive advantage over 

C3 plants when the ratio of atmospheric CO2 to O2 is low.  C4 plants have a similar 

advantage when growth temperatures are high and the oxygenation functionality of the 

Rubisco enzyme can out-compete the carboxylation functionality in the absence of a 

CO2-concentrating mechanism.  The ability to increase internal CO2 concentrations also 

allows C4 plants to decrease their stomatal conductance, thereby increasing their water 

use efficiency.  This provides C4 plants with an advantage over C3 plants under hot, high 

irradiance water-stressed conditions.  Both C3 and C4 plants are using CO2 out of the 

atmosphere but they discriminate differently against δ13C [60], which is reflected in the 
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metabolism of the plant and in the growth environment [61].  The primary cause of 

photosynthetic carbon isotope fractionation is driven by differences in molecular 

diffusion of CO2 through stomatal pores on leaves and followed by differences in 

carboxylation rates by the RuBisCo enzyme in C3 plants [62].  The presence of carbonic 

anhydrase in C4 plants causes an equilibrium or near equilibrium state, which reduces 

carbon isotopic fractionation relative to C3 plants [60].  The important controls on 

vascular plant δ13C values are the isotopic composition of the atmosphere and 

environmental and physiological variables [63, 64].  The stable carbon isotopic range of 

C3 plants (-21 ‰ to -32 ‰) is strongly depleted relative to C4 plants (-9 ‰ to -17 ‰) 

[65].  The δ13C values for C4 plants are much less dependent on environmental variables, 

than C3 plants [66].  Examples for C3 plants are grasses, crops etc., while examples for 

C4 plants are sweetcorn, sugarcane, millet etc..   

In Chapter 3, the bulk sediment δ13C isotopic composition is used to identify the most 

likely source reservoir, using the compositional difference expected between C3 and C4 

plants.  The bulk sediment δ13C values range from -20.3 ‰ to -29.5 ‰, which overlaps 

with the range ascribed to C3 plants.  In Chapter 3, this observation will also be compared 

with vegetation cover information and other geochemical data, to corroborate the 

interpretation of the δ13C isotope data. 

1.2.4.1 Guangxi province - China  

Guangxi is a Chinese province, located directly on the Vietnamese border in the east 

(Fig.4).  The coastal zones of Guangxi are in the southwest of mainland China and the 

northern region of the Gulf of Tonkin.  The Province is influenced by southern subtropical 

monsoon climate.  Guangxi’s coastline is covered by mangroves, and, according to the 

results of a comprehensive inventory in 2007 [67], the total area of mangroves in Guangxi 

is 9,197.4 ha [67].  Humid rain forest covers Guangxi, like Hainan and tropical karst rain 

forest [68].  The presence of mangroves is important when attempting to interpret the δ13C 

isotopic composition of riverine and marine sediments.  Mangrove root systems act as 

filters for debris and POC [69], and thus variations in the δ13C isotopic composition could 

reflect variations in the terrestrial input controlled by physical factors.   

1.2.4.2 Hainan 

The climate of Hainan is strongly controlled by the monsoon.  Hainan itself is 

characterised by a mountainous landscape in its centre.  The mountains reach an altitude 

of ~1900 m above sea level.  Tropical deciduous forests and grass forests at altitudes 
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between > 500 m and 1000 m usually characterise the vegetation.  The vegetation is 

otherwise dominated by evergreen, deciduous dwarf forests, and farmland (e.g. rice, corn, 

and sugar cane) in the lowlands.  Along the sandy beaches and mangroves, there are 

coconut palms.  Muddy sediments can be found in the coastal areas [70].  These features 

are combined with the newly established geochemical data that reflect local influence on 

those signatures. 

1.2.4.3 Vietnam 

Vietnam divides into two different climate zones; predominated subtropical climate in 

the north, while the south is tropical.  In the southern part and the Mekong River delta in 

particular, 78 % of the agricultural area was used for rice production in 2000 [71].  The 

rice fields are located in irrigated land and in the rainforest, lowlands, and highlands.  Rice 

is grown throughout Vietnam, also in the Red River delta in the north, where 74 % of 

agricultural land is used for rice cultivation, which equivalents to 573,900 ha [72].  This 

information is important to evaluate potential C3 plant biomarker signals (e.g. rice), as 

these may provide insight into the source and distribution of OM transported from the 

continent to marine environment.  In the Mekong River delta, mangrove forests are 

abundant.  They cover the entire Ngoc Hien district and part of the Nam Can district of 

Ca Mau province [73] in the south of Vietnam.  Mangrove vegetation is also found in the 

north of Vietnam along the Red River Delta coastline [74].   

1.2.4.4 Thailand 

Tropical deciduous forest is one of the natural assets in Thailand [75].  It consists of mixed 

deciduous trees, dry dipterocarp, and savanna forest.  The deciduous forests occupy 53 % 

of the land in the north and 11 % in the west and northeast.  In Thailand, mangroves 

occupy the tidal zone of the western and eastern coasts [76].  These mangrove forests 

continue to fade through deforestation, albeit their area is used for shrimp aquaculture.  

While only a few samples from Thailand have been available for this study, the estuaries 

and OM input potentially influence the NW part of the Sunda Shelf.   

1.2.4.5 Malaysia 

Malaysia is mainly covered with rainforest; a special focus should be laid on the region 

Sabah.  Sabah is located on the island of Borneo and Malaysia’s second largest state.  It 

is possible, but very rare to find pristine tropical rainforest with a very diverse flora and 

fauna.  They distinguish from other main tropical rainforests because of the dominance 
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of one family of trees (Dipterocarpaceae, commonly known as dipterocarps) [77].  The 

localised occurrences of species can potentially be used to explore novel tracers, such as 

FAME.  This requires OM samples from leaves, branches, and stems, to permit 

comparison with bulk sediment compositions.  Another potentially diagnostic plant is 

Durio graveolens [78], which is a source of the FAME n-C15:0, but occurs throughout the 

southern SCS.   

Forests are distributed along the coast as well as on some offshore islands (Sabah Forestry 

Department 1989).  In drier areas between mangroves, nipa palms and wet swamp forest 

rest transitional forest.   

1.2.4.6 Sumatra 

Rainforest and mangroves mainly cover Sumatra, as part of Indonesia.  Both habitats are 

threatened by deforestation.  From 1985 to 2010, Sumatra lost nearly 7 million hectares 

of rainforest and much of its rich biodiversity [79].  The reasons for this massive 

deforestation and forest degradation are due to the large-scale conversion to wood or oil 

palm plantations, including illegal logging and forest fires [80]. 

Mangrove forests are located on the east coast of northern Sumatra.  They are severely 

threatened by anthropogenic interventions such as aquaculture, oil palm plantations and 

urban development [81–83].  The mangrove forests decreased by more than 61 % between 

1990 and 2015 [84].   

1.2.5 Fluvial Discharge 

Rivers are of critical importance for transport of terrigenous material from land to the 

ocean.   The terrigenous material composition influences the geochemical processes close 

to the coast, including degradation processes.  Nearly every large river on earth is 

modified by human interactions and these modifications have wide reaching impacts on 

the global water cycle and ecosystems [85–88].  In Chapter 5, numerical models used to 

estimate marine and terrestrial proportions seemingly respond to changes in terrestrial 

lithologies.  This however requires evidence that sufficient water masses, which carry the 

geochemical composition of these source regions, are transported.  Therefore, available 

literature data is presented here.  Most river systems in the study area are well constrained, 

except for Borneo and Sumatra, for which only estimates exist. It was therefore decided 

in this study not to include flows and signatures of OC from Borneo and Sumatra. 
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Almost half of the total sediment discharge in the SCS is derived from the island of 

Borneo and Sumatra and is estimated as 957 Mt/yr. [89].  Continental rivers in the source 

regions of the SCS supplied ~2.5 x 109 t/yr. (Gigatonnes per year) of suspended sediment 

in the past [90]; this flux is now less than 1 x 109 t/yr. as of 2007 [91], accounting for 

more than 10 % of the global sediment discharge [90].  The consequences of these 

fundamental changes in river sediment runoff are not foreseeable.  The SCS is the world’s 

largest sink of fluvial sediments in semi-enclosed and enclosed systems [16].  Nearly 80 

% of the total SCS surface sediments are transported by rivers [92].  The role of dam 

construction is considered to be of strongest influence on sediment discharge estimates, 

requiring careful re-evaluation of sediment discharge rates [91, 93].   

Across the wider study region, annual sediment discharge has decreased to less than 1 Gt 

over the past decade (as of 2007) as a result of human activities [91].  During the last 

2000 years the sediment discharge has been a source of land formation, especially in delta 

regions [91].  Jointly, all major rivers in the wider study region (Yellow River, Yangtze 

River, Pearl River, Red River, Mekong River, Chao Phraya, and Irrawaddy River) 

deposited more than 40 km2 of new land annually, sustaining delta plains along the 

Southeast and East Asian coasts.  At present, new land formation has reached a standstill, 

with some delta areas starting to shrink [91].   

Some of the main rivers that feed into the SCS are described in the following section.  

These include the Red River, the Mekong River, the Chao Phraya, and the Rajang, but 

also some small rivers like the Nanliu River in China or the Song Ba in central Vietnam 

(Fig. 5). 
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Figure 5) Sediment discharge has been estimated as taken from the study of Liu et al. [16].  The Mekong 
River and Red River are the largest contributors in the study area.  Borneo, despite its high discharge 
rate, is relatively distal to the samples taken.  The red arrows and numbers indicate observed fluvial 
sediment discharge (in million metric tons).  The orange arrows and numbers are modal sediment 
discharge data for Sumatra and Borneo 

1.2.5.1 Red River   

The Red River is the second largest River of Vietnam; it has a total length of about 

1.150 km [94], with the spring located in the Yunnan Province in China, at an elevation 

of ca. 2000 m [95].  The Red River is a heavily branched river system, widening the 

effective area it drains.  The triangulate delta mouth (14 x 103km2) and its coastal frontier 

are located in Vietnam with a total length of about 150 km.  The Red River has two 

tributaries, the Da River in the north and the Lo River in the south [96].  Typical for the 

Red River is its characteristic red colour, caused by its sediment load rich in red laterite 

soil (mountainous upper reaches in Yunnan, China [97]).  The Tectonic setting in East 

Asia causes a narrow, fault-controlled valley, which embeds the Red River.  The valley 
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is located within the middle reaches [98].  After passing ca. 225 km of terrestrial area, the 

river flows into its triangular delta, surrounded by limestone cliffs at the northern and 

southern limits of the delta [97].  The Red River drains a total of ca. 160 x 103 km2 of 

terrestrial matter [99].  The subtropical monsoon climate contributes to the erosion of the 

plane, especially during boreal summer.  However, the sediment discharge of the main 

distribution has recently decreased from 20 – 25 Mt/yr. to ~10 Mt/yr., significantly 

effecting the delta.  The principal reason for this massive decrease in sediment discharge 

is damming [100].  The sediment discharge from the Red River enters the Gulf of Tonkin 

and is finally deposit in the SCS [101].  The Red River estuary is influenced by tide, with 

a tidal range of ca. 4 m [102].   

1.2.5.2 Song Ba 

The Song Ba (Ba River) with a length of 390 km is the longest river of central Vietnam 

[103].  It has a drainage area of 14 x 103 km2, and supplies 1 x106 t/yr. suspended sediment 

into the SCS [99].  The Ba River has its source in the Kon Tum Province, the river drains 

the basin in the highlands of Vietnam, which are at an average elevation of about 800 m 

[103]. 

1.2.5.3 Mekong River 

The Mekong River is the largest river of Vietnam and the twelfth longest river of the 

world.  The river runs also through the Tibetan Plateau, Yunnan Province in China, 

Myanmar, Laos, Thailand, and Cambodia.  It has a total length of about 4800 km and an 

estimated drainage area of around 795000 km2 (Lu and Siew 2006).  The Mekong River 

springs in the highlands of eastern Tibet (Himalaya) at a mean altitude of about 5 km 

[104, 105] above sea level.  The river is divided into two sections, the upper (which 

accounts for ca. 24 % of the total drainage area) and the lower Mekong River basin (with 

a drainage area of ca. 76 %) [105] and terminates in a triangular shaped delta.  The climate 

of the upper Mekong River basin is very different compared to the lower part of the 

Mekong River.  The upper Mekong River basin is located on the Tibetan plateau, which 

has a very cold climate.  The lower basin part is influenced by tropical climate and by 

monsoon seasons [104].  The Mekong River had an annual sediment discharge of ca. 160 

x 106t/yr. in the 90s [90].  Newer publications indicate sediment load discharge of about 

110 x 106t/yr. [99] a net discharge decrease.  The reason for decreasing sediment 

discharge is damming, with a negative impact on the ecosystem for the Mekong River 

region [104, 105].   
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The main part of the delta region is only <2 m above sea level, approximately 1 mi. ha 

are affected by tidal flooding and 1.7 mi. ha by salt water intrusion [71].  The river-mouth 

area is mesotidal with irregular semidiurnal tides.  The mean tidal range is 2.5 m ± 0.1 m 

and the maximum tidal range is 3.2 m to 3.8 m [106]. 

1.2.5.4 Chao Phraya 

The Chao Phraya located in Thailand is divided geographically into upper and lower 

basins.  The upper basin is mountainous, with 40 % forest cover and 41 % cultivated land 

[107].  The lower basin has a total drainage area of 160 x 103 km2 [99], other authors 

suggest a slightly lager discharge area of about 162 x 103 km2 [108–110].  The river length 

in the lower basin is 1,200 km [99]. The Chao Phraya River, located in an urbanised 

region of central Thailand, passes through 11 regions along its 372 km path, including the 

largest cities in the country, Bangkok (current capital) and Ayutthaya (former capital).  

The basin covers roughly 31 % of the country’s land surface and it is the largest river 

basin in Thailand.  The total sediment discharge decreased from 30 x 10 km2/yr. to 

3 x 10 km2/yr. [99] due to dam construction.  Here the mean tidal range is ca. 1.2 m, and 

the maximum tidal range is ca. 2.5 m.   

1.2.5.5 Rajang River 

The Rajang River is located in East Malaysia (Sarawak) and with a total length of 560 km 

it is the longest river of the country  [111, 112].  The size of the Rajang River drainage 

basin is about 50,000 km2.  The coastal plain is crossed by four large rivers, which have 

drainage basins of an average of 3,000 km2 each.  At the coast, spring tides range from 

2.9 m to 5.8 m [113].  Peatlands with a thickness of 1 m – 20 m cover the delta area by 

50 % to 80 %.  The flow rates of the Rajang River vary considerably, between <100 m3/s 

to about 3,600 m3/s and transports suspended sediment loads between 0 mg/l to almost 

2,300 mg/l.  The addition of these fine-grained sediments increases the area of the delta 

by approximately 1.0 km2/yr. [114].   

1.2.5.6 Nanliu River 

The Nanliu River is located in the Guangxi province in China and it is the largest River 

of southwest China [115].  It enters into the northeastern Gulf of Tonkin.  The Nanliu 

River has a total length of ca. 280 km [115].  The total area of the catchment basin is 

ca. 9,700 km2, which covers of cities of Qinzhou in its middle and Beihai in its lower 

reaches [116].  Topographically, the basin is high in elevation in the north and becomes 
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progressively lower towards the southwest.  Downstream an alluvial plain developed 

(Hepu County), with fertile land [116].  The river has an annual discharge of 

1.7 × 109m3 – 8.0 × 1010m3 and an annual average suspended sediment flux of about 

1.2 × 106 t [117].  The Nanliu is influenced by tides; mostly diurnal macro tides of up to 

4.5 m induce long desiccation times of on average 18 h daily [118]. 

1.2.5.7 Other Rivers 

In addition, there are many smaller rivers adding the SCS from the e.g. Vietnamese coast, 

without detailed records of sediment transport etc.. Their sediment discharge should not 

be neglected, but at present are not accurately quantifiable.  However, it is estimated that 

they only contribute a few million tons to the sediment load, which is entering the SCS 

[16].  In general, most of the world’s rivers are largely ungauged [119]. 

1.2.6 Seasonal surface ocean current dynamics 

In the SCS, continental runoff and sea surface temperatures (SST) fluctuate in response 

to seasonal climate cycles and monsoonal intensity.  In boreal summer, SST range 

between 27.5 oC and 29.5 oC [120], alternating with 20 oC and 24 oC during boreal [121].  

Previous studies have demonstrated that the surface waters are partially mixed with water 

from the Pacific Ocean via the Kuroshio Current, which enters the SCS through the Luzon 

strait (e.g. Lie et al.; Chern et al.; Chen et al. and Lüdmann et al. [16, 122–124]).  The 

Kuroshio Current mixes with the SCS waters up to a depth of ca. 300 m [125].  The 

majority of samples investigated in this study are affected only by surface and 

intermediate current dynamics, which are introduced below. 

The upper layer circulation directly responds to the seasonal changes of monsoon wind 

stress curl, with additional influence from the Kuroshio Current in its northern part 

tangential to the study area [126].  During boreal winter, a basin-wide cyclonic gyre (the 

NW Luzon Cyclonic Gyre) develops in the northern SCS (Fig.4).  This gyre is comprised 

of two units, one directly northwest of Luzon (called NW Luzon Cyclonic Eddy) and the 

other located at about 17 °N and 116 °E [127].  The northeast SCS warm current is a flow 

separated from the SCS Branch of the Kuroshio Current.  The coastal current along the 

northern shelf (called the Guangdong Coastal Current) flows southwestward during the 

winter monsoon, controlled by its winds.  In summer, the NW Luzon Cyclonic Gyre still 

exists in the northern SCS but weakens and shifts eastward, while the NW Luzon 

Cyclonic Eddy remains in position, almost stationary [127].  The mesoscale anti-cyclonic 

SCS branch of the Kuroshio/SCS warm current eddies shifts southeast ward and the 
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reversed Guangdong Coastal Current merges with the SCS warm current, to become the 

prevailing north easterly surface current forced by the summer monsoon winds [16] 

(Fig. 4).  Controlled by the NW Luzon Cyclonic Gyre, the coastal current west of Luzon 

(called the NW-Luzon Coastal Current) flows to the north, unaffected by monsoon winds.  

The intrusion of the Kuroshio Current can occur any time of the year but is a transient 

phenomenon, present less than 30 % of the year [128].  The westward movement of 

mesoscale eddies originating from the Kuroshio Current intrusion is important for the 

transport of mass, heat, salt, and sediment in the northern SCS [129].  Driven mainly by 

monsoon winds, the southern SCS is dominated by the SCS Southern cyclonic gyre in 

winter, which extends onto the northern Sunda Shelf [127].  At the northern edge of SCS 

southern anti-cyclonic gyre is a very strong offshore-directed jet called the SE Vietnam 

Offshore Current, which is located at a latitude of about 11°N [16].  The central SCS 

circulation is governed largely by the interaction between the northern and southern SCS 

current systems although it is not yet well understood (e.g. Liu et al. [16]). 

Circulation in the Gulf of Tonkin was traditionally considered to follow seasonal 

monsoon atmospheric patterns with north-easterly winter winds forcing a gulf-wide 

cyclonic gyre, and south-westerly summer winds driving an anti-cyclonic circulation  

[121, 130].  Recent measurements and simulations, however, identified that the 

Qiongzhou Strait (Fig. 4) plays a key role in the establishment of a cyclonic gyre in 

summer [38], effectively resulting in cyclonic circulation in all seasons for the Gulf of 

Tonkin [131–133].  In the Gulf of Thailand, surface currents are driven mainly by 

seasonal monsoon winds and are anti-cyclonic in summer (March – August) and cyclonic 

in winter (September–November), with weak currents throughout the area during January 

to February [134].   

Satellite images and dynamic computations reveal a cross-basin wind-induced summer 

surface jet flowing northeastwards from central Vietnam.  The jet speed declines to 

0.20 m/s at 50 m water depth [53] and extends from 110 oE, 10 oN to 120 oE, 18 oN.  This 

is proximal to the boundary between the southern and northern parts of the SCS [126, 

135] and close to the axis of maximum monsoonal winds [136, 137].  The water 

temperature in the areas where upwelling occurs is typically ~ 24 °C - 25 °C, 3°C - 5 °C 

lower than surrounding water [138]. 

The currents in the western SCS form a complex system that has not yet been fully 

described [16, 139].  The current lack of a detailed and accurate current map covering the 
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entire SCS complicates the use of localised current models, since they may well be 

associated with large uncertainties.  Instead, a regional model for marine currents in the 

SCS seems the more robust approach.  Su et al. [1], incorporated global parameters to 

derive a current model for the entire SCS, based on MPIOM (Fig.6a and b).   

MPIOM is a free-surface ocean general circulation model formulated on a z-coordinate 

system in the vertical and an Arakawa-C Grid [140].  Marsland et al. [141] gives details 

of the model equations, bulk formulae and physical parameterisations.  Arbitrary 

placement of the model’s poles on an orthogonal curvilinear grid offers advantages over 

conventional grids.  It allows for the construction of regionally high-resolution models 

that maintain a global domain and thus avoid the problems associated with open 

boundaries [141, 142].  Further details about the used model can be found in Su et al. [1]. 

1.2.7 Primary production  

The central deep part of the SCS is largely oligotrophic [55], contrasted by the 

biologically highly productive shelf regions, driven by local fluvial discharge events [51, 

143] and seasonal upwelling in certain regions (Fig. 6c).   

During the summer monsoon, high biological productivity is augmented by southwest 

winds and the associated mixing of the upper water column, as well the nutrient supply 

from the numerous rivers draining the coastline [51, 143].  Marine OM production, 

especially in the Gulf of Tonkin near Hainan and along the continental margin east of 

Figure 6) Average surface currents during summer (a (left)) and winter (b (middle)), based on MPIOM 
model by Su et al. [1] and upwelling areas (c (right)).  During winter, the southern and eastern part is 
characterised by well-defined cyclonic structures.  During summer, only loosely defined large-scale 
patterns are visible 
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Vietnam, is strongly influenced by continental upwelling [144].  Similar to cold eddies, 

these upwelling cells serve as rapid and efficient transport pathways for carbon and 

nutrients, as documented by high quantities of Chlorophyll-α (Chl-α) during boreal 

summer [145].  Across the study shelf area, nutrient and Chl-α-concentrations are 

seasonally influenced by hydrographic patterns, with high variability in winter compared 

to the summer [145, 146].  Tropical storms during the monsoon seasons contribute to 

deep mixing of the water column, transporting nutrients to surface waters enhancing 

primary production [147].   

The monsoonal impact on the current dynamics are physically restricted by thermohaline 

properties, limiting the impact to a maximum of ca. 350 m water depth [148].  This 

implies that intermediate and deep waters in the SCS are unaffected by direct monsoonal 

influence.  Instead, they are influenced by fluctuations in the inflow from the Western 

Pacific through the Luzon Strait [149, 150]. 

1.2.8 Southern SCS shelves as regions of prime carbon production and OM burial – 

a geological perspective 

Although not a direct study object of this project, the geological dimension of the study 

area is summarised as a dynamic region of major carbon production and burial linked to 

Late Quaternary glacial-interglacial sea level fluctuations.  With sea level lowering well 

above 100 m during the last glacial maximum [151, 152], a pattern that re-occurred in 

earlier glacial stages, large parts of the SCS shelf (in particular the Sunda Shelf, which 

covers 1.85 million km2 [153]) developed into terrestrial lowland areas, supporting lush 

tropical vegetation and massive carbon stocks [154].  These lush lowland forests on 

glacial Sunda Land would have been flushed during terminations and finally drowned 

during interglacial, turning major terrestrial carbon sinks into carbon source to the 

atmosphere.  This glacial-interglacial perspective is well studied for the Sunda Shelf 

region, where large palaeo-drainage systems testify to the existence of such lowland 

terrestrial environments.  These changes in sea level are important when interpreting 

present day marine surface sediment samples, as these sediments might have been above 

sea level in the past, thus potentially representing a mixed terrestrial and marine milieu.  

The Sunda Shelf has been identified as a palaeo-plain during the last glacial maximum 

(ca. 14 ka), while the extent of the SCS was drastically reduced during this time period 

[155].  During the Pliocene and Pleistocene, this low-gradient coastal plain was 

tectonically stable, while the modern Malayan Peninsula and the Borneo and Sumatra 
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Islands constituted highlands.  From these highlands, several river systems originated, 

which drained the coastal lowland during the last glacial maximum and early stage of 

late-glacial flooding [156].  Detailed palaeo-maps are provided in figure 7.  Of importance 

for the present study is the largest palaeoriver from this area, the Molengraaff River (e.g. 

Wong et al. [157] Fig. 7 and 8), which flowed in north-eastern direction in proximity to 

one of our sample transects from the Sunda Shelf into the deep basin. 
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Figure 7) Palaeo-reconstruction of the study area by Hanebuth et al. [152].  The reconstruction is based 
on present-day bathymetric depth contours taken from the National Geophysical Data Centre (see 
Hanebuth et al. [152]) 
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Figure 8) Approximate Molengraaff Palaeoriver location in the present day South China Sea, relevant 
for the interpretation of data discussed in this study.   

1.2.9 Agriculture and synthetic herbicides  

This project also takes the opportunity to include persistent organic pollutants (POPs) of 

environmental concern into its work strategy, namely the thiocarbamate triallate and 

isomers tris(2-chloroethyl)phosphate and tris(2-chloroisopropyl)phosphate (TCPP 1 and 

TCPP 2).  This aspect directly links with urgent questions about sustainable use of land 

and oceans and contributes to an up-to-date inventory of organic pollutants in the shallow 

and deep marine environment.  Because of the geographical and historical context of the 

study region, especially Vietnam, the focus lays on evidence for preservation of synthetic 

herbicides on the estuarine and marine surface sediments. 

At the beginning of the 20th century, scientists in Europe and the US were developing 

herbicides to increase agricultural productivity by killing unwanted plants [158].  

Nowadays, excessive use of herbicide in urban areas and crop farmlands globally leads 

to concerns about contamination and health in soils, groundwater, lakes, rivers, rainwater, 

estuaries and the atmosphere [159].  The environmental impacts and toxicity of herbicides 
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on the flora and fauna are (intentionally) radical, yet the longer-term environmental fate 

of these synthetic compounds is not well studied and certainly not well 

mapped/monitored.  According to the Food and Agriculture Organization of the United 

Nations and the World Health Organization, global agriculture production is expected to 

increase by over 70 % by 2050 (relative to 2007) [5], which will inevitably result in a 

marked increase in the use of herbicides, globally.  This situation is likely to cause 

massive but unforeseeable challenges that will affect the environment and ecosystems 

from local to global scale.   

Coastal and shelf systems, including the coastal outflow of terrestrial freshwater systems, 

mark critical transition zones where terrestrially derived OM and mineral load might be 

associated with export and dispersal of herbicides in the marine environment.  Inner-shelf 

regions off the Mekong River delta and the Vietnamese Shelf are strongly impacted by 

alternating coastal-parallel currents, where materials form continental export and marine 

production is re-mobilised and transported away towards areas with reduced current 

strength further out in the ocean.  The abundance and distribution of herbicides are 

expected to follow the pathways for terrestrial OM, which is known to be controlled by a 

variety of factors that strongly vary at the local scale (e.g. hydrodynamics, oceanography, 

seasonality, tectonic regime, OM provenance, and degree of degradation).  The robust 

nature of herbicides [160, 161], however, significantly enhances the preservation 

potential of these compounds, compared to natural terrestrial and marine OM.  The 

presence of compounds which have existed for less than 100 years in marine surface 

sediments of the SCS, far off river mouths and the coastline, has not been reported before.  

But if encountered, provide insights into the settling and fixation of OM in marine 

settings, while also impacting the evaluation and interpretation of Δ14C age information. 
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2 Material and Methods  
 

The marine surface sediments for this study were sampled during several trips over two 

decades.  These are SO-115 (1996), SO-140 (1996), SO-187-3 (2006), and SO-220 (2012) 

for more details see Cruise reports (available: 

https://www.pangaea.de/expeditions/cr.php/Sonne_1969).  The deep sea surface samples 

were taken by the SIO with the R/V Xiangyanghong-10 (FS Towards-the-Red-Sun 10) in 

2015; samples around Hainan were also obtained by SIO using the R/V 

Zhongguoyuzheng (FS Chinese-Fishery-Service) in 2005.  The here used samples are 

taken by box core samplers, where the surface sediments (1 cm) are extracted.  The 

original box-cores are stored at the University of Kiel (Germany). 

The University of Tongji and the University of Hamburg took river sediment samples in 

Vietnam in 2005, in Malaysia from 2006 to 2009, and in China in 2012 (including 

Hainan).  Sample campaigns from the University of river sample campaigns are described 

in Liu et al. [16, 43, 48].  The collaboration partners from Germany and China provided 

the samples investigated in this project and the data are summarised in Appendix.   

2.1 Carbon/Nitrogen and Organic Carbon analysis 

The most common derived information from Corg/Ntotal and TOC data serve to 

differentiate planktonic / algae OM from terrigenous material.  In the aquatic 

environment, the ratio of organic carbon (OC) to total nitrogen is a variable to distinguish 

land and sea sources.  Land plants generally have a higher Corg/Ntotal ratio than aquatic 

algae.  This is related to the fact that land plants have a cellulosic and ligninous support 

skeleton, which are lacking in marine plants, shifting the ratio of Corg/Ntotal towards higher 

values. 

Carbon and nitrogen are the most common elements in OM, besides oxygen and 

hydrogen.  Carbon is a major constituent of lignin, carbohydrates, lipids, waxes, cutins, 

proteins, and nucleic acids (among others in DNA with the bases adenine, thymine, 

guanine, and cytosine).  Nitrogen, instead, is a main constituent in nucleic acids, proteins, 

amino acids, purines, biogenic amines, polyamines, creatines, porphyrins and amino 

sugars [162, 163].  Higher plants have a much lower protein content than animals 

(Corg/Ntotal ratio: 3).  Lower plants (primary production - Corg/Ntotal ratio: 6), which 

represent the majority of organic production e.g. algae etc. in the sea, have a nearly equal 

https://www.pangaea.de/expeditions/cr.php/Sonne_1969)
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Corg/Ntotal ratio to zooplankton (secondary production - Corg/Ntotal ratio: 5.4 - 5.9) due to 

the high protein content [164]. 

OC and nitrogen are representative of the proportion of organic substances in sediments 

[165], but only small amounts are present in most sediments [29].  Principal sources of 

OC in marine sediments are primary production (phytoplankton: e.g. diatoms, 

dinoflagellates, coccolithophores, cyanobacteria and silicoflagellates) and secondary 

production (zooplankton: e.g. crayfish, foraminifera, radiolarian and medusa) in the 

euphotic zone.  The photosynthetic production of aquatic primary producers is the 

dominant supplier of OM.  Chlorophyll pigments are used to convert dissolved inorganic 

carbon (DIC) and nutrients into OM while consuming energy (light).  Phytoplankton 

provides a source of food for secondary producers.  The faeces of these secondary 

producers and the remnants of the primary phytoplankton contribute to the aquatic OM 

budget.  A third factor is the admixture of terrigenous OM from higher plants and soils 

through riverine and aeolian transport [166].   

The enrichment with inorganic material in e.g. clastic sediments or carbonates can affect 

the concentration of total carbon (Ctotal), as well as the particle size fraction of a sediment 

[167].   

In clay minerals, primarily in illite, inorganic nitrogen is predominantly fixed in the form 

of ammonium [168].  Clay minerals are negative charged and may contain positive 

charged particles.  The bonding strength between the clay mineral and the particle 

depends on the position of the bond [169].  The strongest bond (as non-exchangeable 

NH4 +) occurs at the intermediate layers of clay minerals on aluminium silicates [164, 

170]. 

In the analysis of sediments, it is complicated to distinguish between organic and 

inorganic nitrogen.  Therefore, the total nitrogen content is used.  Phytoplankton and 

zooplankton are particularly enriched in proteins (containing nitrogen) that make up 

between 50 % and 70 % of the organism, in contrast to carbohydrates and lipids as well 

as other resistant substances of higher plants (represented by carbon), are preferentially 

degraded.  Selective degradation of nitrogen over carbon in the water column and in the 

sediment results in a decline in the element ratio.  The Corg/Ntotal ratio of surface water is 

4 - 7, increasing to 10 - 12 in deeper water layers (e.g. Hollerbach, [162]).   

In the water column, particulate organic carbon (POC) occurs in the form of small, 

suspended particles (1 μm - 53 μm) up to large, rapidly sinking aggregates (> 0.5 mm).  



Chapter 2 – Material and Methods 

 

32 

 

In the photic zone, suspended particles clump together i) by physical processes such as 

collision and stickiness, and ii) biological activity (scavenging and bio-aggregation) [171] 

and sink to the ocean floor.  During descent, they catch more suspended particles and 

free-living bacteria, which they partially release during the descent.  This aggregation and 

disaggregation cycle is responsible for the presence of suspended particles at greater 

depths [172]. 

From the euphotic zone, only a small fraction of dead OM that could potentially reach 

and be stored in the surface sediment sinks to the ocean floor.  Most of the OM flux is 

integrated in the food web or re-mineralised by photo oxidation, strongly 

affecting/reducing the carbon flux to the sea floor.  Two sinking processes can be 

distinguished, either as a particulate fraction (POM, POC or "marine snow") or in 

"dissolved" form (DOM) with compounds < 45 μm, the transitions between the two states 

being dynamic [173].  The faster the particles sink, the higher is their potential for 

preservation, as they are less affected by mineralisation or modification by bacterial 

degradation processes within the water column [162] and in the upper oxic, bioturbated 

sediment layers [174].   

2.1.1 Analytical procedures 

The total carbon and nitrogen content in sediments is determined using the CHN 

elemental analyser (CARLO ERBA NA-1500) [175]. 

Before determining the total N and total C content of the samples to be analysed, the CHN 

elemental analyser was calibrated.  For this purpose, three tin cartridges containing about 

0.2 mg - 0.3 mg acetanilide (C8H9NO) as standard with the known carbon and nitrogen 

contents of C = 71.09 % and N = 10.36 % were prepared, sealed and placed in the 

autosampler (sample tray), which ensures automatic delivery to the CHN elemental 

analyser.  In order to be able to asses any measurement errors, an empty tin cartridge is 

always included as blank in the calibration.   

To determine the total C and total N contents of the sample, ~ 1.5 mg are weighed into 

the tin cartridges for analysis.  The sample is combusted while adding a defined amount 

of oxygen at 1020 °C to the oxidation reactor.  A complete oxidation of the sample is 

achieved by the addition of pure oxygen and by catalytic action of the chromium (III) 

oxide and silver-coated cobalt oxide in order to extract the halogen compounds in the 

sample material.  The CO2 and nitrogen oxides (NOx) produced during combustion are 

passed under helium flow (80 ml / min) into a reduction reactor filled with reduced copper 
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as a catalyst.  The nitrogen oxides are reduced by removing the oxygen at about 600 °C, 

to N2. 

Any remaining water is collected using magnesium perchlorate (Mg (ClO4) 2) in a water 

trap.  In a gas chromatographic separation column, N2 and CO2 are separated.  For the 

qualitative and quantitative analysis of the gases, they are passed through a heat 

conductivity detector. 

To determine the total organic carbon (TOC) of the samples, total carbon is separated into 

calcium carbonate and organic carbon.  In a silver cartridge, the sample is drizzled with 

1N HCl until no more CO2 evolution occurs.  The sample is then dried and analysed using 

the CHN elemental analyser.  The method allows rapid and routine analysis of marine 

sediment with a relative error quotient of ± 0.3 % for TOC and ± 1.6 % for nitrate [176]. 

2.1.2 Calculation: Corg/Ntotal 

The Corg/Ntotal ratio is calculated as follows 

Equation 1) Calculation of Carbon/Nitrogen ratio 

𝐶𝑜𝑟𝑔/𝑁𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑂𝐶
12.011𝑢⁄ ×

𝑁𝑡𝑜𝑡𝑎𝑙
14.007𝑢⁄  

2.2 δ13Corg 

Carbon has two stable isotopes, 12C, and 13C.  12C is represented with approximately 

98.9 % in the land-ocean-atmosphere system (see e.g. Wagner et al. [177]).  13C accounts 

for ~ 1.1 % [178].  The ratio of stable isotopes serves to quantify various parameters and 

to temporal classification of climatic changes (e.g. Galfetti et al. [179]) as well as to 

analyse food network relationships (e.g. Traugott et al. [180]).  Lighter isotopes are 

energetically more favourable due to their lower mass in chemical reactions and 

accumulate in equilibrium reactions in the final product.  For this reason, the reaction 

product is always lighter than the starting material.  For the determination of the source 

of organic material in the sediment, δ13Corg values are often used.  The δ13Corg values for 

recent natural samples typically give negative values, since the isotope ratio of the 

reference material Pee Dee Belemnite (PDB) or Vienna Pee Dee Belemnite (VPDB) is 

higher than that of the biomass on land and in the ocean in recent days.  If a plant is 

operating photosynthesis, the lighter 12C is preferred.  This results in different δ13Corg 

values for different plant types.  C3 plants, which make up the largest proportion of the 

terrigenous flora, have δ13Corg values of -26 ‰, C4 plants (including grasses) have an 
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average δ13Corg value of -13 ‰ [181], whereas marine phytoplankton is at a δ13Corg value 

between -19 ‰ - 21 ‰ [182].   

The original Belemnite no longer exists, so that the International Atomic Agency (IAEA, 

Vienna) defined an alternative standard, the VPDB.  The isotope ratio is slightly depleted 

in the VPDB compared to the PDB.  The VPDB gives a mean 12C / 13C ratio of 0.0111802 

[183].  The comparison between standard and isotope ratio is calculated according to the 

following formula [182, 184]: 

Equation 2) Calculation of δ13Corg 

𝛿13𝐶 [‰] = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) × 1000 

R = isotope ratio of the sample or the standard 

The here presented data were obtained at Iso-Analytical Ltd, Cheshire UK, an external 

service laboratory.  The laboratory procedure for sample processing is described below. 

Weighed samples are placed in universal tubes, acidified with 2M hydrochloric acid, 

mixed, oven heated at 60 °C for 2 hours and left for 24 hours to allow all carbonate to be 

liberated as CO2.  The sample fractions are then isolated by centrifugation and the acid is 

decanted.  The samples are then washed twice using distilled water and centrifuged again.  

After acid washing, the fractions are oven dried at 60 °C.   

The samples are then analysed using an Elemental Analyser - Isotope Ratio Mass 

Spectrometry (EA-IRMS).  In brief, tin capsules containing sample or reference material 

are loaded into an auto-sampler on a Europa Scientific elemental analyser, from where 

they were dropped in sequence into a furnace held at 1,000 °C, where they are combusted 

in an oxygen rich environment, raising the temperature to ~1,700 °C.  The gases produced 

on combustion are swept in a helium stream over combustion catalyst (Cr2O3), copper 

oxide wires to oxidise hydrocarbons and silver wool to remove sulphur and halides.  The 

resultant gases, N2, NOx, H2O, O2, and CO2 are swept through a reduction stage of pure 

copper wires held at 600 °C.  This step removes O2 and converts NOx species to N2.  A 

magnesium perchlorate chemical trap removes water.  CO2 is separated from nitrogen by 

a packed column gas chromatograph held at an isothermal temperature of 100 °C.  The 

resultant CO2 chromatographic peak enters the ion source of the Europa Scientific 20-20 

IRMS where it is ionised and accelerated.  Gas species of different mass are separated in 

a magnetic field, then simultaneously measured using a Faraday cup collector array to 

measure the isotopologues of CO2 at m/z 44, 45, and 46.   
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2.2.1 Reference Standards and Quality Control 

The reference material used during δ13C analysis of the samples is IA-R001 (wheat flour, 

δ 13CV-PDB = of -26.43 ‰).   

IA-R001 is calibrated against and traceable to IAEA-CH-6 (sucrose, 

δ13CV-PDB = -10.43 ‰).  IAEA-CH-6 is an inter-laboratory comparison standard 

distributed by the International Atomic Energy Agency (IAEA), Vienna. 

The total ion beam data was used to determine the percentage carbon of the acid washed 

samples.  The weight loss data recorded at the acid washing stage was used to calculate 

the percentage TOC values from these percentage carbon values.   

2.2.2 Calculation of relative fractions of terrigenous and marine OM based on bulk 

carbon isotopes 

Isotopic measurements of natural samples mostly deviate from the stated reference 

values.  Therefore, first the marine and terrigenous "end-members" have to be determined, 

adjusted to the study region.  The relative proportion of marine and terrigenous OM can 

then be modelled by assuming that the measured isotope ratio of the sediment is 

composed of the isotopic ratios of the proportionate marine and terrigenous end-members.  

The percentage of marine OC (Cmarine %) from TOC can be calculated as follows [185]: 

Equation 3) Calculation of the relative marine OM fraction based on carbon isotopes 

𝐶𝑚𝑎𝑟𝑖𝑛𝑒 % =  (
(𝛿13𝐶𝑠 − 𝛿13𝐶𝑡)

(𝛿13𝐶𝑚 − 𝛿13𝐶𝑡)
) × 100 

δ 13Cs = isotope ratio of the total sediment 
δ 13Cm = isotope ratio of the marine end-member 
δ 13Ct = isotope ratio of the terrigenous "end-member" 

The percent terrigenous fraction (Cterrigenous) of the total sediment is calculated according 

to the formula: 

Equation 4) Calculation of the relative terrigenous OM fraction based on carbon isotopes 

𝐶𝑡𝑒𝑟𝑟𝑖𝑔𝑒𝑛𝑜𝑢𝑠 = 100 − 𝐶𝑚𝑎𝑟𝑖𝑛𝑒 

2.2.3 Calculation of terrigenous and marine proportions 

The absolute terrigenous and marine parts of the samples are to be calculated according 

to the following equation: 
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Equation 5) Calculation of terrigenous and marine proportions 

𝐶𝑜𝑟𝑔𝑎𝑡
= (

𝑡𝐴

100
) × 𝐶𝑜𝑟𝑔 

𝐶𝑜𝑟𝑔𝑎𝑡
= Corg absolute terrigenous share 

tA = percentage terrigenous portion 

2.3 Mineral Surface Area (SA) 

The general relationship between grain size and TOC is commonly that smaller grain 

sizes show higher TOC [186, 187].  The positive correlation between TOC and fine grain-

size-fraction is attributed to clay minerals and their properties.  Clay minerals are efficient 

in binding with OM (e.g. Kleber et al. ; Blair and Aller, [188, 189]) and due to their sheet 

silicate structure higher SA to volume ratios.  In non-ideal or natural systems, the slope 

between TOC and SA can be variable [189–191].   

The SA analysis was carried out using the BET-method according to Brunauer, Emmett 

and Teller [192] at ETH Zurich.  It is based on nitrogen gas adsorption to calculate the 

specific surface area or surface area per unit mass of a sample.  The BET surface area is 

determined by the number of adsorbed nitrogen gas molecules.  The SA analysis sample 

(1 g) is placed in a vial of known volume.  Samples are first heated to 350 °C for 12 h, 

after which they are freeze dried for 12 h, to remove OM, and then degassed at 200 °C.  

The "bulbs" at the bottom of the vials containing the sediments are dipped into liquid 

nitrogen, using a NOVA 4000e Surface Area & Pore Analyzer from Quantachrome.  

Then, Isothermal conditions are established.  The resulting isotherm is used to calculate 

the SA, and uncertainties are typically < 0.1 %.  The isothermal multi point regression is 

typically linear. 

2.4 Radiocarbon Analyses: 14C- dating  

In 1946 developed by Willard Frank Libby (1908-1980), the radiocarbon method for 

dating samples between 1,000 to 50,000 years was established.  A recently written 

summary can be found in e.g. Encyclopedia of Marine Geosciences [193]. 

Neutron bombardment of 14N in the upper atmosphere results in the production of 14C by 

proton ejection from the 14N.  The newly formed 14C is radioactive, with a half-life time 

of ca. 5,730 years.  Libby [194] proposed that the rate of production and mixing of 14C 

from the atmosphere and e.g. the ocean remained constant over several thousands of 

years, which permits us to exploit the 14C as a chronometer.  The radiogenic 14C 

constitutes about 1.2 x 10-10 % of total carbon, requiring extremely precise determination 
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of isotope ratios.  The 14C in the atmosphere is absorbed as CO2 by plants and may finally 

be accumulated in animal organisms.  Ultimately, the constant production of 14C in the 

atmosphere results in equilibrium between the atmospheric carbon isotopic composition 

and the carbon isotopic composition of living organisms.  Upon the death of living 

organisms, the OM is isolated from the equilibration process and the 14C content follows 

the predictions from radiogenic decay [194].  From the measurement of the specific 

activity (which is determined individually for each sample) of a sample and comparison 

to that of recent carbon isotopic composition, the time since the sample was removed 

from the carbon cycle may be determined [194].  It may be noted, however, that 

fluctuations in cosmic ray activity will introduce oscillations in the 14C production rate 

and this was first documented and described by De Vries [195].  He demonstrated 

discrepancy between the radiocarbon date and calendar age of trees may be related to the 

climate changes or cosmic ray activity, which was further supported by the study of 

Suess [196].  Stuiver, [197] had previously demonstrated that these radiocarbon date 

discrepancies correlated directly with cosmic ray activity. 

Prior to analysis of carbon isotopes, the samples need to be purified.  Acidification of 

sample material by exposure to an acid vapour is the gentlest method to preserve the 

sample while dissolving unwanted carbonate without the loss of water soluble 

carbon [198].  The presence of carbonate artificially increases δ13C and Δ14C values [199] 

and results in incorrect measured ratios.  Furthermore, 14C dating can be biased by 

component mixing.  Therefore, removal of CaCO3 by an acid gassing process is essential 

to avoid mixed component δ13C values.  Ground samples are weighed relative to their 

TOC content into Ag capsules and stored in glass vials.  To dissolve the unwanted 

carbonate, the samples are placed into a dissector under an acid vapour atmosphere.  The 

acidic environment is obtained by heating fuming 36 % HCl in a closed system, in an 

oven up to 60 ˚C for 72 h.  To neutralise and dry the samples the HCl is exchanged by 

addition of NaOH pellets and placed in the oven for another 96 h.  This step is necessary 

to prevent degradation of the capsules during storage/transit and corrosion of the mass 

spectrometer during measurements.  After decarbonisation, samples are transferred into 

Sn capsules [10, 200]. 

The samples were measured with the Elemental Analyser – Isotope Ratio Mass 

Spectrometer – Accelerator Mass Spectrometer (EA-IRMS-AMS) at ETH in Zurich, the 

AMS is a mini radiocarbon dating System (MICADAS) [201].  Although 

Brodie et al. [202] note that results of samples preparation with acid fumigation are 
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inconsistent and less reproducible, acid fumigation is the preferred method.  The 

liquefaction of carbonates leaches DOM, which leads to even larger uncertainties in 

radiocarbon analyses as compared to the acid fumigation method.  Larson et al. [203] also 

note that the sample material must be wet during the acid fumigation under vacuum 

conditions; otherwise, salt precipitation can be an issue.  To prevent this, deionised water 

is added to the samples.  In this study, the acid fumigation was modified not involving 

any vacuum.  The humidity in the desiccator during fumigation is found sufficient to 

prevent salt precipitation.  Furthermore, the humidity will allow more rapid diffusion of 

the acid fumes through the sample matrix. 

The Δ14C value represents the ratio between the isotopes 14C and 12C and the additional 

normalisation factor (standard reference material).  The Δ14C notation is calculated 

according to the equation: 

Equation 6) Calculation of radiocarbon Δ14C values 

∆14C = [𝐹𝑚 ∗ 𝑒𝜆(1950−𝑌𝑐) − 1] ∗ 1000 

Fm = fraction modern  
Yc = sampling year 
λ = 1/ (true mean-life) of radiocarbon = 1/8267 = 0.00012097 

where fraction modern (Fm) is a measurement of the deviation of the samples radiocarbon 

content from that of the modern standard (e.g. VPDB or NBS Oxalic Acid II).  Modern 

is defined as 95 % of the radiocarbon concentration (in A.D. 1950) of NBS Oxalic Acid 

II, normalised to δ13CVPDB = -19 ‰ [204] and 𝜆 is the half-life time of carbon.   

The experimental setup involving an EA-IRMS-AMS permits the sequential analysis of 

all C isotopes, at the expense of lower (ca. 1 %) precision on the 14C measurement.  The 

13C/12C ratio is determined with high precision by the IRMS and the results are carried 

over to the evaluation of the 13C and 14C analysis by the AMS (0.3 % uncertainty).  This 

permits precise correction for fractionation of C isotopes, which is found to be ca. twofold 

higher for 14C relative to 13C. 

2.5 Introduction and definition of Δ14C terms used in this study 

For the purpose of discussion of Δ14C data, this study introduces and defines three terms, 

i.e. potent, recalcitrant, and inert: 

The discussion of bulk 14C dates obtained from surface sediment (marine and terrestrial) 

demands clarification of the origin(s) of radiocarbon reservoirs and their respective 
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composition.  Such clarification can be obtained from identification of discrete 

radiocarbon reservoirs in sediments, and key processes that may influence the 

interpretation of Δ14C signatures.  A simple conceptual model of three carbon pools and 

their effects on bulk Δ14C are illustrated in figure 9.  In this concept, carbon reservoirs are 

not defined by their origin, but by their reactivity and/or state of decomposition, which 

illustrates the discussion of degradation effects on bulk sediment radiocarbon ages.  The 

first scenario considers that the amount of potent and recalcitrant OM is reduced because 

of degradation and transport, converting potent OM to recalcitrant and finally inert, while 

recalcitrant is converted to inert, resulting in a consistent and effective increase of the 

inert fraction, at the expense of the other two fractions.  Alternatively, or in addition, if 

transport not only facilitates degradation but also removal of a TOC fraction, by e.g. 

microbial consumption and/or remineralisation, the inert fraction will grow over 

proportionally.  This en-route removal will bias the bulk Δ14C signature of the sink/host 

sediment towards the inert OM fraction (Fig. 9).  The outcome of both processes would 

be similar, an increase in the inert OM fraction, but the level of increase will differ, 

affecting the age of the bulk OM pool. 
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Figure 9) The response of the Δ14C systematics of bulk sediment samples is modelled under the 
assumption that three C pools are participating (potent, recalcitrant and inert), which exhibit 
contrasting Δ14C dates.  The three pools form the uniform bulk age of -113.3 when the proportions 
between the reservoirs are equivalent (section A).  In a first scenario, degradation and transport of the 
sediment and organic carbon (OC) result in modification of the proportions between the pools.  The 
potent fraction diminishes, and part of the degradation products of the potent fraction now contribute 
to the recalcitrant fraction.  Some components of the recalcitrant fraction degraded and now contribute 
to the inert fraction, but the addition of degradation products from the potent group result in a net 
growth of the proportion recalcitrant vs. potent.  However, if the system remains closed during this 
transport and degradation process, the Δ14C of the potent, recalcitrant, and inert fractions will be 
partially equilibrated (section B).  While the proportion of the inert fraction has grown, its initial Δ14C 
signature now more closely resembles that of the recalcitrant and potent fraction, subsequently, the 
bulk sediment Δ14C signature has not changed, although the sediment has matured/degraded.  It should 
be noted that with progressing degradation, eventually all of the OC would be found in the inert 
fraction.  If during the process of degradation and transport, degraded OC departs the bulk sediment 
(loose of TOC), the Δ14C signature of the bulk sediment shifts towards the date of the inert OC fraction, 
assuming that no degraded OC is retained (section C)  

For the discussion of bulk sediment radiocarbon composition, two additional key 

variables were defined, namely ‘pre-aged’ and ‘fossil’ carbon.  This study considers that 

‘pre-aging’ begins as soon as an organism dies, after which no new radiocarbon 

incorporation into the respective OM occurs.  This term also covers the time elapsed 

during transport from the source to the final burial site, after death of the organism (e.g. 

during river or marine current transport and sediment remobilisation/resuspension).  
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Futhermore, it is considered that OM is older than about 10 half-lives of 14C (~50,000 

yrs.) to be ‘fossil’ or radiocarbon dead.  The following classifications introduced here are 

used in the subsequent text: 

i. ‘Potent’ pre-aged carbon consists of OM with intact functional groups with 

heteroatoms, such as alcohols (R–OH) or carboxylic acids (R–COOH). 

ii. ‘Recalcitrant’ pre-aged carbon, comprising partial defunctionalisation of 

heteroatoms and/or unsaturated bonds as compared to co-occurring ‘potent’ 

carbon.  As such, ‘recalcitrant’ carbon is more resistant to further degradation than 

‘potent’ carbon since less stable moieties have already been removed. 

iii. ‘Inert’ pre-aged carbon, which is effectively graphitic carbon, made of 

de-functionalised hydrocarbon ring structures.   

All three classes of pre-aged carbon can contain terrestrial, marine and/or petrogenic 

material in any proportion, as controlled by local biogeochemical factors and geologic 

context.  While an organism is dead, its OM still interacts with the environment because 

of its functional groups.  It is assumed that ‘potent’ carbon dominates recent fresh OM 

(i.e. minimal loss of functionalisation [limited degradation]).   

Transport can influence the amount (i.e., concentration) of ‘potent’ OM in sedimentary 

environments.  Amid transport, both abiotic and biological factors (e.g., oxygen and 

bacteria, respectively) interact with the OM, causing partial defunctionalisation 

(degradation) of its chemical structure.  If one assumes all three sedimentary 14C pools 

having discrete ages, and because any ‘potent’ OM must be fresh, ‘recalcitrant’ OM has 

to be more degraded and slightly older, while ‘inert’ OM will be even further degraded 

and, in most cases, much older (or 14C dead).  This concept forms a framework that may 

explain the negative correlation observed between Δ14C and 1/TOC of the Vietnamese 

Shelf data (Fig. 10).  Another consideration is that the relating pre-aged bulk carbon pools 

have initially different ages, imposing the possibility that ‘potent’ OM could actually be 

older than the ‘recalcitrant’ or even ‘inert’ OM pools.  Such a scenario may be the 

consequence of, for instance, input from wood/forest fires (thermal alteration and 

defunctionalisation). 
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Figure 10) Correlation between bulk sediment organic carbon Δ14C (radiocarbon) values and 1/TOC  % 
values, as in Bianchi et al. [205].  Organic carbon rich sediments seemingly inherit younger dates, and 
most riverine samples have younger Δ14C values, relative to their respective regions (marine sediments).  
Some outlier riverine samples, that display more negative Δ14C values than their marine sediments, are 
likely enriched in petrogenic C, which causes shifts towards older values.  Abbreviations: GT = Gulf of 
Tonkin, VS = Vietnamese Shelf, VC = Vietnamese Coast, SS = Sunda Shelf, S/DS = Slope/Deep Sea, EGT = 
Estuaries Gulf of Tonkin, EVS = Estuaries Vietnamese Shelf, EVC = Estuaries Vietnamese Coast, ESS = 
Estuaries Sunda Shelf, ETH = Estuaries Thailand. 

The first scenario shown in figure 9 considers that the amount of potent and recalcitrant 

OM is reduced as a result of degradation and transport, converting potent OM to 

recalcitrant and finally inert, while recalcitrant is converted to inert, resulting in a 

consistent and effective increase of the inert fraction, at the expense of the other two 

fractions.  Alternatively, or in addition, if transport not only facilitates degradation but 

also removal of a TOC fraction, by e.g. microbial consumption and/or remineralisation, 

the inert fraction will grow over proportionally.  This en-route removal will bias the bulk 

Δ14C analysis of the sink/host sediment towards the inert OM fraction (Fig. 9).  The 

outcome of both processes would be similar, an increase in the inert OM fraction, but the 

level of increase will differ, affecting the age of the bulk OM pool. 

The introduction and widespread use of these definitions are designed to clarify ongoing 

discussion in the literature (e.g. Trumbore et al. [206]), where the term pre-aged carbon 

can have several meanings.  The terms here were used for a better comparison of Δ14C 

data from riverine and marine sediments, some of which do not exhibit correlations that 

can be explained with conventional terminology. 
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2.6 Biomarkers (n-fatty acids, FA) 

Biomarkers are natural products preserved in sediments and rocks that can be traced to a 

particular biological source.  A wide variety of biomarkers are established and subject to 

research, including n-alkanes, hopanes, sterols, triterpanes or, in the case of this study, 

fatty acids (FA). 

Carboxylic acids with long aliphatic chains and carboxyl groups (-COOH) are FA. 

Two groups of FA are found, saturated or unsaturated.  Most naturally occurring FA have 

an unbranched chain of an even number of carbon atoms, but also branched FA are 

theoretically possible.  Most FA show a strong even over odd number predominance.  FA 

are usually derived from triglycerides or phospholipids.  In marine sediments and in 

particulate matter of seawater, straight chain FA often are the most abundant lipids.  FA 

are significant components of animals, higher plants, marine fauna, and other 

microorganisms, like bacteria or microalgae.  Each of these sources has a diagnostic FA 

profile.  However, some FA are ubiquitous; examples include hexadecanoic (n-C16:0) acid 

or octadecanoic (n-C18:0) acid.  To differentiate between marine and terrestrial-derived 

FA, the carbon chain length is commonly used.  In ocean and deltaic sediments, marine 

sourced short-chain FA dominate, while even-numbered longer-chain FA (n-C20 - n-C30) 

are associated with terrestrial higher plants [207].  Plant-derived long-chain FA with odd 

C-numbers are the result of metabolic processes or environmental degradation [208].  

However, microalgae and bacteria also serve as a minor source of long-chain odd 

numbered FA [207].  Short-chain FA are more reactive and prone to degradation than 

long-chain FA, and saturated FA are more reactive than unsaturated FA [209, 210]. 

FA were extracted from the SCS surface sediment via accelerated solvent extraction 

(ASE). 

2.7 Accelerated solvent extraction (ASE) 

Accelerated solvent extraction (ASE) is a rapid technique for OM extraction or/and the 

chromatographic separation of complex mixtures of lipids in environmental matrices 

(e.g., sediments or soil) for molecular characterisation and isotope analysis [211].  For 

this study, stock extraction cells (33 ml volume) were initially packed with a microfiber 

glass filter followed by 1 g of sand to prevent clogging [212] and then filled with 

2 g – 10 g of sediment.  The remaining volume was filled with quartz sand.  Once filled, 

the cells were extracted with dichloromethane (DCM) and methanol (MeOH) in a 
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volumetric ratio of 85:15 with 70 % rinse volume [213] in 3 cycles of 5 min. each at 

100 °C (10.3 MPa) on a Dionex ASE 350 system.  The resultant total lipid extract (TLE) 

was gently dried under nitrogen (e.g. Denis et al. [214]).  Subsequently, the dried TLE 

was reconstituted in increasingly polar solvents to separate individual lipid fractions (i.e., 

[un]saturated hydrocarbons and polar lipids) using gravity “flash” column 

chromatography [215, 216]. 

2.8 Gravity columns  

Gravity columns are constructed from a short-necked Pasteur pipette with a glass wool 

plug.  Thereafter, about 2 g of activated silica gel is added to the pipette [216] and then 

provided with a thin layer of sand, to prevent the column drying.  Combined hydrocarbons 

were eluted with 8 ml of Hexane and the polar lipid fraction was eluted with 8 ml of 

Methanol.  Through the natural behaviour of the polar lipid fraction and the used mid-

polar DB-5 column for measurements, the free FA need to be methylated, to form methyl-

esters.   

2.9 Methylation  

The methylation of carboxylic acids to form methyl-esters (of fatty acid methyl-esters) is 

required for GC-FID and GC-MS analyses of fatty acids.  The esterification reaction is 

an acid-catalysed equilibrium between carboxylic acid and an alcohol:  

ROOH+R’OH ↔ ROOR’+HOH 

Because of this equilibrium reaction, the yield of the ester can be increased by using an 

excess of the carboxylic acid or the alcohol, and/or by removing water from the reaction 

mixture, as it forms.  In this procedure, an excess of the alcohol is allowed to react with 

carboxylic acids.  Here, a Boron-trifluoride (BF3) solution is used as an acid reagent.  The 

BF3 fails to methylate some fatty acids, such as wax esters or triacyl glycerol’s, instead 

only free fatty acids are methylated.  This permits a more targeted sample extraction.   

In preparation of the sample extraction, samples are transferred to Teflon lined 8 ml screw 

cap vials, using either an aprotic or a protic solvent.  The solvent is then evaporated under 

a low flow N2 stream.  After dryness is achieved, the sample is re-dissolved in DCM.  

Then ca. 100 µl of BF3 / MeOH is added, in proportion the total amount of organic acids.  

The vial is gently filled with N2 and capped, to provide a non-reactive environment.  The 

vials are then placed in an oven at 60 oC -80 oC for 15 min. after 15 min., the vials are 

removed from the oven and left to cool down to ambient temperature.  Then, 1.5 ml of 
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Millipore water and then 1.5 ml of Hexane are added to each vial and well mixed.  The 

upper layer is extracted, containing the free methylated fatty acids.  This procedure is 

repeated four times.  The now methylated samples are dried again under a nitrogen 

environment and re-dissolved in Hexane prior to analysis. 

2.10 GC-FID and GC-MS 

The organic compounds were measured, quantified and identified with 

Gas Chromatograph-Flammable-Ionization-Detector (GC-FID) and a 

Gas Chromatograph-Mass-Spectrometer (GC-MS), a Thermo Scientific Trace 1310 and 

Thermo Scientific Trace 1300 respectively at the Lyell Centre, Heriot-Watt University 

Edinburgh.  In case of the GC-FID, the column is connected to a flammable ion detector.  

In case of the GC-MS the column is connected to an ISQ LT quadrupole MS.  Both 

instruments are equipped with a split/splitless injector operated in splitless mode at 

320 °C and are equipped with a 30 m Agilent DB-5 fused-silica column, with an inner 

diameter of 0.250 mm and a polymer film thickness of 0.25 µm.  The flow rate was 1 

ml/min and helium was used as a carrier gas.  Oven temperature in both instruments is 

held at 60 °C for 1 min, then ramped to 320 °C at 6 °C/min and held at 320 °C for 20 min 

and 40.2 s.  The Injector temperature is 320 °C for the GC-FID and GC-MS.  The GC-

MS is operated with a scanning mass range of m/z 50 - 600 at 3 scans per second and 

ionization energy of 70 eV.  The Ion Source temperature operated with 300 o C, while the 

transfer-line is at 310 oC.   
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3 Assessment of transport and accumulation of organic matter in the 

western South China Sea – implications from estuary and marine 

surface sediments 
 

3.1 Introduction 

The transfer of organic carbon (OC) from land to ocean is a multi-facetted process, where 

continued transformation of organic matter (OM) results in a variety of compositions by 

e.g. mixing and/or physical and (bio-)chemical decomposition.  A comprehensive 

evaluation of these processes is challenging due to the complex interactions from different 

OM sources and the gradual homogenisation and degradation prior to longer term 

deposition in modern coastal, shelf and deep sea sediments.   

The transport of OC from land to ocean via rivers is known to have lasting impact on 

bioactivity in the marine environment, through export of critical nutrients, including 

carbon, nitrogen, and phosphorus.  Furthermore, once OM is remineralised to CO2, N2O 

and CH4, it is a principle source of greenhouse gas that can potentially enter the 

atmosphere and impact climate (e.g. Houghton et al. [217]).  Once deposited and 

preserved in marine sediments, OM can act as a sensitive recorder of changes in the local 

environment, including climatic change and the impact of anthropogenic activity on 

ecosystems [218–221].   

In the western SCS, the transport distances of river systems range from just several 

hundreds of meters, to several hundreds of kilometres, or more.  For example, the Mekong 

River travels almost 4,900 km, allowing riverine waters to drain a large variety of carbon 

sources from the hinterland to the marine environment.  However, long transport 

distances and subsequent physical and (bio-) chemical processes modify the OM cargo 

of rivers to an extent where the initial source composition and isotopic signature are 

strongly modified [222].   

The amount of carbon, which enters the oceans via rivers, is therefore only a fraction of 

the original carbon input into the river systems [223].  The estimate of carbon preserved 

from its original introduction to the riverine system is in the range of ~ 30 % to 40 % for 

a case study on the Congo River, with evidence that other major river systems preserving 

similar amounts of OM prior to deposition in marine sediments [224].  Most of this 

riverine carbon is returned to the atmosphere as CO2 before reaching the oceans or is 
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stored within river corridors as sedimentary OC after erosion and transport from distant 

sites [223].   

In addition, the physical and chemical abrasion and weathering of bedrock lithology can 

mobilise inorganic carbon (IC) that mixes with OC in aqueous and terrestrial systems.  

This mixing of carbon pools complicates the approach to apply commonly used proxy 

variables, such as stable carbon isotopes, to identify bulk sources of OC and its changes 

through the depositional system.  The range of δ13C isotopic compositions for potential 

source reservoirs is summarised in Clark and Fritz [225], e.g. carbon in metamorphic 

rocks can have δ13C isotopic compositions ranging from ~ 0 ‰ to 8 ‰, and limestone 

δ13C ranging from ~ -2 ‰ to 2 ‰.  Typical biogenic sources (e.g. C3, C4 and CAM plants) 

range from -8 ‰ to -32 ‰ [177, 225].   

Other biophysical factors modifying the bulk OM composition on its way from land to 

ocean include natural filtration systems, such as dense mangrove root networks in coastal 

regions, e.g. those of the Red River area [226].  The interface between rivers and coastal 

oceans are also subject to cyclic processes of variable magnitude, summarised as ‘tidal 

force’.  As a consequence of tide intrusions with marine coastal waters, a salinity and 

temperature gradient is built up in estuary/coastal areas with direct impact on alternating 

biochemical and physical conditions (e.g. presence or absence of algae, bacteria etc.).  

These tidal effects are well studied in the Mekong River estuary/delta [71].  Tidal Force 

is responsible for significant amounts of sediments discharge into the coastal SCS [99].  

In essence, the combination of inland riverine and tidal effects can heavily overprint any 

initial evidence of OM input to coastal systems from higher plants (e.g. C3 and C4) in the 

source hinterland, making its reconstruction based on marine sediment proxy variables 

challenging, if not in places impossible.   

Any improved assessment of the carbon cycle therefore requires a detailed 

characterisation of carbon abundance, variability, composition, and source reservoirs.  

This can be achieved by using bulk geochemical proxies, such as stable carbon isotopes 

(e.g. δ13Corg) and the elemental ratio of Corg/Ntotal (e.g. Lamb et al. [220]), complemented 

by a detailed component analysis by means of molecular characterisation (e.g. Naafs et 

al.; Pancost and Boot; Volkman [61, 227, 228]).  For the SCS, a potentially useful 

molecular marker is the group of FA, which have great potential to differentiate between 

bacteria, microalgae, higher plants and marine fauna [228].  FA are formed by most 

organisms, whereby longer chain FA are typically produced by terrestrial plants [228] 
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and shorter chain FA preferentially by algae [229] [230] [231].  Furthermore, uneven 

carbon chain length is the product of plant enzymatic splitting or more generally the result 

of FA decomposition.  This diversity in the FA origin requires careful evaluation and 

normalisation to identify reliable correlations (e.g. negative excursions after 

normalisation of chain length abundance, or changes in abundance between short and 

long-chain FA).  One example from modern environments can be the appearance or 

disappearance of plants and domesticated cattle.  More abundant pentadecanoic acid 

(n-C15:0) can be indicative for either increased domination or disappearance of Durio 

graveolens (which is a plant, native in Southeast Asia, [78] or cow milk [232]).  

Normalisation strategies to resolve such appearance or disappearance require a temporal 

or spatial element.  In the case of the SCS, for example, the patterns obtained by 

normalisation using Slope/Deep Sea sediments vs. riverine sediments can be indicative 

for changes in vegetation.  If the Slope/Deep Sea sediments are older or younger than the 

riverine samples, a temporal timescale can be established.  Additionally, the enrichment 

or depletion of FA compared to the normalisation is anticipated to give clues to the 

distribution of specific plant coverage, such as Durio graveolens.  These observations can 

then be brought into the wider geological context, by comparison with other relevant 

evidence on e.g. the appearance or disappearance of species.   

Previous studies have combined bulk and molecular strategies with success to identify 

changes in terrestrial supply of C3 and C4 plants through glacial-interglacial climate 

cycles (e.g. Huang et al. [233]) by correlating detailed records of lipids (n-alkanes, n-acids 

and n-alcohols) from higher plant remnants with the fractionation of carbon isotopes 

related to C3 and C4 plants.  Evidence from the record of C3 and C4 plants during glacial 

periods can be combined with observations from Wang and Sun [234], who suggested 

that the sea level in the SCS dropped during the glacial maximum.  Furthermore, Wang 

and Sun [234] suggested that the regional air temperatures in past glacial winters were on 

average 6 oC – 10 oC cooler, resulting in a more pronounced seasonality, compared to 

today.  This is considered to cause changes in the vegetation cover, which would suggest 

that the occurrence of C3 and C4 plants in the SCS region and their export to the marine 

environment might have been variable over time.  However, the reconstruction of OM 

source characteristics could have been further complicated if significant amounts of OM 

produced during these past glacial conditions were remobilised at a later stage but prior 

to modern-day burial, resulting in a time offset between production and mobilisation and 

burial of OM.  Wang and Sun [234] concluded that vegetation zones in the SCS 
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experienced a southward shift, possibly resulting in the temporarily disappearance of 

monsoonal rainforests in the south of China (affecting parts of the coastal area of the Gulf 

of Tonkin and Hainan).  These conclusions were corroborated by the study of Wang et al. 

[235], who presented independent evidence of pollen records in sediment cores from the 

former Sunda Land (now Sunda Shelf; Chapter 1 - General Introduction).  These pollen 

data indicate a massive change in coastline (specifically to the present-day shelf break 

marking the transition from shelf to deep sea), but do not support a notable change in 

humidity.  These observations from previous studies can be compared with observations 

from FA data from time equivalent sediments to cross validate or expand their 

interpretation.   

Aim and outcome of Chapter 3: 

Chapter 3 acquires a large region-specific dataset of δ13Corg, Corg/Ntotal and FAME, with 

the aim to identify source variability and in-situ production of OM. The mobilised and 

terrestrial OM fraction is approximated, creating a highly diversified and well-resolved 

regional overview of its distribution.  FAME biomarkers have been selected as they are 

more sensitive indicators for preservation than e.g. n-alkanes [218] and, unlike other lipid 

compounds, they occur in higher abundances in the SCS [236, 237].  One critical 

assumption is that FAMEs can be evaluated based on their linear ageing trend, which 

assumes a simple correlation between abundance, transport distance and time.  FAME 

data primarily record the transition the riverine to marine environment, but with greater 

target specific resolution compared to conventional bulk δ13Corg and Corg/Ntotal data.  A 

key focus of this chapter is to evaluate OM source variability (e.g. allochthones and 

autochthonous), homogenisation of terrestrial OM during deposition, and the 

identification of efficient OM storage sites.  One important observation is that short-chain 

FA of likely marine origin are dominant, supporting interpretations from δ13Corg and 

Corg/Ntotal.  Despite the general agreement between molecular and bulk data, a secondary 

aim explores other factors that may cause minor discrepancies between the three proxy 

data sets.    

3.2 Methods 

Marine surface sediments have been recovered from the SCS during several sampling 

campaigns mainly with the Research Vessel (RV) Sonne (SO) (cruises: SO-115; SO-140; 

SO-187-3; SO-220 (for more details see Cruise reports)).  The surface samples were 

measured for Total Organic Carbon (TOC), δ13Corg, Corg/Ntotal and FAME as detail in the 
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introduction of this PhD thesis (Chapter 1 - General Introduction).  For convenience, a 

brief description of the analytical approach is provided below.  Bulk δ13Corg was measured 

at an external service laboratory (Iso-Analytical Limited, Cheshire, UK).  Samples were 

acidified in universal tubes for 24 hr (to remove carbonate), washed twice in distilled 

water, air-dried, and (re)homogenised in situ.  Samples were measured by conventional 

Elemental Analysis - Isotope Ratio Mass Spectrometry (EA-IRMS).  The TOC was 

measured by partners at the Tongji University Shanghai and the University of Hamburg.  

Most (n = 296 of 320) TOC data were measured at University of Hamburg using a 

CARLO ERBA NA-1500 EA.  The standard deviation of reference material analyses was 

0.15 % for TOC.  During combustion for TOC analyses, CO2, and NOx oxides are formed, 

the latter requiring an oxidation step to produce N2 prior to analysis.  The remaining 24 

samples of the total sample set were measured at Tongji University Shanghai with an 

Elementar Vario ISOTOPE EA equipped to a CNHS element analyser.   

For the FA analyses, the samples were extracted and afterwards fractionated with gravity 

columns into three fractions (non-polar, mid-polar, and polar).  The polar fraction 

contains the FA and were methylated with BF3 (to FAME) and measured with a GC-MS, 

using a Thermo Scientific Trace 1310 and Thermo Scientific Trace 1300 on a DB 5 

column in Hexane.    

The full details of the analytical procedure are described in Chapter 2 (Material and 

Methods). 

3.3 Results 

The following section reports the results of TOC, δ13Corg, Corg/Ntotal and FAME, which 

are summarised in table 1 and illustrated in figure 12.   

3.1.1 Total organic carbon (TOC) in marine surface and estuary sediments 

The TOC concentrations of the 319 surface sediments were determined, and grouped as 

marine surface sediments (table 1) and estuary samples (table 2).  This is done to highlight 

the concentration differences of the marine and estuary systems and to allow for more 

readily extractable and depictable differences on regional scales. 
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Table 1) TOC (%) values of marine surface sediments 

Region Max. value Min. value Average n 

Gulf of Tonkin 0.9 % 0.2 % 0.5 % 41 

Vietnamese Shelf 1.1 % 0.1 % 0.5 % 32 

Vietnamese Coast 4.3 % 0.1 % 0.5 % 75 

Sunda Shelf 2.4 % 0.1 % 0.5 % 53 

Slope/ Deep Sea 1.3 % 0.2 % 0.8 % 31 

 

TOC in river estuary samples ranges from 0.1 % to 9.7 %, in shelf sediments from 0.1 % 

to 3.2 %, and in Slope/Deep Sea sediments from 0.7 % to 4.3 % (Fig. 12a and b).   

 

Figure 11) Interpolated (Inverse distance weighting) total organic carbon map of the study area.  
Available river data plotted as individual spots.  Map a (left) shows the TOC distribution of 0-10 %, b 
(right) shows the TOC distribution from 0-2 %, river samples excluded.  Low TOC content (pink colours) 
is predominantly observed in proximity to the Mekong River delta and parts of the Sunda Shelf.  High 
TOC content (green colours) is predominant in the Deep Sea area.  River samples represent the highest 
TOC contents (up to 9 %, Red River) 

The regional ranges of TOC in the defined sub-domains of the study area are as follows: 

Gulf of Tonkin from 0.2 % to 0.9 % (average 0.5 %; n = 41), Vietnamese Shelf from 0.1 

% to 1.1 % (average 0.5 %; n = 32), Vietnamese Coast from 0.1 % to 4.3 % (average 0.5 

%; n = 75); Sunda Shelf from 0.1 % to 2.4 % (average 0.5 %; n = 53).  Excluding 
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unsupported outlier values, the TOC for the Sunda Shelf ranges from 0.1 % to 0.8 % 

(average 0.5 %; n = 51) and the Slope/Deep Sea values range from 0.2 % to 1.3 % 

(average 0.8 %; n = 31).   

Table 2) TOC (%) concentration of estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 9.7 % 0.1 % 1.1 % 18 

Estuaries from the Vietnamese Shelf area  3.6 % 0.1 % 1.1 % 23 

Estuaries from the Vietnamese Coast area  2.6 % 0.1 % 1.1 % 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

2.8 % 0.9 % 1.7 % 16 

Estuaries from Thailand 3.3 % 0.4 % 1.4 % 13 

 

The estuarine TOC for the respective subareas are: Gulf of Tonkin from 0.1 % to 9.7 % 

(average 1.1 %; n = 18);  this range includes one outlier, sample VN-63, from close to the 

Red River Delta (20°15.600'N; 105°58.800'E) containing 9.7 % TOC.  Without the 

outlier, TOC values in the Gulf of Tonkin estuary samples range from 0.1 % to 1.4 % 

(average 0.5 %; n = 17).  Vietnamese Shelf estuaries TOC range from 0.1 % to 3.6 % 

(average of 1.1 %; n = 23), Vietnamese Coast estuaries from 0.1 % to 2.6 % (average 

1.1 %; n = 17) and Sunda Shelf estuaries from 0.9 % to 2.8 % (average 1.7%; n = 16).  

Thailand estuary samples TOC ranges from 0.4 % to 3.3 % (average 1.4 %; n = 13).   

Marine shelf sediments are generally <1 % TOC, with only five samples showing 

significant higher concentrations from 1.7 % to 4.3 %, these samples are not region 

specific.   

3.1.2 Corg/Ntotal  

The Corg/Ntotal ratio is an indicator for marine and terrestrial signatures, and the data are 

pre-separated into marine surface sediment samples and estuary samples in tables 3 and 

4 to make differences more readily visible. 

Table 3) Corg/Ntotal ratios of marine surface sediments 

Region Max. value Min. value Average n 

Gulf of Tonkin 10.8 6.6 7.8 29 

Vietnamese Shelf 9.3 3.2 6.4 32 

Vietnamese Coast 11.8 2.3 8.0 54 

Sunda Shelf 6.4 2.3 4.3 9 

Slope/ Deep Sea 9.4 4.1 6.5 12 
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The Corg/Ntotal ratios of the 136 marine surface sediments samples were calculated and 

range from 2.3 to 11.8.  On regional scales, the Corg/Ntotal ratios in the defined sub-

domains ranges are: Gulf of Tonkin from 6.6 to 10.8 (average 7.8; n = 29), Vietnamese 

Shelf from 3.2 to 9.3 (average 6.4; n = 32), Vietnamese Coast from 2.3 and 11.8 (average 

8.0; n = 54), Sunda Shelf from 2.3 and 6.4 (average 4.3; n = 9) and the Slope/Deep Sea 

ratios range from 4.1 to 9.4 (average 6.5; n = 12).   

Table 4) Corg/Ntotal ratios of estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 43.4 4.7 12.7 18 

Estuaries from the Vietnamese Shelf area  24.9 2.0 15.9 23 

Estuaries from the Vietnamese Coast area  20 3.2 11.6 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

49.8 11.3 17.7 16 

Estuaries from Thailand 16.0 11.3 13.6 13 

 

The estuarine sample Corg/Ntotal ratios for the respective subareas are: Gulf of Tonkin from 

4.7 to 43.4 (average 12.7; n = 18), Vietnamese Shelf estuaries from 2 to 24.9 (average of 

15.9; n = 23), Vietnamese coastal estuaries from 3.2 to 20.0 (average 11.6; n = 17), Sunda 

Shelf estuaries from 11.3 and 49.8 (average 17.3; n = 16) and Thailand estuaries from 

11.3 to 49.8 (average 13.6; n = 13). 

3.1.3 δ13Corg 

The δ13Corg isotopic composition of OM is a useful indicator for potential source 

reservoirs (Chapter 1 - General Introduction), and the samples are pre-grouped into 

marine and estuary samples (tables 5 and 6). 

Table 5) δ13Corg (‰) values of marine surface sediments 

Region Max. value Min. value Average n 

Gulf of Tonkin -21.3 ‰ -24.4 ‰ -22.3 ‰ 41 

Vietnamese Shelf -21.7 ‰ -24.5 ‰ -22.9 ‰ 32 

Vietnamese Coast -20.3 ‰ -27.7 ‰ -23.1 ‰ 75 

Sunda Shelf -21.6 ‰ -25.5 ‰ -22.9 ‰ 51 

Slope/ Deep Sea -20.6 ‰ -23.5 ‰ -21.9 ‰ 31 

 

The marine surface sediments from all shelf samples for δ13Corg range between -27.7 ‰ 

to -20.3 ‰ (n = 230), as shown in figure 13.   
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Figure 12) Interpolated (Invers distance weighting) δ13Corg map of the study area.  Available river data 
plotted as individual spots.  The area proximal to the Mekong River is characterised by the lightest 
δ13Corg isotopic composition of marine surface sediments.  Rivers in the south appear to carry the 
lightest δ13Corg isotopic composition, with rivers towards the north being isotopically slightly heavier 

The Gulf of Tonkin has δ13Corg ranging from -24.4 ‰ to -21.3 ‰ (average of -22.3 ‰; 

n = 41), the narrow Vietnamese Shelf has δ13Corg ranging from -24.5 ‰ 

to -21.7 ‰, (average of -22.9 ‰; n = 32), the southern Vietnamese Coast δ13Corg range 

from -27.7 ‰ to -20.3 ‰ (average of -23.1 ‰; n = 75), the Sunda Shelf has δ13Corg range 

of -25.5 ‰ to -21.6 ‰ (average of -22.9 ‰; n = 51) and the Slope/Deep Sea samples 

show δ13Corg values of -23.5 ‰ to -20.6 ‰ (average of -21.9 ‰; n = 31).   
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Table 6) δ13Corg (‰) values of estuary samples 

Region Max. value Min. value Average n 

Estuaries from the Gulf of Tonkin area -23.8 ‰ -27.6 ‰ -25.4 ‰ 18 

Estuaries from the Vietnamese Shelf area  -23.9 ‰ -28.7 ‰ -26.0 ‰ 23 

Estuaries from the Vietnamese Coast area  -24.6 ‰ -27.2 ‰ -26.1 ‰ 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

-26.1 ‰ -29.5 ‰ -28.2 ‰ 16 

Estuaries from Thailand -24.7 ‰ -27.6 ‰ -25.9 ‰ 13 

 

Estuary samples around the Gulf of Tonkin show δ13Corg values from -27.6 ‰ to -23.8 ‰, 

(average of -25.4 ‰; n = 18).  Vietnamese Shelf estuaries have δ13Corg values from -

28.4 ‰ to -23.9 ‰, (average of -26.0 ‰; n = 23).  The δ13Corg values of estuary samples 

of the Vietnamese Coast range from -27.17 ‰ to -24.58 ‰; (average of -26.06 ‰; 

n = 17).  Estuaries of the Sunda Shelf range between -29.5 ‰ to -26.1 ‰, (average 

of -28.2 ‰; n = 16).  River samples from Thailand range between -27.6 ‰ to -24.7 ‰ 

(average: -25.9 ‰; n = 13). 

3.1.4 FAME distribution 

The abundance of FAME is analysed in marine surface sediments and estuary samples, 

to investigate potential applications of FAME data in the interpretation of carbon 

processes (Fig. 14 and 15, tables 7 and 8). 

Table 7) FAME (µg/g) concentration of marine surface sediments 

Region Max. value Min. value Average n 

Gulf of Tonkin 390 µg/g 2.65 µg/g 75.8 µg/g 41 

Vietnamese Shelf 150 µg/g 2.99 µg/g 28.6 µg/g 31 

Vietnamese Coast 134 µg/g 5.18 µg/g 27.4 µg/g 74 

Sunda Shelf 179 µg/g 1.74 µg/g 31.5 µg/g 55 

Slope/ Deep Sea 733 µg/g 6.23 µg/g 129 µg/g 28 

 

In the Gulf of Tonkin the concentrations of FAME per gram sediment range from 

2.65 µg/g to 390 µg/g (average of 75.8 µg/g; n = 41).  The Vietnamese Shelf samples 

have values from 2.99 µg/g to 150 µg/g (average of 28.6 µg/g; n = 31).  On the 

Vietnamese Coast values range between 5.18 µg/g to 134 µg/g (average of 27.4 µg/g; 

n = 74).  The Sunda Shelf shows values from 1.74 µg/g to 179 µg/g (average of 31.5 µg/g; 

n = 55).  In the Slope/Deep Sea area, the values range from 6.23 µg/g to 733 µg/g (average 

of 129 µg/g; n = 28).   
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Table 8) FAME (µg/g) concentration of estuary samples 

Region Max. value Min. value Average n 

Estuaries from the Gulf of Tonkin area 693 µg/g 2.87 µg/g 139 µg/g 18 

Estuaries from the Vietnamese Shelf area  2333 µg/g 57.3 µg/g 505 µg/g 23 

Estuaries from the Vietnamese Coast area  2120 µg/g 24.1 µg/g  474 µg/g 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

499 µg/g 15.6 µg/g 132 µg/g 15 

Estuaries from Thailand 1236 µg/g 18 µg/g 266 µg/g 13 

 

The estuaries for the sub areas are showing values: For the Gulf of Tonkin from 2.87 µg/g 

to 693 µg/g (average of 139 µg/g; n =18).  Estuaries in the Vietnamese Shelf area are 

ranging between 57.3 µg/g to 2333 µg/g (average of 505 µg/g; n = 23).  Samples from 

respective estuaries of the Vietnamese Coast sub-area show values from 24.1 µg/g to 

2120 µg/g (average of 474 µg/g; n = 17).  Estuaries respective to the Sunda Shelf have 

values ranging between 15.6 µg/g to 499 µg/g (average of 132 µg/g; n = 15).  Estuaries 

of Thailand show values from 18.0 µg/g to 1236 µg/g (average of 266 µg/g; n = 13).  The 

distribution of FAME in the study area is illustrated in figure 14 and 15.  The data show 

typical even over odd frequency distribution, with the highest overall concentration for 

the C16:0 and C18:0 saturated FAME (Fig. 14). 

 

 

Figure 13) The average abundance of FAME of the Slope/Deep Sea, Gulf of Tonkin, Vietnamese Shelf, 
Vietnamese Coast and Sunda Shelf region for carbon chain lengths from C10:0 to C24:0, with the exception 
of C19:0 
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Figure 14) Interpolated (Invers distance weighting) FAME distribution map (µg/g) of the study area.  
Available river data plotted as individual spots.  Areas of FAME accumulation are rivers, slope/deep sea 
sediments, and sediments to the south of Hainan 

3.1.5 FAME (%) TOC normalised  

Since the FAME fraction is part of the TOC, normalisation against the TOC content 

possibly allows for better inter-sample comparison of FAME data obtained in this study 

(Fig. 16, tables 9 and 10).  It must however be noted that the spread in TOC between the 

investigated samples is relatively low, so that any normalisation effect based on TOC is 

expected to be relatively moderate. 
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Table 9) TOC normalised FAME concentration (µg/[%]) of marine surface sediments 

Region Max. value Min. value Average n = 

Gulf of Tonkin 35.8 µg/[%] 0.18 µg/[%] 6.84 µg/[%] 41 

Vietnamese Shelf 16.4 µg/[%] 0.36 µg/[%] 3.05 µg/[%] 31 

Vietnamese Coast 7.58 µg/[%] 0.05 µg/[%] 4.31 µg/[%] 73 

Sunda Shelf 16.3 µg/[%] 0.13 µg/[%] 2.85 µg/[%] 55 

Slope/ Deep Sea 162 µg/[%] 1.08 µg/[%] 27.9 µg/[%] 28 

 

In the Gulf of Tonkin the TOC normalised FAME values range between 0.18 µg/[%] to 

35.8 µg/[%] (average of 6.84 µg/[%]; n = 41), in the Vietnamese Shelf show values from 

0.36 µg/[%] to 16.4 µg/[%] (average of 3.05 µg/[%]; n = 31).  The Vietnamese Coast 

have values of 0.05 µg/[%] to 7.58 µg/[%] (average of 1.34 µg/[%]; n = 73), exclusive 

one outlier, which is sample SO-187-3-87-2 (09°02.558'N; 106°04.533'E) located very 

close to the coast; this sample shows high TOC values of 4.31 %.  Including this one 

sample the values range from18.1 µg/[%] to 400 µg/[%] (average of 89.28 µg/[%]).  The 

outlier sample is not considered in further discussions of this chapter, in absence of an 

interpretational framework.  The Sunda Shelf shows values from 0.13 µg/[%] to 

16.3 µg/[%] (average of 2.85 µg/[%]; n = 55).  In the Slope/Deep Sea the values range 

from 1.08 µg/[%] to 162 µg/[%] (average of 27.9 µg/[%]; n = 28).  The overall range for 

the TOC normalised FAME for the entire study area is from 0.05 µg/[%] to 162 µg/[%] 

with an average of 8.40 µg/[%].  The normalised data show typical even over odd 

frequency distribution, with the highest overall concentration for the C16:0 and C18:0 

saturated FAME. 

Table 10) TOC normalised FAME concentration (µg/[%]) of estuary samples 

Region Max. value Min. value Average n = 

Estuaries from the Gulf of Tonkin area 287 µg/[%] 1.06 µg/[%] 73.4 µg/[%] 18 

Estuaries from the Vietnamese Shelf area  2743 µg/[%] 43.6 µg/[%] 539 µg/[%] 23 

Estuaries from the Vietnamese Coast area  1678 µg/[%] 19.4 µg/[%] 361 µg/[%] 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

299 µg/[%] 10.8 µg/[%] 88.4 µg/[%] 15 

Estuaries from Thailand 2044 µg/[%] 21.9 µg/[%] 435 µg/[%] 13 

 

The TOC normalised estuary samples show for the Gulf of Tonkin values from 

1.06 µg/[%] to 287 µg/[%] (average of 73.4 µg/[%], n = 18).  In estuary samples of the 

Vietnamese Shelf sub-area values are ranging between 43.6 µg/[%] to 2743 µg/[%] 

(average of 539 µg/[%]; n = 23).  The estuary samples of the Vietnamese Coast sub-area 
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show values from 19.4 µg/[%] to 1678 µg/[%] (average of 361 µg/[%], n = 17).  Estuary 

samples ascribed to the Sunda Shelf have values ranging between 10.8 µg/[%] to 

299 µg/[%] (average of 88.4 µg/[%]; n = 15).  In Thailand, estuary samples show values 

from 21.9 µg/[%] to 2044 µg/[%] (average of 435 µg/[%]; n =13).  The estuary samples 

(all, n = 86) show an overall range from 1.06 µg/[%] to 2743 µg/[%] (average of 

299 µg/[%]).  The estuary data also show characteristic even over odd distribution, with 

highest FAME concentration in C16:0 and C18:0. 

 

Figure 15) Interpolated (Invers distance weighting) FAME distribution map TOC (%) normalised of the 
study area.  Available river data plotted as individual spots 
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3.4 Discussion  

3.4.1 Origin of organic carbon in the westernmost South China Sea 

OM in marine and riverine surface sediments is accumulated from a variety of different 

sources, of variable proportions.  The different sources of OM typically are C3 and C4 

plants, fresh and sea-water algae and bacteria, each having distinctly different δ13C and 

Corg/Ntotal compositions [220] (Fig. 17).  Bulk organic δ13C and Corg/Ntotal should therefore 

reflect the relative contributions of the source OM [238].  Using the δ13Corg and Corg/Ntotal 

geochemical proxies (Fig. 17), a first step is to identify possible sources and secondly 

make statements of which type of source contribution (e.g. C3, C4, or Crassulacean acid 

metabolism (CAM) plants) is dominant. 

 

Figure 16) The δ13Corg and Corg/Ntotal ratios of marine surface sediments (coloured spheres), correlating 
river/estuary (coloured squares) and Slope/Deep Sea samples (grey spheres).  The fields illustrated are 
taken from Lamb et al. [220].  Uncertainties for δ13Corg values are smaller than symbol size.  Some 
samples with Corg/Ntotal ratios lower than the boxes defined by Lamb et al. could indicate local variability 

The range in δ13Corg and Corg/Ntotal of some of the potential sources (e.g. C3 and C4 plants, 

algae) is discussed in Lamb et al. [220] and adopted in this study for the evaluation of 

samples from the SCS (Fig. 17).  Lamb et al. [220] reviewed a wide range of coastal 

environments that have utilised several techniques to distinguish δ13Corg and Corg/Ntotal 

ratios of various sources of carbon and its wide use as a tracer of carbon pathways and 

storage.  The review also discusses alteration pathways of geochemical signatures due to 
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e.g. decomposition of primary material leading to changes in δ13Corg and Corg/Ntotal (lower 

δ13Corg, values due to decomposition of labile OC [239] and lower Corg/Ntotal ratios due to 

decomposition of OM in very low TOC samples [240]).   

For terrestrial plants, Lamb et al. [220] uses ranges for C3 plants of δ13Corg from -21 ‰ to 

-32 ‰ [65], freshwater aquatic plants with values from -11 ‰ to -50 ‰ [241, 242] and 

C4 plants with a range between -9 ‰ to -17 ‰ [65].  The Corg/Ntotal ratios for terrestrial 

plants are >12, which is considered relatively high [243], as it contains higher 

contributions of lignin and cellulose, which are nitrogen depleted.  The threshold value 

of 12 must be considered with some flexibility to account for local variability over 

large-scale regions.  In addition, specific C3 vascular plants (e.g. sweetcorn) have 

Corg/Ntotal ratios of around 12 and higher [244], whereas C4 plants (e.g. grasses) typically 

have Corg/Ntotal ratios of above 30 [245].  Plant Corg/Ntotal values can further be highly 

variable in a small area due to large fluctuations in the nitrogen content of plants [220].  

In summary, Corg/Ntotal is a bulk OM source proxy that must be taken with caution and 

should always be combined with independent, supporting evidence. 

Aquatic plants, like freshwater algae in C3 dominated environments, have δ13Corg values 

of -26 ‰ to -30 ‰ [245, 246], which is distinct from marine algae that show lower δ13C 

values from -16 ‰ to -23 ‰ [245, 247].  Freshwater and marine algae in catchments 

dominated by C4 plants instead have relatively high δ13Corg values <-16 ‰ [248].  Bacteria 

in coastal environments have δ13Corg values from -12 ‰ to -27 ‰ [249], while swamp 

lands in the deep continental interior can have values of -66.1 ‰ ± 5 ‰ [250].  The 

Corg/Ntotal ratios for bacteria and algae are relatively low and are between 4-6 and <10, 

respectively [244, 245].  The POC in aquatic settings is a mixture of OM sources, 

including diatoms, dinoflagellates, green algae, euglenoides, and zooplankton.  Marine 

particulate OM is characterised by δ13Corg values that range from -21 ‰ to -18 ‰ and is 

dominated by phytoplankton input [251].  It is the phytoplankton which drives the 

Corg/Ntotal value towards 5 to 7, since it is nitrogen rich [244].  The threshold for marine 

organic Corg/Ntotal is defined at <8 [252].  Different from that, sediments dominated by 

terrestrial sources are typically rich in C3 plant components, which exhibit δ13Corg ranging 

from -25 ‰ to -33 ‰.  More positive δ13Corg values are expected with the admixture of 

isotopically positive/heavy C4 plants [220].  Weiguo et al. [253] found δ13Corg values to 

be a function of the relative proportion of C3 and C4 plants in POC.   
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The estuary samples from the SCS have TOC > 0.1% and most likely reflect a mixture of 

C3 plant signal and freshwater POC, consistent with independent observations from Eiche 

et al., [226].  This interpretation is strengthened by the classification diagram in figure 17 

[220], where δ13Corg values lower than -24 ‰ and Corg/Ntotal ratios of 8 to 16 describe the 

majority of estuary samples.  Based on δ13Corg and Corg/Ntotal no clear distinction can be 

made between the estuaries of the Gulf of Tonkin, Vietnamese Shelf, and Vietnamese 

Coast.  The Sunda Shelf estuaries represent an exception with lower δ13Corg values but 

similar Corg/Ntotal ratios (-29.5 ‰ to -26.1 ‰ and 2.3 to 6.4 respectively, Fig. 17) 

compared to the other estuary samples.  While the Sunda Shelf marine surface sediments 

have very low Corg/Ntotal ratios (2.3 to 6.4), clearly separating them from the Gulf of 

Tonkin, some of the Vietnamese Shelf and Coast samples show similar signatures (δ13Corg 

from -27.7 ‰ to -20.3 ‰, Corg/Ntotal from 2.3 to 11.8).  This observation suggests a 

gradual change in OM source from north to south, linked to latitudinal variations in e.g. 

coastal vegetation supply (e.g. less/more mangrove), variable bacteria, and phytoplankton 

activity along the N-S shelf transect.   

There is an apparent relationship between the composition of estuary samples and marine 

surface sediment samples from the Sunda Shelf.  Sunda Shelf marine surface sediment 

samples are isotopically heavier than their estuary counterparts, and exhibit lower 

Corg/Ntotal values.  This transition of geochemical composition likely reflects source to 

sink processes such as decomposition, mixing of sources or transport distances and 

timescales.  This observation is also made for samples from marine and estuary systems 

of the Gulf of Tonkin, Vietnamese Shelf, and Vietnamese Coast.  Between these regions, 

the minimum and maximum δ13Corg isotopic composition appears to be restricted to 

different ranges, e.g. the Sunda Shelf is distinctly lighter on average, while the 

Vietnamese Shelf is isotopically heavier on average.  This can be related to vegetation 

cover and OM composition introduced to the riverine systems.   

It is observed that the bulk composition of estuary and marine surface sediments provide 

no evidence for a significant contribution of C4 plants.  This comes surprising, since farm 

crops such as sweetcorn (C4 plant) are documented.  The study of Eiche et al. [226] has 

also demonstrated that samples close to the Red River exhibit a geochemical composition 

that forms a loose array between the range of C4 plants and marine POC [226].  It therefore 

appears that any C4 plant signal in proximity to the Red River is only preserved for few 

hundreds of meters transport distance, interpreting the data presented by Eiche et al. 

[226].  Since the majority of the vegetation cover in the study region is characteristic of 
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C3 plants, the data presented in this study reflects the expected ranges and compositional 

transition.   

The marine surface sediments from the SCS are almost exclusively characterised by 

marine POC and bacteria signatures, using δ13Corg and Corg/Ntotal (Fig. 16), and the 

estuary/river samples form an array from the range ascribed to C3 plants.  Previous studies 

have suggested that these differences in OM composition are attributed to variations in 

the role of different sources, i.e.  an increased influx of material from freshwater POC 

[226] from the Red River into the Gulf of Tonkin or other (marine) sources.   

The coastal mangrove belts near Ba Lat of the Red River delta range in δ13Corg 

from -25.9 ‰ to -28.1 ‰ and in Corg/Ntotal from 11.6 to 27.1 [254, 255].  The mangrove 

belts probably are the last C3 plant source contributing to the OM signatures, before 

mixing with the marine source materials.  The marine surface sediment Corg/Ntotal ratio in 

the data from this study are typically <12, which is wider than ranges observed by Eiche 

et al., [226], suggesting that terrestrial components contribute significantly to the 

Corg/Ntotal signature.   

Overall, the data reflect the expected gradual transition of terrestrial OM (i.e.  C3 plants) 

towards marine OM signatures using δ13Corg isotopic composition and Corg/Ntotal values. 

3.4.2 Total abundance of FAME in surface sediments 

Information on the origin of OM is obtained from both the composition of sedimentary 

lipids and their abundance.  Comparison of total FAME abundances is known to identify 

carbon pathways and provide constraints on degradation processes.  FA are abundant in 

most organisms and thus they are the most common lipid type in recent sediments [256].  

Different chain lengths are typical for different sources, such as bacteria, microalgae, 

higher plants, and marine fauna.  The long-chain alkanoic acids (>C22:0) reflect a source 

from terrigenous higher plants [231, 257] whereas FA in the lower carbon number range 

(n-C14:0– n-C22:0) are derived mainly from algae [229–231], making them a proxy for 

marine productivity.  However, some FA are ubiquitous (n-C16:0; n-C18:0) and common in 

both microorganisms and higher plants, and highest concentrations are observed for 

n-C16:0 and n-C18:0 in marine surface sediment samples.   

The average distribution patterns of n-alkanoic FAME in the SCS sub-areas are presented 

in figure 14 and 15.  All sub-areas exhibit a monomodal to weak bimodal distribution 

with a strong even-numbered carbon chain predominance, maximising at n-C14:0, n-C16:0 
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or n-C18:0 (Fig. 14).  In the Slope/Deep Sea and Gulf of Tonkin areas n-C22:0 and n-C24:0 

are elevated relative to the remaining areas and are interpreted to reflect accumulation of 

terrestrial material.  Slope/Deep Sea sediments show overall the highest FAME content 

of sediments studied, except for n-C12:0, followed by samples from the Gulf of Tonkin.  

This suggest that the Slope/Deep Sea and the Gulf of Tonkin serve as storage sites for 

terrestrial derived OM, while the Vietnamese Shelf, Vietnamese Coast and Sunda Shelf 

are either limited in their capacity to accumulate OM, or transport mechanisms (e.g. 

current dynamics) are more efficient than those processes which govern fixation in 

sediments (e.g. SA). 

While the abundance of FA did reveal differences between sub-regions of the SCS, the 

identification of sources and their quantitative contribution is limited, since the most 

abundant chain lengths are representative of marine and terrestrial origins (n-C14:0, n-C16:0 

and n-C18:0).  While the high abundance of longer (>n-C22:0) chain FA in the Gulf of 

Tonkin and the Slope/Deep Sea area imply an increased terrestrial component, 

comparison of n-C10:0/ n-C24:0 ratios between different regions of the SCS does not suggest 

localised enrichment of terrestrial OM (Appendix 4).  The application of a TOC 

normalisation to total FAME abundances did not reveal any notable differences in the 

aforementioned patterns.  This is expected from the spread of TOC in the samples and 

simply verified and reported here for consistency. 

3.4.3 Transition of sediment composition from Estuary to Deep Sea signatures – 

implications from fatty acid methyl esters (FAME) 

The abundance of FA in nature is characterised by higher proportions of even number 

carbon chains compared to their corresponding odd numbered carbon chains [61], as 

observed in the SCS by Hu et al. [236].  This relationship is related to the fact that even 

chain FA are built in living organisms.  For example, the human body produces only even 

chain FA since the enzymes exclusively process carbon-carbon chains.  It is only in plants 

where these newly constructed long-chain FA are split by enzymatic processes, resulting 

in an uneven number of total carbon atoms in the chains.  This opens the opportunity to 

distinguish plant vs. non-plant input in a natural sample.  In order to compare data of 

different samples using the abundance and chain length of FA by qualitative means, the 

data must be normalised against potential dominant source reservoirs (e.g. average river 

or deep sea sediment) to reduce scatter between even and uneven chain lengths.  In this 

study, the two main source reservoirs are i) average river/estuary and ii) Slope/Deep Sea 
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sediments.  This normalisation step also allows to better reveal the presence and/or 

absence of typical terrestrial (long-chain, Cn >20 [228]) or marine (short-chain to mid 

chain, n-C10:0-20:0 [256]) signals. 

3.4.3.1 Identification of region-specific patterns after normalisation  

A quantitative separation of FA chain length between terrestrial and marine source is not 

straight forward, since biodegradation results in the decomposition of long-chain 

terrestrial FA into short-chain FA, which could be misinterpreted as marine origin.  By 

comparing any sample from the estuary-shelf-deep sea SCS with either the terrestrial or 

the marine dominated ‘end-member’ reservoir, the degree of mixing of the OM can be 

determined.  Differences observed in samples from the same region can be indicative of 

changing conditions, including transport efficiency (e.g. primary marine vs. terrestrial 

production, oxygenation, physical force during transport), or, for estuary samples, river 

flow/land use perturbations (e.g. through damming) in the hinterland.  Normalisation 

against a defined reservoir (in this case study “deep” marine) removes scatter and 

anomalies, if i) the average values of the reservoir selected for the normalisation are 

representative, ii) the samples have not undergone excessive physical- or bioturbation, 

and iii) bulk OM composition post deposition is not artificially fractionated. 

Figure 17 shows that most of the surface sediment samples in the Gulf of Tonkin are 

depleted in FA relative to the estuaries (y-axis values below 1 in figure 17).  Most samples 

show a pronounced negative n-C14:0 anomaly.  This negative anomaly can have two 

origins, i) higher production and/or preservation of n-C14:0 in the reference samples used 

to normalise the unknown samples or ii) lower production and/or preservation of n-C14:0 

in the unknown samples at present day relative to the normalisation factor.  Since the 

Slope/Deep Sea normalisations samples are assumed older than the unknown samples, 

this could reflect changes in vegetation cover, which can result in compositionally 

different OM transported and deposited in the study area.  Furthermore, some samples 

from the Gulf of Tonkin are characterised great similarity to the estuary sample 

composition (values close to one, see indication figure 17).  Samples which exhibit this 

feature were taken close to the coast of Hainan, in an upwelling area [258], which is an 

area of high bio productivity.  This high productivity area can be responsible for the 

higher abundance of measured FAME content, thus explaining some of the observed 

spread in figure 17.  Intriguingly, those samples from the upwelling area do not exhibit a 
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negative n-C14:0 anomaly, which could mean, the deficit of n-C14:0 is linked to marine bio 

production, rather than terrestrial vegetation cover. 

In the Vietnamese Shelf samples, marine reservoir normalisation results in a flat 

correlation for shelf deposits, without pronounced negative anomalies (Fig. 18).  The 

Vietnamese Shelf samples are depleted in all FAME abundances, when normalised to the 

regional estuary samples (Fig. 17).  Some FAME reveal both negative (n-C16:0 and 

n-C18:0) and positive (n-C21:0) anomalies, with a restricted range in abundance (Fig. 17).  

A lower abundance of long-chains FAME (n-C10:0 > n-C24:0) and weakly defined positive 

anomalies for n-C14:0, n-C16:0 and n-C18:0 are noted (Fig. 18). 

The normalisation of Vietnamese Shelf samples to the marine end-member reservoir 

reveals an enrichment of short-chain (≤10) FAME to the expense of long-chain FAME.  

A general negative trend from short-chain to long-chain FAME is noted for most samples 

with a weakly defined negative anomaly for n-C16:0 and n-C18:0.  Some of the samples 

from the Vietnamese Shelf show an enrichment of total abundance of n-C10:0 FAME 

(SO-140-27; SO-140-30; SO-140-37; SO-140-50; SO-140-52). 

Similar patterns for the Vietnamese Coast sediments are observed, except for two 

samples.  Most of the samples exhibit a negative anomaly at n-C14:0, and a positive 

anomaly at n-C21:0.  Samples SO-187-3-87-2 (9.04 N; 106.08, 20 m water depth off the 

Mekong River delta) and SO-140-22 (9.79N; 109.18 E, 183 m water depth and close to 

the continental slope) are enriched in FAME in comparison to other samples from the 

region.  Sample SO-187-3-87-2 has to be evaluated with care, and observations made 

while taking the sample can possibly account for observed data.  The extraordinary high 

abundance of FAME is in correlation with the high TOC value (4.3 %), which is 

exceptional high compared to the other samples (max ~2 %).  During sample processing, 

strong organic odours were noticeable, as well as chunks of OM that resembled of grass 

or seaweed leaves.  Intriguingly, the general patterns are of striking similarity to the other 

samples, suggesting that this an effect related to OM preservation only.  The sample SO-

140-22 is visually different in figure 17 and 18, as it does not exhibit any significant 

anomalies.  In particular, the similarity with the Slope/Deep Sea normalisation factor 

(values close to one, figure 18) is intriguing.   
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Figure 17) Marine surface sediments FAME values normalised against the respective average 
river/estuary sediment FAME composition from the Gulf of Tonkin, Vietnamese Shelf, Vietnamese 
Coast, and Sunda Shelf 

 

Figure 18) Marine surface sediments fatty acid methyl esters values normalised against the average 
slope/Deep Sea sediment fatty acid methyl ester composition.  The terms enriched refer to values >1, 
depleted to values <1 and anomaly describes the low abundance of a fatty acid relative to the fatty 
acids one-carbon longer and shorter (e.g. C13:0 is lower than C12:0 and C14:0), after normalisation.  In this 
study the assumption is made that the Slope/Deep Sea samples reflect older OM relative to the estuary 
sample composition, which are considered to be recent/modern 
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Upon investigating the geographic location, proximity to the boundary between shelf and 

slope (at 200 m depths) is observed, as evident from water depth (sample at 183 m) and 

bathymetric maps.  It is hypothesised that the sample might not represent pure shelf 

sediment composition, but instead is a hybrid in the transition zone, constituting FAME 

composition intermediate between a typical shelf value (the shallower samples of the 

Vietnamese Coast) and the Slope/Deep Sea normalisation factor.  A more speculative 

interpretation could be based on the total concentration of FAME data.  Samples 

SO-187-3-87-2 and SO-140-22 are enriched in FAME (>1,300 µg/g), while the next 

highest samples from the shelf contain ~700 µg/g.  This would make the lower 

concentration samples more susceptible to selective decomposition processes, which are 

volume, or rate limited, which could increase the observed roughness in the spectra.  Both 

samples with higher FAME content exhibit smooth spectra, which could be evidence 

supporting this hypothesis.  However, more data is needed to investigate this 

phenomenon.   

Open marine samples from the southernmost area of this study, the Sunda Shelf, were 

normalised to estuaries of Malaysia and Sumatra and show a general depletion of FAME 

abundance relative to estuary samples.  It should be noted that the extent of the Sunda 

Shelf requires a much larger estuary data coverage, than what is available at present.  

Those estuary samples studied are strongly enriched in long-chain (n-C18:0 and longer) 

FAME (Fig. 17), consistent with a stronger terrestrial origin.   

3.4.3.2 Interpretation of observed anomalies after normalisation of FAME 

FA allow better resolution between marine and terrestrial components, and their 

sensitivity to degradation allow a more region-specific estimation of fresh OM 

preservation [259].  The observations made from FA tracers can be compared to bulk 

sediment observation, testing the differences and similarities of each approach.  The 

comparison of both datasets will also allow to test how robust each finding is, and how 

bulk and molecular level analyses should be weighed in their interpretation. 

The introduced normalisation factors (average estuaries and average Slope/Deep Sea) are 

set to decipher processes, which have modified the OM FAME signatures during transfer 

from land to ocean.  The estuaries are treated locally, since changes in vegetation, human 

settlement density and climate may affect sedimentary FAME signature stronger than in 

open marine settings.  This approach allows identifying, which FAME components 

experience the strongest depletion or enrichment due to terrestrial processes.   
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Technically, the riverine normalisation should result in a deficiency of FAME in all 

unknown marine surface sediments (simply speaking, values lower than one).  The 

normalisation using Slope/Deep Sea values is expected to result in values greater than 

one for unknown marine surface sediments, assuming that progressive decomposition 

from the riverine to deep marine environment is in effect.  Any deviation from these 

expectations could be related to e.g. constant influx of FAME from e.g. marine bio-

productive activity or mixing of different source materials in the transitional zone.  

Additional complexity can be introduced, if TOC content from land to deep ocean does 

not decrease in a linear fashion, and instead accumulation occurs in the deep sea area.  In 

fact, in the SCS study area the TOC content for the riverine and deep ocean systems are 

on average higher than the unknown shelf sediments, which will technically result in 

normalisation values lower than one, regardless of the chosen normalisation factor. 

FA are particularly diverse in their ability to record several processes, since they are 

present in all living organisms and comprise the most abundant component of lipids [260].  

Several FA have been described in the literature, and here a focus on n-C15:0 

(pentadecanoic acid) of both plant (e.g. Durio graveolens [78]) or animal [261] sources 

is pursued, while it is acknowledged that many more sources are possible.  The FA record 

in this study might be a sensitive indicator to changes in OM composition preserved in 

marine surface sediment samples.  Possible factors changing the OM composition are 

manifold (e.g. climate or nutrition related, etc.), but cannot be isolated at present.  Of all 

of the FA compounds some are only slowly degraded or some are transformed to more 

stable chemical structures (e.g. Gagosian et al. and Kohnen et al. [262, 263]), and thus 

they can be used as tracers of degradation, if initial concentrations are known.  The best 

approach to this is comparing the abundance of several FA from a given sample, but it is 

important to note that some compounds are more widely distributed in the biosphere than 

others [256].   

Selective preservation of FA can possibly be reinforced by the fact that the Gulf of Tonkin 

does not exchange significant mass of water or suspended material [264] with the main 

area of the SCS.  This i) prevents addition of significant amounts of marine OM from 

further offshore areas, ii) prevails changes in wind direction and strength [146] might 

reduce the overall impact of marine production over several seasons and iii) favours 

shallow marine currents within the Gulf that result in efficient and repetitive circulation 

of OM in the region rather than transport away to the deep basin or Vietnamese Shelf.   



Chapter 3 

 

70 

 

The data suggest that across the Vietnamese Coast a positive anomaly of n-C21:0 is 

present, possibly attributed to either plants (cleome viscosa, [265], animals (chicken skin 

lipid, [266], human milk fat [267] or marine algae and organisms [229].  Chicken skin 

and human milk fat are likely transported by wastewater, while cleome viscosa has 

applications in the farming industry [268].  However, the quantity of external input cannot 

be determined and assessed, making it impossible to evaluate if a positive anomaly is 

related to higher algae and microorganism activity or anthropogenic activity.  With the 

available data, a correlation with anthropogenic sources seems unlikely, but cannot be 

rule out entirely.  The amount of biomass produced by vegetation is likely to outweigh 

the anthropogenic contribution, and this can possibly be tested when investigating another 

FAME. 

Some of the Sunda Shelf samples exhibit a negative anomaly for n-C15:0, a compound that 

is known to have origins in: i) cows’ milk fat [261], ii) hydrogenated mutton fat [269] and 

iii) the plant Durio graveolens [78].  The latter is found across Sumatra, Southern 

Thailand, Borneo and the Malayan peninsula [270] in great abundance.  Durio graveolens 

flourishes at high humidity and heat conditions, which are found at present day in 

southern parts of the SCS.  Assuming that Durio graveolens is the primary cause for the 

observed n-C15:0 negative anomaly, this can indicate i) the possibility that climate 

conditions have changed in the past impacting abundance of Durio graveolens, or ii) that 

transport mechanisms were more effective in the past (e.g. change in transport distance).   

The discussion of the scenario outlined requires a preservation of OM signatures 

accumulated ca. 21 BP to 12 ka BP.  Based on previous documentation of relict sands 

from the sample area [271], it is reasonable to assume that such sediment is exposed at 

present day ocean floor surface.  For this purpose, an isolated set of samples is 

investigated, which exhibits a pronounced negative n-C15:0 anomaly and originates from 

the Molengraaff Palaeoriver (Chapter 1 – General Introduction, Fig. 8), which is partly 

comprised of relict sands (Fig.19). 
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Figure 19) Marine surface sediments fatty acid methyl esters values normalised against the average 
slope/Deep Sea sediment fatty acid methyl ester composition.  The terms enriched refer to values >1, 
depleted to values <1 and anomaly describes the low abundance of a fatty acid relative to the fatty 
acids one-carbon longer and shorter (e.g. C13:0 is lower than C12:0 and C14:0), after normalisation.  In this 
study, the assumption is made that the Slope/Deep Sea samples reflect older OM relative to the estuary 
sample composition, which are considered recent/modern.  Here an isolated set of samples, which 
represents a palaeo-river, exhibits a negative n-C15:0 anomaly  

Previous climate studies have suggested a colder period in the SCS (~20 BP - 10 ka BP), 

which resulted in a sea level change [152].  Furthermore, during past colder periods the 

transport way of Durio graveolens might have been shorter than today, if the landmass 

reconstruction of Hanebuth et al. [152] is accurate.  The transfer distance between shallow 

shelves to deep sea would have been shorter by hundreds of miles compared to present 

day, for large parts of the SCS.  Importantly, if the colder climate has caused a reduction 

or disappearance of Durio graveolens, the sediments formed at this time will contain 

reduced amounts of n-C15:0, relative to present day samples which contain more abundant 

n-C15:0 from Durio graveolens.  Therefore, this approach of normalisation of FAME data 

can be very useful to investigate relict sand samples, samples taken from stratigraphically 

older sediments, and highlight immediate differences in local, regional or over regional 

data sets.   

As for animal derived origin of n-C15:0, this is difficult to test due to lack of data, but 

overall considered an unlikely source.  Cows’ milk fat is rarely used in South East Asia, 

compared to Europe, and dense vegetation is unusual for mutton and goat farming.  

Additionally, human and domesticated cattle populations were lower to non-existent in 

the past (up to 20 ka BP).   

Concluding, in this study the FAME n-C15:0 appears to be a sensitive recorder of past 

changes in vegetation, likely related to climate and sea level change, making the study of 
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FAME records a useful tool in understanding present and past processes in marine 

geoscience in the SCS.  Yet, these interpretations can be further reinforced by using 

multiple normalisation factors, to test consistency. 

In a next step it is tested if the data are sensitive to comparison with a normalisation factor 

derived from both recent samples (estuary) and a normalisation factor derived from older 

(Slope/Deep Sea) samples, based on radiocarbon timescales (see Chapter 2 – Material 

and Methods).  The appearance/disappearance of the anomaly related to the choice of 

either older or recent normalisation factor implies that variable climate conditions, 

mobilisation, transport, and burial mechanisms can be responsible for this feature.  If the 

climate conditions in the SCS were variable, as suggested by Hanebuth et al. [152], 

postulating that parts of the Sunda Shelf were above sea level during the last glacial 

maximum (around 21 Kyrs BP), the FA anomaly could be a result of changes in 

palaeoclimate, which could be partly preserved in the studied surface sediments.  This 

hypothesis can be tested, by investigating the Sunda Shelf samples for an anomaly in 

n-C15:0, when normalised against the regional estuary samples, which are inferred to be 

young/modern (see Chapter 4).  If the anomaly of n-C15:0 is due to the more widespread 

occurrence of Durio graveolens from past glacial conditions, no anomaly in n-C15:0 

should be observed when normalised against the estuary, as confirmed for the samples 

examined (Fig. 17).  This makes normalisation against chronologically older and younger 

material a useful indicator to probe for potential changes in palaeoclimate and 

palaeoenvironment. 

The application of a modern normalisation factor, such as recent river and estuary 

compositions, can also be sensitive to identify short-term changes in bio-production, 

anthropogenic influence, and rates and length of transport pathways from OM sources to 

marine sinks.  On the topic of land-use, the sedimentary FAME record in parts of the SCS 

could indeed be affected by the extensive production of palm oil for economic purposes 

across the SE Asian region.  Such contributions from commercial agriculture may 

potentially explain the observed negative anomaly in n-C14:0 and n-C16:0 in the Gulf of 

Tonkin and along the Vietnamese Coast.  However, this conclusion is not straight 

forward, as other sources may contribute to the total abundance of n-C14:0, most prominent 

from gram-negative bacteria [272, 273], including cyanobacteria.  Cyanobacteria are 

abundant across the study area [274–276], consistent with high concentrations in other 

shelf regions (e.g. Chesapeake Bay, [277]).  Data on the FAME composition of 

cyanobacteria, their abundance, and temporal variability are to current knowledge 
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unavailable in the study area.  The negative excursion of n-C14:0 might therefore be either 

an indicator for the absence of palm oil, or large-scale cyanobacterial activity for the 

time-period representing the deposition of the surface sediment, or a combination of both.   

Different to the Gulf of Tonkin and Vietnamese Coast, samples from the Vietnamese 

Shelf and Sunda Shelf do not show any positive or negative anomalies when normalised 

against their estuary compositions, suggesting different controls on FAME supply and 

preservation in the southern and more open marine sector of the study area.  A depletion 

in long-chain FA relative to short-chain FA in this southern region is recognised (Fig. 

18).  This depletion may reflect i) degradation of OM during transport and settling and ii) 

mixing of marine and terrestrial OM, where marine OM is rich in short-chain FAME 

[256], in combination shifting the bulk composition towards higher abundance of short-

chain FAME. 

While these FAME specific interpretation help to resolve multi-scale variations in 

temporal space and vegetation, the total abundance of FAME allow a better 

understanding, which regions serve as accumulation areas of OM.  Since long-chain 

FAME are considered terrestrial markers, a higher abundance of these in a marine 

environment suggests that terrestrial derived OM is preferentially supplied and stored in 

such regions.  Alternatively, or in addition, the marine FAME counterparts may be subject 

to faster degradation before burial, which would result in a sedimentary signature that is 

biased towards terrestrial components.  A better identification and quantification of these 

competing processes are a remaining central task that, once achieved, will allow a better 

evaluation of the regional carbon cycle. 

Finally, to contribute to this challenge, the region under investigation is examined for its 

average frequency of FAME from n-C10:0 to n-C24:0.  To avoid sampling bias, each 

region’s sum is normalised to the number of samples, without rejecting outliers.  While 

this sacrifices some spatial resolution, it allows for a robust regional scale comparison 

and interpretation of data.  The normalised sum of FAME is highest for the Slope/Deep 

Sea sediments (Fig. 13), which likely serves as the final and long-term storage area of 

OM in the SCS.  This conclusion is supported by generally higher TOC in the Slope/Deep 

Sea samples, relative to the shelf and estuary systems.  The n-C14:0, n-C16:0 and n-C18:0 

FAME are the most abundant, consistent with observations from other studies (e.g. 

Eglinton et al.; Volkman et al. and Hu et al. [236, 256, 278]), but the SCS Slope/Deep 

Sea also shows a significant enrichment in long-chain FAME.  This observation supports 
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the conclusion that the Slope/Deep Sea rather than the shelf acts as a long-term reservoir 

of OM transported across the SCS, at least under modern conditions.  From the four 

coastal regions, the Gulf of Tonkin shows the highest abundance of normalised FAME 

abundance (Fig. 13); it is proposed that this pattern is related to the unique geographical 

setting and marine surface circulation pattern that efficiently prevents the exchange and 

loss or gain of OM to/from the other regions of the SCS.  A similar trend of enrichment 

of long-chain FAME is observed in the Slope/Deep Sea across the SCS.  This argues that 

water depth is not a dominant factor in the accumulation and burial of OM.  Instead, 

current dynamics and/or other factors such as river discharge, relict sands, and 

vegetation/land use may be significant.  Steep shelf systems, e.g. Vietnamese Shelf and 

Coast and the Sunda Shelf, may therefore play a less important role in storage of 

labile/reactive carbon than commonly assumed.  More research is needed to constrain the 

different rates of OM degradation within transitional transport systems and their effects 

on sedimentary OM burial in deep marine settings.   

Therefore, normalisation of a range of FAME (and likely n-alkanes, n-alcohols, sterols 

and hopanes, etc.) against older reservoirs can be a useful indicator for changes in e.g. 

vegetation and climate over time.  Secondly, further studies might find normalisation 

against young reservoirs useful in reconstructing short-term changes, which can be of 

anthropogenic origin.    

The diverse number of sources and processes are related to the record of FAME in the 

SCS necessitates a data reduction process capable to perform cross evaluation/weighing 

of several tracers that can result in cohesive results.  This can be achieved by stepwise 

building of more complex interpretations, starting with binary mixing models that 

consider restricted number of sources and processes.  Building on that, computational 

modelling following e.g. Bayesian statistics (or any other statistical approach) can be 

utilised, to create a statistically valid model, assuming sufficient data density and quality 

is available.  Bayesian modelling also allows incorporating qualitative and semi-

quantitative observations, a useful flexibility in geological modelling. 

3.5 Conclusion 

Based on literature as well as own, newly established data the following conclusions are 

made for the SCS: 

1) The abundance of FAME decreases from riverine/estuary samples towards shelf 

and then increases from the shelf to deep sea surface sediments, which is 
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interpreted to reflect degradation and decomposition of OM derived from the 

terrestrial reservoir and accumulation prior to final fixation and deposition.  This 

implies that terrestrial carbon likely is an important source of nutrients to the 

shallow coast and estuary regime, and that marine bio-production is an essential 

source of carbon prior to burial in deep sea sediments. 

2) The composition of FAME in the SCS normalised against end-member reservoirs, 

such as the Slope/Deep Sea or estuary/river, are sensitive indicators for recent 

changes in FAME supply and composition (e.g. related to Durio graveolens 

abundance) in the study area.  The observed patterns indicate a deficiency in long-

chain (n-C > 13) FA stored in the marine surface sediment samples, which is 

interpreted to reflect a diminishing component of terrestrial origin during 

alteration of OM prior to fixation and deposition. 

3) The Gulf of Tonkin FAME signature and abundances are of high similarity to 

those observed from Slope/Deep Sea marine sediments, and notably enriched in 

long-chain (n-C > 18) FA, when compared to the other shelf regions studied.  The 

most striking features of the Gulf of Tonkin are i) geographic isolation (semi-

enclosed basin), ii) circular current systematics with negligible water mass 

exchange with the adjacent region and iii) comparatively shallow water depths 

relative to the Slope/Deep Sea reservoir.  This similarity between isolated shelf 

and deep basins implies that water depth is not the dominant control in carbon 

burial in the SCS, but local current systematics and geographic isolation of 

shallow ocean currents are favourable for OM deposition and retention. 

4) Here it is suggested that FAME are more sensitive to changes in the contribution 

of terrestrial OM than the bulk sediment composition (compared to e.g. Corg/Ntotal 

and/or δ13Corg).  Classically, the Corg/Ntotal or δ13Corg isotopic composition have 

been considered as robust tracers to the identification of marine and terrestrial 

contribution to the bulk OM.  However, the lower abundance of FAME in 

combination with its often unique origin (e.g. enzyme specific generation or 

organism specific origin) reduce the potential for mixing effects to mask the origin 

of FAME, compared to bulk Corg/Ntotal and δ13Corg.  While the number of sources 

for specific FAME (e.g. n-C15:0) is smaller than for e.g. δ13Corg, many 

combinations are possible and substantial research is necessary to conclusively 

recommend ideal FAME tracers.  Future research should be directed to the 

identification of FAME that are diagnostic of e.g. C3, C4 and CAM plants, to better 

estimate minuscule contributions to bulk sediment composition.  An example in 
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the current dataset includes Durio graveolens (n-C15:0), which might be a 

diagnostic plant and climate indicator in the study area.  At present, no empirical 

evidence for C4 plants is available, yet the presence of C4 plants is well 

documented from land use (farming), so it might be interesting to understand why 

no C4 signatures are present. 

5) The Corg/Ntotal and δ13Corg of the estuary and river samples from the SCS are 

dominantly characterised by C3 plants, with no evidence for impact by C4 crop 

farming.  A mixing array between the estuary/river samples and the marine shelf 

sediments is observed, suggesting a gradual change in OM composition within the 

marine and terrestrial environment, but also with a sharp boundary at the land-

ocean interface.
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4 Controls on regional mixing and degradation of organic matter in the 

South China Sea – implications from mineral surface area, Δ14C, δ13Corg 

and total organic carbon in riverine and marine surface sediments 
 

4.1 Introduction 

The understanding, quantification, and prediction of modern OC systems are a fast 

developing and diverse field of research, with relevant impacts on anthropogenic, 

climatic, and geologic applications.  Many processes including mixing, decomposition, 

and (re)mineralisation of carbon are contemporaneously active, with highly variable 

magnitudes and rates, and locations.  Deconvolution of these co-occurring processes in a 

spatiotemporal context demand tailored data sampling and interpretive approaches.   

Previous studies have shown that riverine systems are a primary source and transport 

pathway of terrestrial particulate POC, globally accounting for ∼200 Tg C/year  of all 

carbon inputs into the ocean [189, 279–281].  Estimates of remineralisation of OC during 

transport from the continent to coastal regions are not well constrained, but maybe on the 

order of ~55 % - 80 % as estimated for the Gulf of Mexico and the Washington 

Continental Shelf [189, 282].  The remaining terrestrial OC (e.g. lipids, sugars, proteins 

etc. produced onshore) is mixed with fresh biogenic (organic), fossil (organic) and 

petrogenic (inorganic) carbon prior to introduction into river deltas and subsequently to 

the shelf systems.  This newly mixed OC pool is ultimately introduced into the 

sedimentary system in delta sediments and then moved along coastlines and continental 

margins [282–284] before some of it may transfer into the deep ocean basins.  In the SCS, 

the riverine POC input  is estimated at 16.03 Tg/year ± 2.87 Tg/year (based on 52 rivers) 

[285].  Rates of deposition, decomposition and burial in shelf-margin environments are 

highly heterogeneous and region-specific [189].  With this in mind, the geographic extent 

of the SCS harbours multiple changes in shelf-types (isolated, narrow, wide) in a single 

interconnected system, representing the majority of shelf types found in the modern ocean 

[51].   

To create an interpretational framework that describes carbon-cycling processes in the 

SCS, terrestrial source lithologies must first be considered.  This is because they serve as 

the primary source of bedrock-derived OC classed as petrogenic carbon [11].  This 

petrogenic carbon, in turn, affects the radiocarbon composition (‘age’) in marine surface 

sediments.  Bianchi et al. [205] document that increasing proportions of petrogenic carbon 
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in sediments correlate with older radiocarbon dates (Taiwan, northern California, Bay of 

Bengal).   

In this study, the aim is to test if this same observation also applies to the SCS, since this 

might be a function of the rate of fresh, biogenic to old petrogenic carbon exported from 

land to sea, and local source characteristics.  Furthermore, decomposed OC (re)mobilised 

from soils and eventually mixed with petrogenic carbon and fresh terrestrial, 

lacustrine/riverine and microbial biomass, may result in variable but typically low 

radiocarbon content (‘young’ age) OM.  This high degree of complexity in OC 

radiocarbon content requires careful evaluation of bulk analyses, to be able to use 

radiocarbon content as a geochemical tool. 

The continental source regions of the SCS are extensive and riverine transport (sediment 

and POC discharge) is dominated by two large river systems, the Red River (138 mil. 

M.T.) in the north and the Mekong River (166 mil. M.T.) in Vietnam [16], with numerous 

small and intermediate size rivers contributing to regional/local transport and export.  

River types behave differently, based on the river continuum concept [286].  Large river 

systems exhibit longitudinal patterns, from source to delta [286], and receive significant 

quantities of fine particulate OM from upstream processing of e.g. dead leaves and woody 

debris.  The effect of riparian vegetation is insignificant, but primary production may 

often be limited by depth and turbidity [286].  In contrast, small headwater streams often 

exhibit variable chemical characteristics reflecting geomorphology and ecology in 

individual watersheds.  These catchment properties are consistent with the river 

discontinuum theory that recognises the uniqueness of small streams draining 

dramatically different catchments and gaps in downstream patterns that occur as 

tributaries merge [287].  Mountainous rivers are different with variable biogeochemical 

characteristics when altitudinal changes in terrestrial ecosystems are reflected in streams 

[288].  Rivers drain large sources of freshwater, mineral matter and nutrients [223, 289], 

known to affect the salinity at the interface of the delta towards the coastal ocean [290].   

River-water-redox condition is another environmental variable to consider.  The Red 

River maintains an oxygenated environment in the Gulf of Tonkin, while the Mekong 

River carries lower amounts of dissolved oxygen [291] to the northern Sunda Shelf, both 

impacting shelf carbon cycling.  The export of oxygen-rich river water in the Gulf of 

Tonkin is important, as low surface current dynamics within the Gulf compared to the 

western part of the SCS [57] reduce oxygen exchange at the water-atmosphere interface.  
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A more turbulent water surface in contrast favours gas exchanges with the atmosphere 

[292, 293]. 

The study of Rojana-anawat et al. [291] concluded that this discrepancy of dissolved 

oxygen between both Vietnamese rivers is related to colder temperatures in the Red River, 

compared to the Mekong River.  It has also been shown that the higher dissolved oxygen 

input, e.g. from the Red River into the Gulf of Tonkin, increases the rates of degradation 

on the enclosed shelf, based on laboratory experiments [294].  This effect of oxygen 

enrichment propagates several tens of kilometres from the Red River Delta into the Gulf 

of Tonkin [291].  The excess supply of dissolved oxygen can also contribute to higher 

bioactivity (microbial and more complex organisms), potentially increasing 

bio-production compared to other regions with similar climatic, topographic and 

oceanographic conditions. 

The tropical to sub-tropical climate across the study region results in high bio-production 

both on land and offshore which results in a unique ecosystem, including mangrove belts 

covering nearly the entire coastline (for more information see Chapter1 – General 

Introduction).  Mangrove belts play a critical role in retaining larger plant debris from 

river loading through their dense network of roots and branches, and are also important 

for specialised biospheres such as coral reefs, buffering them from excessive 

sedimentation [69].  Subsequently, intact coastal mangrove belts actively contribute to 

differences in OC loads of riverine sediments and corresponding coastal/shelf sediments. 

It has been shown that the sediment capacity to store OC is closely controlled by its clay 

mineralogy, more specifically their mineral surface area (SA), which provides binding 

sites for OM [164, 188, 295, 296].  Furthermore, the mineral SA of a sediment typically 

correlates positively with TOC, with regional variations in the relationship between both 

variables [189–191].   

Scope and outcome summary of this Chapter 

In an effort to account for the extensive spatial extent of the SCS, this work focusses on 

identifying pertinent data (including mineral SA analysis, radiocarbon Δ14C, stable δ13Corg 

and TOC) to constrain (sub)regional details and patterns of the carbon cycle within the 

SCS.   

In this study, regional-to-local scale variations in radiocarbon composition are linked to 

ocean current patterns and on-shore surface exposures.  The interpretation of radiocarbon 
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data requires detailed knowledge of terrestrial source compositions; a primary source of 

petrogenic OC released from soils and bedrock that may vary considerably in its carbon 

isotopic composition.  Significant impact of local surface lithology on OC composition is 

recognised here, highlighting the need for high spatially resolved and diversified end-

members, when interpreting radiocarbon data. Marine sediments have radiocarbon dates 

younger than expected, which can be explained by the fast net loss of “old” terrestrial 

OM.  A notable difference between the radiocarbon record of terrestrial and marine 

samples further strengthens the conclusions from Chapter 3, that terrestrial matter is 

decomposed in quick succession at the land-ocean interface, with young and marine OM 

dominating in the marine settings.   

4.2 Methods 

Surface-sediment samples were recovered from the SCS (RV Sonne Cruises: SO-115; 

SO-140; SO-187-3; SO-220 (for more details see Chapter 1- General Introduction and 

Methods or Cruise reports) for measurements of bulk δ13C, TOC, mineral surface area 

(SA) and Δ14C, as described in more detail in the Material and Methods (Chapter: 2).  For 

convenience, a short summary is provided here.  Bulk organic δ13C was measured through 

Iso-Analytical Limited (Cheshire, UK), before which sediments were acidified in 

universal tubes for 24 h (to remove carbonate), washed twice in distilled water, air-dried, 

and (re)homogenised in situ.  Samples were measured by conventional Elemental 

Analysis - Isotope Ratio Mass Spectrometry (EA-IRMS).  The TOC was measured by 

partners at the Tongji University Shanghai and the University of Hamburg.  Most 

(n = 296 of 320) TOC data were measured at University of Hamburg using a CARLO 

ERBA NA-1500 EA.  The standard deviation of reference material analyses was 0.15 % 

for TOC.  During combustion for TOC analyses, CO2, and NOx oxides are formed, the 

latter requiring an oxidation step to produce N2 prior to analysis.  The remaining 24 

samples of the total sample set were measured at Tongji University with an Elementar 

Vario ISOTOPE EA equipped to a CNHS element analyser.   

Mineral SA data are derived from nitrogen gas sorption to calculate the specific- or mass 

normalised SA.  BET (Brunauer, Emmett and Teller [192]) SA is determined by the 

number of sorbed nitrogen molecules divided by mass.  Sediment OM was removed from 

samples by heating to 350 °C, and then samples were degassed at 200 °C.  SA data were 

measured with a NOVA 4000e Surface Area & Pore Analyzer from Quantrochrome 

(Quantrochrome; at ETH Zurich) under isothermal conditions.   
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For Δ14C measurements, carbonate was removed with acid fumigation prior to 

measurement by Elemental Analyser – Isotope Ratio Mass Spectrometer – Accelerator 

Mass Spectrometer (EA-IRMS-AMS) at the ETH Zurich (detailed description see 

Chapter 2 - Material and Methods).  The Δ14C value represents the ratio between the 

isotopes 14C and 12C and the normalisation factor (Oxalic acid II, standard reference 

material).   

4.3 Results 

The following section reports the results of δ13C, TOC, SA and Δ14C.  A summary of the 

results is presented in table 11-13 and figures 20 and 21.  Geographic regions are defined 

as: Gulf of Tonkin, Vietnamese Shelf, Vietnamese Coast, Sunda Shelf, and Slope/Deep 

Sea (see Fig. 2 in Chapter 1 - General Introduction). 

4.3.1 Mineral surface area of marine and riverine surface sediments 

The mineral SA for marine surface sediments in the SCS range from 

0.38 m2g-1 – 23.7 m2g-1 (n = 203) (Fig. 20). 

Table 11) Mineral surface (m2 g-1) area values of marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 23.5 m2 g-1 4.05 m2 g-1 14.4 m2 g-1 29 

Vietnamese Shelf 17.3 m2 g-1 2.49 m2 g-1 10.7 m2 g-1 32 

Vietnamese Coast 23.7 m2 g-1 1.33 m2 g-1 7.35 m2 g-1 75 

Sunda Shelf 19.9 m2 g-1 0.38 m2 g-1 7.66 m2 g-1 54 

Slope/ Deep Sea 22.3 m2 g-1 3.90 m2 g-1 8.84 m2 g-1 13 

 

In the Gulf of Tonkin, mineral SA ranges between 4.05 m2g-1 – 23.5 m2g-1 (average of 

14.6 m2g-1, n = 29).  The narrow Vietnamese Shelf area shows lower values between 

2.49 m2g-1 – 17.3 m2g-1 (average of 10.7 m2g-1, n = 33), comparable with the southern 

Vietnamese Coast (n = 75), which ranges between 1.33 m2g-1 – 23.7 m2g-1 (average of 

7.35 m2g-1).  Mineral SA in the Sunda Shelf samples (n = 55) ranges between 

0.38 m2g-1 – 19.9 m2g-1 (average of 7.66 m2g-1).  Slope/Deep Sea samples with a water 

depth up to 1974 m range between 3.90 m2g-1 – 22.8 m2g-1, average of 8.84 m2g-1 (n = 13).  

Mineral SA for river-estuary samples could not be measured because of insufficient 

sample material. 
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Figure 20) Inverse distance weighing (IDW) graphical illustration of mineral surface area m-2g-1 data 
from the SCS marine surface sediments, using ARC GIS version 10.6.  The data suggest a gradual 
transition from high SA in the northern part, to low SA further south. 

4.3.2 Total organic carbon in marine and estuary sediments in the South China Sea 

The distribution of TOC concentration of marine surface sediments and estuary samples 

is described in detail in Chapter 3.  Concentrations for marine surface sediments range 

between 0.1 % to 4.3 %, in estuary samples the TOC values range from 0.1 % to 9.7 % 

(n = 319).  Key features include low TOC areas in proximity to the Mekong River delta, 

while higher TOC contents are typically observed in the Slope/Deep Sea areas and some 

parts of the southern Sunda Shelf investigated in this study (Fig. 11a and b). 
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4.3.3 Bulk δ13Corg values in estuary and marine surface sediments in the South China 

Sea 

The marine surface sediments from all shelf samples range between -27.7 ‰ to -20.3 ‰ 

(n = 230), estuary samples show δ13Corg values between -23.8 ‰ to -29.5 ‰ (n = 87).  

The regions are described in more detail in Chapter 3.  Key features include more negative 

δ13Corg values in proximity of the Mekong River delta (Fig. 12), some parts of the 

Vietnamese Shelf, where small mountainous rivers reach the ocean interface, and parts 

of southern Hainan, as well as the southernmost part of the Sunda Shelf. 

4.3.4 Δ14C values of riverine and marine surface sediments 

Calculated Δ14C values (Fig. 21 and tables and 13), which reflect values relative to the 

1950 bomb event (for calculation of Δ14C values see Chapter 2 – Material and Methods, 

section 2.4), show values including pre-bomb (negative) and post-bomb (positive) dates 

in estuary samples (n = 70), ranging from -966 ‰ to +93.9 ‰ (Fig. 21).   

Table 12) Δ14C (‰) values of marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin -111 ‰ -265 ‰  181 ‰ 27 

Vietnamese Shelf -31.6 ‰ -220 ‰ -130 ‰ 26 

Vietnamese Coast  54.7 ‰ -511 ‰ -193 ‰ 63 

Sunda Shelf -182 ‰ -354 ‰ -257 ‰ 34 

Slope/ Deep Sea -112 ‰ -378 ‰ -203 ‰ 28 

 

Marine surface sediments on all shelf regions of the SCS show a collective Δ14C range of 

-512 ‰ to +54.7  ‰, including one outlier of +54.7  ‰ next to the Vietnamese Coast 

(SO-187-3-87-2 [09°02.558'N; 106°04.533'E]).  Positive Δ14C values are the product of 

contamination from nuclear weapons radiation signature and technically record future 

Δ14C composition.  Excluding this contaminated outlier leads to a Δ14C range 

between -32.6 ‰ to -512 ‰ with an average of -196 ‰.   
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Figure 21) Inverse distance weighing (IDW) using ARC GIS version 10.6.  Radiocarbon Δ14C interpolation 
of marine surface sediments, and highlighted (circles) Δ14C data of river sediment samples 

The Gulf of Tonkin has Δ14C ranging from -111 ‰ to -265 ‰ (average of -181 ‰, 

n = 27), the narrow Vietnamese Shelf has Δ14C ranging from -31.6 ‰ to -220 ‰ (average 

of -130 ‰, n = 26).  Δ14C along the southern Vietnamese Coast ranges from +54.7 ‰ to 

-512 ‰, (average of -193 ‰ (including the outlier), n = 63).  Excluding the already 

mentioned outlier data, Δ14C values range from -76.4 ‰ to -512 ‰ (average of -197 ‰, 

n = 62).  The Sunda Shelf has Δ14C ranging from -182 ‰ to -355 ‰, (average of -257 ‰, 

n = 34).  The Slope/Deep Sea show values ranging between -378 ‰ and -112 ‰, (average 

of -203 ‰, n = 28). 
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Table 13) Δ14C (‰) values of estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 40.7 ‰ -966 ‰ -267 ‰ 17 

Estuaries from the  Vietnamese Shelf area  69.8 ‰ -353 ‰ 146 ‰ 17 

Estuaries from the Vietnamese Coast area  93.9 ‰ -155 ‰ -75.4 ‰ 12 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

56.5 ‰ -300 ‰ -79.6 ‰ 11 

Estuaries from Thailand -10.7 ‰ -389 ‰ -128 ‰ 13 

 

Respective estuary samples for the Gulf of Tonkin range from -966 ‰ to 40.7 ‰ (average 

of -267 ‰, n = 17); these estuary samples include two samples with very negative values, 

VN-63: -964 ‰ (20°15.600'N; 105°58.800'E) and sample HN-02: -941 ‰ (19°54.000'N; 

109°40.800'E).  Sample VN-63 is derived from the Red River Delta and sample HN-02 

from Hainan.  Estuaries of the Vietnamese Shelf sub-area have values between -353 ‰ 

and 69.8 ‰, (average of -146 ‰, n = 17).  Values of estuaries, which are respective to 

the Vietnamese Coast range from -155 ‰ to 93.9 ‰ (average of -75.6 ‰, n = 12).  

Samples for estuaries respective for the Sunda Shelf area show values from -300 ‰ to 

56.5 ‰, (average of -79.6 ‰, n = 11).  Samples of estuaries from Thailand show values 

from -389 ‰ to -10.7 ‰, (average of -128 ‰, n = 13).   

4.4 Discussion 

4.4.1 Assessing the role of clay minerals in adsorption of OM – surface area and total 

organic carbon 

Mineral SA for marine sediment has been shown to play an essential role in OC cycling 

for different shelf systems around the globe.  This is related to the capacity of SA to bind 

OM, as confirmed by positive correlation of SA with TOC [164, 188, 295, 296].  Strong, 

positive linear correlation of SA and TOC is also observed in the sediment samples from 

the SCS (Fig. 22).   
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Figure 22) Total organic carbon (TOC) contents generally correlate with the mineral surface area, which 
is consistent with a high binding capacity of fine (clay) material for organic carbon.  Blair and Aller [189] 
defined several distinctive ranges of surface loading (Corg/SA) which are characteristic for sedimentary 
environments, which have implications for net balance between supply and remineralisation reactions.  
Abbreviations: GT = Gulf of Tonkin, VS = Vietnamese Shelf, VC = Vietnamese Coast, SS = Sunda Shelf, 
S/DS = Slope/Deep Sea 

This observation is interpreted to reflect the abundance of fine-grained (<63 µm) particles 

with larger SA (i.e. clay minerals) that are known to have good binding sites for OM [191, 

284].  The SA analysed samples from the SCS range from 0.38 m2g-1 – 23.9 m2g-1, which 

are overall low compared to other shelf areas.  For comparison, SA from the Amazon-

Guianas mud-belt range between ~16 m2g-1 – 50 m2g-1 [297] and for the coast off Papua 

New Guinea between ~16 m2g-1 – 31 m2g-1 [298].   

Depending on mineral type (e.g. smectite vs. kaolinite), the efficiency of OM fixation 

varies and the order for the binding capacity is kaolinite < illite < smectite [299].  Within 

the SCS, smectite is the dominant clay mineral (Fig. 15 in Liu et al. [16]).  In general, 

regions with similar SA properties often share similarities in the abundance and 

distribution of TOC, given that physical parameters are comparable.  Examples include 

the Yangtze River [300, 301], the Pearl River (e.g. Yu et al. [302]), the Ayeyarwardy 

Shelf [303], and the Amazon River [304].  One critical external control on SA of marine 

sediments is the strength of ocean currents and tides, as they can preferentially remove 
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high-SA particles in the sortable silt fraction or prohibit the settling of fine material [305] 

leaving more coarse-grained sediments behind (lag deposits).   

Besides SA, other aspects that have been shown to affect the sedimentary TOC budget 

are dissolved oxygen availability in the water column (e.g. Dauwe and Middelburg, 

[306]) and pore waters, the formation of aggregates (e.g. Drake et al. and Wefer, [307, 

308]), the variability in the clay mineral composition and post depositional mixing (e.g. 

in tempestite and/or by bioturbation) (e.g. Stein et al. Ding et al. and Kennedy et al. [309–

311]).  The latter two are described for the SCS [16, 312–315] but no correlation is found 

with SA.   

In a next step, the potential impact of SA, variation in clay mineralogy and post 

depositional mixing on the SCS are explored.  This analysis is then compared with other 

shelf areas worldwide to identify what conditions might favour unexpectedly high or low 

carbon burial efficiency in the southern SCS. 

Low SA is attributed to either higher proportion of sand components, and/or the formation 

of aggregates.  Therefore, a first test is to analyse the relationship between grain size 

fraction (clay, silt, and sand) and SA.  The assumption is that if clay minerals are the 

primary agent in OM fixation, SA should correlate positively with clay and possibly silt, 

but negatively with sand fractions.  An evaluation for the Gulf of Tonkin samples where 

grain size analyses are available shows that SA and TOC correlate positively (Fig. 22), 

as well as the clay and silt fractions (Fig. 23).   
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Figure 23) Correlation between grain-size fractions (clay, silt and sand) and mineral surface area for 
samples from the Gulf of Tonkin, demonstrating that SA is a function of grain size distribution 
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In contrast, the sand fraction significantly scatters without any relevant relationship.  It is 

assumed that the SA scatter for sand fractions originate from variable grain shapes (grains 

with cracks have larger surfaces compared to completely round shapes, or plates, which 

result in higher surface to volume ratios), but cannot be identified with certainty in the 

frame of this study.  Another peculiar feature of the Gulf of Tonkin dataset is the intercept 

between clay mineral fraction and TOC (Fig. 22), close to zero (<0.08 %, Fig. 23).  This 

implies that the clay size fraction has a dominant control on TOC in this region.  Within 

the SCS, the clay mineral ratio between kaolinite, chlorite, smectite, and illite is highly 

variable (e.g. smectite / chlorite range is 0.4 – 44.5) [16].  However, the Gulf of Tonkin, 

Vietnamese Coast, Vietnamese Shelf and Sunda Shelf, which are representative for 

~50 % of the SCS, are remarkably similar in their clay mineral ratios [16].   

By comparing SA with TOC (Fig. 22), a positive linear correlation (R2 0.5 - 0.76) within 

all regions of the SCS is apparent, although the slope of the correlation is variable between 

regions, including some scatter.  This correlation underlines the importance of physical 

properties of the sediments concerning fixing and preserving OC.  Variations in the slope 

and scatter of the data probably indicate regional differences in e.g. TOC supply, current 

dynamics and TOC fixation rates are present throughout the SCS.  These do not influence 

the SA but OC fixation and preservation.  Other physical factors that can affect the settling 

and binding of OC are current velocities and variable rates of preservation.  These factors 

are evaluated below. 

The shallowest slope in SA vs. TOC is observed for samples from the Gulf of Tonkin and 

from the Vietnamese Coast (Fig. 22) areas, which are in part affected by the deltas of the 

Mekong River and Red River, respectively.  This hinges to lower OC binding efficiency 

in proximity to freshwater outflow areas (higher current velocities), or faster 

decomposition (e.g. oxygen availability).  Higher current velocities could also play a role 

in marine sediment OC content.  Firstly, higher velocities could prevent the settling of 

finer sediment (e.g. clay minerals), which limits the carbon binding efficiency.  Secondly, 

transport the OC away from the sediment could occur at rates faster than OC fixation.  

Such conditions would be consistent with the observation that in the southern Vietnamese 

Coast area, higher TOC at low SA is observed with increasing distance from the Mekong 

River delta (samples with TOC > 0.7 %). 

In the Sunda Shelf region, two groups of samples are distinguished (Fig. 22).  The first 

group has a steep slope in SA vs. TOC with SA values <10 m2g-1, while a second group 
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with SA values >10 m2g-1 shares similarities with the river-impacted Gulf of Tonkin and 

Vietnamese Coast.  High SA values of samples from the Sunda Shelf are located across 

the Molengraaff Palaeoriver depth transect (see Chapter  1- General Introduction), which 

is known to be composed of finer material  [316], Cruise report RV Sonne 115, core 

samples SO-115-20, -21, -50, -60, -62, -63, -65, -66, -68, -76).  This observation is 

supported by other studies on palaeorivers, which found that finer sediment fractions 

settle with increasing distance to the river deltas [317].  The comparatively low TOC at 

higher SA in the Sunda palaeoriver channel could therefore be attributed to increased 

decomposition of OM during past deposition, fuelled by abundant dissolved oxygen in 

bottom waters and an active benthic layer.  These conditions may cause the TOC/SA 

ratios in the Molengraaff River to be slightly elevated, relative to other samples from the 

Sunda Shelf (0.083 versus 0.071).  The study by Keil et al. [318] interpreted higher 

OC/SA ratios to reflect higher burial efficiency of terrestrial OM (Amazon River and 

Delta [318]), due to sea level low stands during glaciations and a more direct transport 

pathway [319].  The samples from the Vietnamese Shelf behave differently and generally 

show a positive correlation in SA vs. TOC, with a slope intermediate between the steep 

slope of the Sunda Shelf and the river delta regions of the Gulf of Tonkin and the southern 

Vietnamese Coast.  The Vietnamese Shelf is strongly affected by small-scale 

mountainous rivers, which have shorter transport distances and possible shorter transit 

timescales.  Another interesting observation from the SA vs. TOC data is low OC storage 

in sediments close to the two large rivers (Mekong River and Red River), even though 

they are expected to discharge large amounts of continental OM [285].  It is likely that 

these high amounts of continental OM is strongly diluted at the interface of the river delta 

and the ocean, if e.g. marine primary production is low or water mass exchange is rapid.  

The SA/TOC relationship (steep slope) is consistent with other areas in proximity to 

smaller rivers (Fig. 22), suggesting that a close proximity to rivers, in general, inhibits 

effective OM burial.  It therefore seems crucial to interpret marine sediment data with 

proximity to freshwater inflows carefully, and ideally characterise the rivers and 

sediments discharged to coastal and inner shelf regions.   

The narrow Vietnamese Shelf region is very different with its numerous small, 

mountainous rivers compared to the rest of the Vietnamese shelf (see e.g. Liu et al. [16]).  

Milliman and Farnsworth  [99] and Larsen et al. [320] report that globally steep and wet 

mountains deliver 62 % of all sediment to the ocean.  In these settings sediment 

mobilisation occurs through chemical and physical weathering, to result in soil creep, 
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sheet wash, gulling, debris flows and landslides, including mobilisation of POC from 

above and below ground biomass, soils and sedimentary rocks [319].  Furthermore, POC 

from biomass and plant litter tends to be more concentrated, younger (in 14C age) and 

more reactive [319] relative to e.g. petrogenic carbon.  A major factor that influences 

erosion and the mobilisation of material on land is the hydrological regime, i.e. 

precipitation and runoff patterns, both surface and sub-surface.  Low frequency, high 

magnitude precipitation events have been shown to be responsible for a disproportional 

large portion of sediment and POC mobilisation in mountainous areas [319, 321].  For 

example, in the Leiwu catchment on Taiwan (adjacent to the study area of this study) 

77 - 92 % of biospheric POC transport occurs during cyclone-triggered floods, that occur 

about three times per year [322–324].  Importantly, these authors also noted that the 

biospheric OC fraction of POC was only 30 %, with the remaining 70 % deriving from 

petrogenic carbon.  Similar relationships have been reported from other steep 

mountainous regions, such as the headwaters of the Amazon River in Peru, with up to 

80 % of the total POC being petrogenic [325].  Since the SCS is the largest marginal sea 

of the Pacific Ocean, these observations made in Peru and Taiwan support that, the SCS 

potentially plays an important role in the global carbon budget.   

Finally, marked reductions in TOC between riverine and marine sediments, observed in 

all regions from the SCS warrant further discussion.  These drop to the overall low TOC 

across the entire SCS shelf region and challenge the common perception that shelf 

systems function as key storage regions of OC [284].  TOC in riverine sediments indeed 

can be as high as 3.61 % in the study area (Tra Khuc River St.  1b), but corresponding 

open marine sediments are generally <1 %.  This discrepancy may in part be related to 

the presence of and widespread occurrence of coastal mangrove forests along eastern 

Vietnam and northern Indonesia, which are known to catch not only significant amounts 

of sediment [69] but also POC.  The efficiency in which mangrove retain sediment in 

northern Vietnam depends on spatial geomorphology, hydrodynamics and vegetation 

[326].  These factors are highly variable throughout the SCS and no conclusive 

assessment for mangrove-controlled sedimentation is currently available.  The only 

quantitative estimate proximal to the SCS is discussed in Victor et al. [69], with data from 

the Palau islands.  Victor et al. [69] estimated sediment entrapment of up to 30 % of the 

discharged sediment.  However, higher rates are necessary to explain the discrepancy 

between river TOC and marine sediment TOC content in the SCS (requires sediment 
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entrapment of ca. 40 % - 60 %).  In the absence of further data to quantify the mangrove 

effect, other factors such as biomass decomposition are also considered important.   

4.4.2 The relationship between δ13Corg and TOC – identification of decomposition of 

OM in estuary and marine sediments 

To explore the degree of decomposition it is crucial to investigate the relationship 

between TOC loading and bulk δ13C isotopic composition.  Conceptually, one expects a 

net loss of terrestrial Corg to be accompanied by a drop in isotopic composition (e.g. 

heavier δ13C values), as demonstrated in the global review by Blair and Aller [189].  The 

lighter isotopic δ13C values are characteristic for terrestrial C3 plants, which are more 

resistant to decomposition compared to marine biomass [3], that is characterised by 

heavier δ13C values.  The samples from the Gulf of Tonkin, Vietnamese Coast and Shelf 

and the Sunda Shelf show a clear trend of terrestrial Corg depletion (c.f. negative 

correlation in Fig. 24), and fall into a narrow range (TOC/SA has max 0.16, with five 

outliers above 0.3), overall.  The SCS marine sediment data are characterised by low 

TOC/SA, relative to the maximum value of ~0.7 (Amazon River) presented by Blair and 

Aller [189].  Yet, the slopes of the regression lines are based on a high amount of data 

and assumed reliable and robust.  When directly comparing the SCS region with the 

Amazon data [297, 318], the slope of the regression line of the SCS data is seemingly 

shallower than the amazon data (Fig. 24).  The restricted range of the SCS data implies 

that the terrestrial Corg budget in the SCS is relatively low, compared to other shelf 

systems (e.g. Amazon [318] and French Guiana [297]).  This could indicate that terrestrial 

Corg is more readily decomposed in the SCS, compared to the Amazon [297] and Amazon-

French Guiana [318] system.  Since the SCS and Amazon reflect two regions with 

distinctively different vegetation and climate conditions, it cannot be ruled out that 

physical and chemical processes control or affect the rates at which terrestrial sourced 

OM is decomposed.  Furthermore, the initial ratio between marine and terrestrial OM 

might vary between those two regions and requires further investigation.  Nonetheless, 

the assumption that the data indeed reflect net loss of terrestrial Corg receives further 

support from observations in FAME composition of bulk sediments discussed in Chapter 

3.  The FAME record indicates a deficit in long-chain FAME, which are diagnostic for 

terrestrial sourced OM, and interpreted as decomposition of terrestrial Corg.   
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Figure 24) Relationship between Corg loading and bulk carbon δ13C isotopic composition for marine 
surface sediments from the SCS, which show a trend of net loss of Corg.  The similar slope between 
different regions is indicative of similar processes (e.g. degradation) responsible for the modification of 
sediment isotopic and physical signatures.  The slope of the SCS data regression line is unaffected by 
the five data points with TOC/SA values greater than 0.3  

Dissolved oxygen availability is efficient for the decomposition of OM by microbial 

processes, and regional variations in oxygen abundance are related to TOC abundances 

in marine sediments [327–329].  The study of Rojana-anawat et al. [291] demonstrate for 

the Gulf of Tonkin, Vietnamese Coast and Vietnamese Shelf strong variability in 

available dissolved oxygen from north to south.   

Rojana-anawat et al. [291] found, that oxygen availability drops with increasing water 

depth and distance to the river mouth, with surface current dynamics determining regional 

variations.  If dissolved oxygen is a dominant factor in the decomposition of TOC, the 

Gulf of Tonkin is expected to yield low TOC, since it has the greatest amount of dissolved 

oxygen availability in the study area.  However, TOC content in the Gulf of Tonkin is 

relatively high (Fig. 22) indicating that the role of oxygen availability is secondary, 

relative to factors such as SA.   

The Gulf of Tonkin also preserves significant amounts of FA (Chapter 3), which are 

expected to rapidly decompose, owing to their functional groups.  This would require the 

Gulf of Tonkin to have i) high primary production rates and/or ii) shielding of OM by 
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adsorption to clay minerals, which are known to retard degradation [330].  A similar 

degree of preservation of TOC abundance relative to the Gulf Tonkin is only achieved in 

the Slope/Deep Sea area, but features different framework conditions, such as greater 

water depth, lower water temperature, lower primary production detritus and significantly 

higher water current velocities and large scale current structures, all seasonally 

dependent. 

4.4.3 Transition of OM radiocarbon dates during transport and decomposition 

The composition of OC transported by riverine systems to the coastal ocean is controlled 

by the composition of different source regions (e.g. variation in bedrock lithology and 

soil type and abundance, vegetation change such as C3, C4 and CAM plants) and the 

variation of relative proportions of source material constituting the OM.  The bulk 

sediment OC also reflects properties of the watershed and the residence time of OC and 

sediments therein [189]. 

The Red River and the Mekong River transport large volumes of water and sediment, 

which are sourced from the hinterland with contributions from the coastal regions.  Both 

river systems exhibit Corg/Ntotal ratios of around 10 - 12 typical of terrestrial components 

(see Chapter 2 – Material and Methods), which argue for a strong hinterland component.  

However, tidal forces cause a reversal in stream dynamics of the Mekong River delta (see 

Chapter 1- General Introduction) which increases the weight of coastal contributions.  In 

eastern Vietnam, numerous small mountainous rivers are the principal transport pathway 

from land to ocean [331].  In these small mountainous rivers the drainage regions are 

small and often effected by rapid erosion, particularly during the monsoonal season [205].  

The steep topography naturally accelerates water streams, which reduce the time for 

potential mixing with other sources, making mixing less likely and if so, less pronounced.  

As a result, the proportion of petrogenic carbon can be highly variable over time and 

space and be dominant over fluvial transported potent terrestrial OM and/or recalcitrant 

OM.  Furthermore, the residence time of OC transported by these mountainous rivers 

across and along the inner shelf areas is crucial for the preservation of their original 

isotopic composition [332].  This has important implications for the bulk radiocarbon 

content of both riverine and marine POC.  While both large and small rivers can be 

sources of old carbon, their OC age distribution can be highly variable [205].  Typically, 

rivers in active margin systems are bimodal in their 14C carbon composition due to mixing 

of inert petrogenic carbon from weathering processes and potent biospheric OC.  More 
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complex mixing relations are however observed in large river systems, such as the Red 

River and the Mekong River.  Here, the mixing may not only carry potent biospheric OC 

and small proportions of inert petrogenic carbon, but also significant amounts of 

recalcitrant OC of variable 14C composition, sourced from diverse soils in the drainage 

areas [12, 332, 333].  Bianchi et al. [205] suggest that bulk OC radiocarbon ages vary 

with river discharge.  Low river flows carry predominantly low-density materials, e.g. 

plant debris and algal OC, which are rich in 14C.  On the contrary, heavy precipitation 

events can erode denser and older sedimentary or soil material which are typically 14C 

poor [321].  This cannot be tested here, in absence of necessary data, but it is a possible 

explanation.   

Bianchi et al. [205] found that the correlation between OC and radiocarbon values (Δ14C) 

and 1/TOC are indicative that organic rich sediments generally have younger ages in 

various regions (e.g. Amazon Shelf [297, 318, 334–339], Northern Gulf of Mexico [340–

348] Pan-China Sea [10, 12, 349–354] on earth, with only one exception (Pan-Arctic).  

Bianchi et al. [205] concludes that the variability in Δ14C age across a given system is 

dominantly controlled by the variable contribution of petrogenic carbon.  For the 

investigated samples in the SCS, the same observation is made in Δ14C vs. 1/TOC space 

(see Fig. 10 in Chapter 2 – Material and Methods), suggesting variations in the petrogenic 

carbon component dominantly control Δ14C dates in the SCS.  The simple, yet scattered 

correlation does not provide evidence for significant addition of autochthonous (marine, 

algal) material transported from other regions.  Instead, the investigated samples seem to 

form a principle two-component mixing system with petrogenic carbon and radiocarbon 

sourced carbon from local reservoirs as end-members.   

Furthermore, bulk shelf sediments tentatively have older Δ14C ages than their respective 

riverine feeder systems, owing to lateral transport distances of undetermined duration and 

speed.  Figure 25 identifies that riverine and marine samples from the SCS are distinct in 

their δ13C isotopic signature, with the marine samples being heavier (approximately 

2 ‰ – 6 ‰ units) in δ13C relative to the riverine samples (red circles, figure insert in 

Fig. 25).  In the case of the Sunda Shelf and the Vietnamese Coast, riverine samples have 

Δ14C compositions younger than marine samples from the respective areas (Fig. 25).  This 

discrepancy between riverine and marine apparent Δ14C age can be the result of 

preferential removal of the youngest riverine components and fresh marine production, 

relatively enriching less reactive and isotopically older carbon [355].   
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Figure 25) Correlation between bulk sediment organic carbon δ13C (stable) values and Δ14C values, as in 
Bianchi et al. [205].  Riverine samples exhibit more negative values, characteristic of terrestrial source 
substrate, while marine sediments have values typical of marine environments.  The inset differentiates 
only between riverine (black) and marine (red) samples to illustrate the sharp transition between 
riverine and marine samples.  Abbreviations: GT = Gulf of Tonkin, VS = Vietnamese Shelf, VC = 
Vietnamese Coast, SS = Sunda Shelf, S/DS = Slope/Deep Sea 

However, some riverine samples from both the Gulf of Tonkin and Vietnamese Shelf 

exhibit Δ14C values, which span younger and older ranges than their marine counterpart 

samples (Fig. 25).  Following the conclusions of Bianchi et al. [205], this can be attributed 

to the variable proportions of petrogenic carbon, which can cause apparent older dates in 

bulk sediment Δ14C analyses.  A possible explanation for this inconsistency in petrogenic 

carbon mass fraction can be seasonality in precipitation on the Vietnamese mainland (see 

Chapter 1 - General Introduction), which temporarily result in increased proportions in 

petrogenic carbon (remobilisation by weathering) mobilisation [319].  Whether this is a 

seasonal effect (e.g. monsoonal) or an event or multi-annual effect cannot be resolved 

with the available sample set, as this would require additional seasonal sampling at a finer 

spatial resolution.  In the case of the Gulf of Tonkin, the Red River is the dominant source 

of terrestrial OC, which is more resistant to the petrogenic carbon, as discussed above.   

Yet some of the riverine samples show significantly older values than any marine surface 

sediment samples studied in the Gulf of Tonkin (VN-63 and HN-02).  Speculatively, 

anthropogenic activities might provide an explanation.  The Red River passes through the 

Quang Ninh coal basin, responsible for over 90  % of Vietnams coal mining  [356].  It is 
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therefore plausible to assume that high mobilisation of coal tailings and industrial activity 

may comprise the ancient and inert carbon load from the catchment bedrock, shifting the 

radiocarbon signal to older ages of the bulk marine shelf sediments.  This effect is not 

observed in other areas of this study, and potentially restricted to short transport pathways 

and small areas.  Additional inert carbon source is also identified off north-eastern Hainan 

by some outlier samples (Fig. 25, sample VN-63).  The northern part of Hainan Island 

has significant exposure of basic volcanic rocks, which are a source of petrogenic carbon 

(Fig. 3 (in Chapter 1 – General Introduction), HN-02).  The study of Blattmann et al. [11] 

recently demonstrated for the Taiwan system that the source rock geology can project 

into POC offshore, causing a shift towards older dates.  It is therefore well possible that 

the same process controls the radiocarbon signatures observed around northern Hainan, 

and any other regions with significant exposure of volcanic lithology. 

Other studies have demonstrated that bioturbated sediments can produce similar evidence 

where benthic macrofauna are relatively enriched in Δ14C as a result of preferential 

feeding on labile sediment detritus [357, 358].  Mixing of locally produced marine OC 

(heavier δ13Corg isotopic signatures) with older sedimentary OC bearing a terrestrial 

signature will still result in selective remineralisation of the labile marine material, which 

can produce dissolved inorganic carbon signatures mirroring marine environments [189, 

359, 360].   

The data presented here, support the conclusion that marine surface-sediments of the SCS 

consist of mixtures from reservoirs with distinct δ13C and Δ14C compositions.  A tendency 

towards preservation of organic carbon with older Δ14C signatures can be observed, as 

evident from older bulk marine sediments compared to riverine sediments.  This 

conclusion is consistent with previous findings in other coastal margin regions [205].   

The OC derived from terrestrial reservoirs may also be subject to remineralisation, but 

the available data do not permit a robust evaluation of this process.  Previous studies have 

shown that the bulk sediment OC is often dominated by isotopically lighter and older 

components [205, 298], but within the SCS, data on the source regions is essentially 

absent.  This paucity of well-calibrated end-member data needed to reconstruct and 

understand the carbon transfer from land to ocean can potentially be resolved using an 

inversion approach, where the data correlation of the final sediment from the deep sea 

through the shelf is used to constrain the most likely source reservoir compositions.  In 



Chapter 4 

 

98 

 

the next section, this option is used to reconstruct potential δ13Corg and Δ14C source 

reservoir compositions 

4.5 Conclusions  

1) The mineral SA and the TOC content of marine surface sediments correlate 

positively throughout the SCS, albeit variations in the slope between different 

regions and special locations (e.g. Sunda Shelf palaeo-channels) are observed.  

The different slopes are controlled by the clay fraction, determining TOC 

concentration.  Highest amounts of TOC are found with increasing distance to 

river deltas.  Some of the Vietnamese Coast samples have the highest TOC/SA 

and another area with consistently high TOC/SA is the Slope Deep/Sea, which is 

the area of accumulation of OM in the study area.  Within the Sunda Shelf, two 

trends emerge, of which one returns lower TOC/SA values for samples in 

proximity to palaeoriver beds.  The Gulf of Tonkin is characterised by lowest 

TOC/SA values, suggesting that low current velocities permit both the settling of 

clay fraction and OM.  Seemingly, current dynamics (speeds and structures 

formed) significantly affect the composition of marine sediments, possibly 

regardless of the amount and composition imported from the terrestrial interface 

by e.g. rivers.   

2) The transformation of OM δ13Corg signatures from terrestrial sources towards the 

Slope/Deep Sea sediments is related to several processes: i) decomposition of 

OM, as evident from gradual changes (increase) in δ13Corg isotopic composition 

with increasing distance to the source, ii) mixing of terrestrial sourced OM with 

marine bio-produced matter, causing shifts towards heavier δ13Corg values.  In 

particular, a net loss of terrestrial Corg is evident from relationships in δ13Corg vs. 

TOC/SA, consistent with observations for other shelf and delta systems 

worldwide.  Additionally, coastal mangrove belts can reduce transfer of sediments 

from the terrestrial source regions towards the oceans by up to 30 %, as 

documented previously for areas of Japan [69].  This will increase the weight of 

marine OM in bulk composition.  Detailed transect sampling through a river-

mangrove-ocean segment is required to accurately quantify and characterise this 

process.   

3) The Δ14C radiocarbon dates of riverine sediments are generally younger than those 

of the corresponding marine sediments.  However, some outliers are observed.  

Special circumstances can cause anomalous apparent older dates in some cases, 
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which in the literature are generalised by long storage times in the transport system 

prior to final deposition, and not to source specific features.  In this case, these 

anomalous older river dates can be traced back to localised geographic features, 

such as the entry of coal carbon through mining and related processes.  Other 

examples include rivers that drain mafic bedrocks, where substantial amounts of 

petrogenic carbon appear to be mobilised, shifting the radiocarbon date of marine 

sediments to less radiogenic compositions.  These details highlight the importance 

of high spatial resolution mapping in the interpretation of regional data sets.   
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5 Model estimates of OC pools and process in the SCS: Comparing 

simulation and calculation-based approaches  
 

5.1 Introduction 

Numerical models are a powerful tool in the decryption and interpretation of larger 

datasets, set to interpret geological questions and conundrums.  At foremost this study is 

concerned to identify theoretical bulk sediment compositions related to a mixture of 

different sources.  The preservation of terrestrial sourced OM from source to sink has 

important implications for the interpretation of carbon processes connecting the land 

ocean transition zone and could have implications for the storage of carbon.  Therefore, 

an accurate assessment of bulk sediment composition and the identification of 

contributing sources is a fundamental framework parameter.   

Mixed terrestrial reservoirs can be de-convoluted using e.g. geochemical proxies 

Corg/Ntotal δ
13Corg and Δ14C measurements of bulk organic carbon in marine and riverine 

surface sediments (e.g., Foster and Walling, and Rowntree and Foster, [361, 362]).  

Furthermore, this study introduces a statistical Bayesian inversion model to estimate 

relative carbon-source contributions in marine surface sediments of the SCS, and to 

approximate source signatures currently uncharacterised.  The goal is to create an average 

reservoir reference for larger scale models, which can be applied to any given marine 

surface sediment sample from the SCS and discuss implications and limitations of this 

approach. 

At the same time, the scepticism of Müller, [164] concerning the Corg/Ntotal ratio and its 

use in mixing models is investigated and evaluated using Bayesian statistic style 

approach.  Additionally, the performance of binary single proxy models with multi 

variance models is compared to make a recommendation as to which will return the most 

probable accurate data.   

The comparison of these methods highlights the potential of Bayesian statistics, 

particularly in the validation of theoretical end-members when combined with iterative 

refinement.  In particular, the ability of the Bayesian statistics approach to incorporate 

unquantifiable data by means of prior knowledge definitions make this tool extremely 

potent in geological and environmental studies. This is consistent with the observation, 

that any model applied to the study area is subject to local conditions (e.g. variations in 

bedrock), which can easily be incorporated in Bayesian statistics.  It is demonstrated that 
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end-members are regional specific and consequently may lead to a bias or even erroneous 

interpretations when general endmembers are applied.  The performance and suitability 

of geochemical tracers such as the Corg/Ntotal ratio is subject to debate. Here it is found to 

reduce the performance of the models tested, suggesting that it is an unsuitable 

geochemical tracer to reconstruct or validate end-member compositions.  Following the 

findings of this approach, a modification is suggested to incorporate linear equations in 

the non-linear Bayesian simulations to improve model vs. data fit.  This approach will 

permit the identification of underestimated and/or unrecognised OM source end-members 

through the iterative component, while the Bayesian statistics permit a mathematical 

estimate for size fractions.  

5.2 Methods 

5.2.1 Estimates of marine and terrestrial components based on an end-member 

mixing model using the δ13Corg isotopic composition 

The proportion of OM bearing a marine origin can be estimated using the bulk sediment 

δ13Corg isotopic composition using the equations of Craig, [184].  The first model 

boundary parameters used here are taken from reported data of the Changjiang River 

[363].  A second model run uses the data generated in this study as boundary parameters 

(using samples with most terrestrial/marine signatures as limits).  The value for the marine 

end-member from the Changjiang River study is δ13Corg: -19.2 ‰ [363] and for the 

terrestrial end-member δ13Corg: -24.9 ‰ [363].  For comparison, the value for the marine 

end-member extracted from the presented study is δ13Corg: -20.3 ‰ and for the terrestrial 

end-member is -29.5 ‰.   

5.2.2 Bayesian statistics – using qualitative and quantitative data in geological 

models 

Bayesian statistic is based on the Bayes-Theorem, which incorporates discrete a priori 

information about multidimensional data (signal) distributions and their uncertainty 

(“prior probabilities” of the end-members) to estimate compositional information (for 

instance, mixing proportions of the end-members) for samples with unknown composite 

signals (“posterior probability”), including geological data [364]. 

Bayesian statistics differ from classical, frequentist statistic in four ways: 

I) Frequentists estimate the probability of data occurring given an explicit 

hypothesis [P(Y|H)].  In contrast, Bayesian inference offers a quantitative estimate 
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of the likelihood that an explicit hypothesis is true in light of the available data 

[P(H|Y)] [364].  This  approach is useful in many geoscience disciplines wherein 

data are often sparse, and boundary parameters derived from secondary data (e.g. 

proxies) are used for constraining global solutions and theoretical hypotheses (i.e. 

computer models).   

II) Differences in defining probability: frequentists define it in terms of long-run 

(infinite) frequencies of events in a relative sense, and Bayesians define it from 

an individual’s degree of confidence in the likelihood of an event [364].  This 

permits the application of Bayesian statistics to size limited data sets, while 

retaining a mathematical sense of uncertainty that can be expressed numerically.   

III) Bayesian statistics use a priori information (e.g., prior knowledge) along with the 

sample data, whereas classic statistics use sample data alone [364].  This permits 

the inclusion of e.g. qualitative data or observations, into quantitative models. 

IV) Bayesian statistics consider model boundary-parameters as random variables, 

whereas classic statistics consider them to be estimates of fixed (true) values 

[364].   

The “Food Reconstruction Using Isotopic Transferred Signals” (FRUITS) model [365] 

uses Bayesian statistics to constrain most likely proportions of end-member sources (e.g. 

marine, terrestrial and petrogenic carbon fractions), using measured geochemical proxies 

to constrain the algorithms (e.g. δ13Corg and Fm).  It should be noted, that any Bayesian 

modelling approach, such as the algorithm used by FRUITS, is inherently nonlinear for 

systems with multiple end-members, although ‘large scale’ (global) nonlinearities can 

appear almost linear at fine (local) scales [366].  The FRUITS model generates the most 

likely probability proportion (distributions) of the end-member sources or compositional 

fractions, as informed by given end-member source and data-distribution constraints.  

FRUITS can be further refined through boundary parameters or conditional requirements 

that need to be fulfilled (also described as prior or a priori knowledge); for instance, a 

condition that fraction A is bigger than fraction B, or any other adaptable qualitative 

information.   

In the absence of a priori information, FRUITS implements a Gaussian (beta) distribution 

constructed from source-reservoir compositional boundary parameters and their 

uncertainties.  In contrast, incorporating prior information essentially guides model 

development to create sharper resolution data output [365].  Prior information can include 

observations from previous studies (e.g., A is bigger than B but smaller than C), region-
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specific features such as climate variability or extreme event frequencies or previous 

model results.   

5.2.3 Quantitative modelling of source signatures using a Bayesian statistic approach 

(FRUITS model) 

5.2.3.1 Model estimates for δ13Corg and Corg/Ntotal input data 

Bayesian statistics are used to calculate theoretical mixing between multiple end-

members, representing the composition of i) continental signal and ii) marine cumulate 

sediment.  This study uses Corg/Ntotal ratio and δ13Corg, as they are commonly used tracers 

to differentiate terrestrial and marine source composition.  The model is restrained to not 

consider isotopic fractionation and concentrations.  The model output is reported in 

section 5.3.2 table 18 and 19. 

5.2.3.2 Model estimates for δ13Corg and Δ14C input data 

Bayesian statistics are used to calculate theoretical mixing between multiple end-

members, representing the composition of i) continental signal and ii) marine cumulate 

sediment.  This study uses δ13Corg and Δ14C, as they are carbon specific tracers used to 

differentiate terrestrial and marine source composition.  It is important to note that 

radiocarbon (Δ14C) records can be decoupled from stable carbon isotopes in some cases, 

e.g. if transport timescales vary significantly in the region of interest.  The model is 

restrained to not consider isotopic fractionation and concentrations.  The model output is 

reported in section 5.3.3 table 20 and 21. 

5.2.4 Increasing model complexity by addition of source reservoirs and numerical 

refinement through iterative calculations   

The output of Bayesian models is non-linear, since the data density and data composition 

determine the spread, but this offers the flexibility to introduce additional variables.  The 

first aim was to estimate/calculate the proportion of petrogenic carbon to complement the 

FRUITS model estimate for marine and terrestrial proportions (Fig. 26 step 1).  The 

outcome can be compared to conventional estimates from stable isotopes and Corg/Ntotal 

ratios (see section 5.3.1 and 5.3.2).  The first step calculates the relative proportion of 

petrogenic carbon, using the ratios of marine and terrestrial from FRUITS as start-

parameters, and an arbitrarily chosen starting estimate for petrogenic carbon (e.g. 5 %).  

The choice of starting estimate is not of relevance, as the equation used in the model 

solves the unknown variable based on the known variable input.  The output is tested by 
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calculating new bulk δ13Corg and Δ14C values and comparing them against the actual 

measured values. 

 

Figure 26) Schematic illustration of the inversion model workflow (using FRUITS version 2.1.1.  Beta).  
Individual end-members are stepwise resolved, starting with two end-members (marine and 
terrestrial), utilising carbon isotope data (δ13Corg and Δ14C).  Each new step represents a model run with 
an additional end-member (e.g. petrogenic carbon in step 1, carbon dead in step 2).  FRUITS requires 
the input of the assumed reservoir composition and sample compositions, to perform Bayesian 
simulations.  The results from step 1 are used to construct the model run parameters of step 2, and the 
model can be expanded infinitely.  However, a reasonable number for steps is proportionate to the 
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number of tracers utilised, and significantly, amounts of uncertainty in the model output must be 
expected if the number of sources is larger than the number of geochemical proxies plus one  

As explained in Chapter 3 and 4, the prior knowledge about the overall composition and 

diagnostic signature of each carbon source is rather limited and based on assumptions 

derived from the literature.  Prior knowledge is only available for marine and terrestrial 

end-member calculations, but it is to expect that two sources mixing models do not 

account for the overall system and the contributing factors, which play a role in the carbon 

cycle. 

Following the initial calculation cycle, FRUITS outputs for terrestrial, marine and 

petrogenic mixing proportions reveal a discrepancy between measured and modelled bulk 

δ13Corg/Δ
14C for SCS surface sediment samples.  To resolve these discrepancies, iterative 

calculations were performed using Microsoft Office Excel functionality, gradually 

adjusting pools of marine, terrestrial and petrogenic carbon until an acceptable match 

between measured and model data is observed (>90 % for δ13Corg and visual fit of total 

data in Fig. 27).  For this, marine, terrestrial and petrogenic carbon reservoirs/end-

members are given specific δ13Corg and fraction modern values.  End-member δ13Corg 

values were compiled from recent literature from locations nearby or with comparable 

depositional features (c.f., the marine bio-production δ13Corg value of -19.2 ‰ has been 

adopted from Wang et al. [363].  This end-member δ13Corg value yields an almost 1:1 

correlation between measured and modelled data output, however the linear regression 

does not have a zero intercept.  Attribute this to minor regional differences in marine 

δ13Corg the Changjiang River, which is distal to the study area, is influenced by 

compositionally different sources.  Wang et al. [363] reported eutrophication of the 

Changjiang River, which is ascribed to intensive farming and the use of fertilisers.  

Excessive farming in the Changjiang River catchment will therefore create a markedly 

different vegetation cover (on shore) compared to the SCS study area, likely explaining 

the observed offset in δ13Corg data. 
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Figure 27) Model output of FRUITS optimised by iterative refinement to increase the fit between 
observed and modelled data.  The dependence of measured Δ14C and modelled fraction is illustrated in 
A, B, C and D, testing the robustness of the model output.  Scatter can be caused by incorrect choice of 
source compositions or underestimation of sample complexity.  The Δ14C system is revealed to be more 
sensitive relative to the δ13C (E and F), expressed by higher degrees of scatter in measured vs. modelled 
data.  Some of the scatter in Δ14C can be related to the radiogenic nature of the Δ14C system, which can 
result in non-linear mixing relations. 

For the terrestrial bio-production a value of -30 ‰ has been selected, based on 

observations that for terrestrial C3 plants δ13Corg ranges between -21 ‰ and -32 ‰ [220].  

By picking this specific end-member for C3 plants, based on the observations from 

Chapter 3 and that for the δ13Corg distribution only C3 plants have an impact in the region.  

In the simulations the value of -30.0 ‰ for the terrestrial C3 reservoir [367] in 

combination with a value of -19.2 ‰ for the marine reservoir result in a good fit between 

model estimates and measured data (Fig. 27).  Lamade et al. [367] found δ13Corg values 

of oil palm leaves for bulk OM in the autotrophic stage of -29.01 ‰ ± 0.9 ‰ in northern 
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Sumatra our lowest measurements is -29.45 ‰ , also in northern Sumatra which 

reinforces the choice of -30 ‰ for the terrestrial end-member.   

For the δ13Corg value of the petrogenic carbon an end-member of -25.4 ‰ was selected 

based on the findings of Blattmann et al. [11], who investigated sediment traps in the shelf 

close to Taiwan, which is in proximity to the study area.  It can be observed that the Fm 

model vs. measured data display higher amounts of scatter compared to the δ13Corg data.  

This is likely attributed to the fact that: 

i) Δ14C is a radiogenic system that is more sensitive to mixing effects and 

variable source region compositions, as well as carbon transfer and cycle times  

ii) unrecognised heterogeneity in the source regions in terms of Δ14C 

composition.   

To improve the fit of the Δ14C model vs. measured data the next step was to introduce a 

fourth reservoir in the model iteration, i.e. ‘carbon dead’.   

For the carbon dead fraction a δ13Corg end-member of -25 ‰ [225] was used, assuming 

that this carbon is sourced from geologically old material, such as coal.  Coal mining is 

significant in e.g. the delta of the Red River and coal particles (aeolian and/or fluvial 

transported) might be introduced to the carbon cycle by burning of coal in e.g. power 

plants or through mining activity and subsequent processing.   

For the marine bio-production a Fm value of 1.04 was chosen, which represents the 

average value of all samples with a post-bomb signal and which is close to the 

atmospheric Fm value.  The marine bio-production was chosen to represent the post-bomb 

signal because the ocean surface readily exchanges carbon with the atmosphere and most 

marine bio-production occurs near the surface.   

For the terrestrial bio-production a Fm = 0.851 is selected, representing the average of all 

measured Fm values in the studied samples.  The terrestrial reservoir Δ14C value is -155 ‰ 

(sampling year 2012).   

For the petrogenic carbon an Fm/Δ14C value of 0.12/-880 ‰ was used, consistent with 

Rosenheim and Galy., [368].  They reported that any given riverine sample carrying 

petrogenic carbon also carries a young component, which possibly derives from mixing 

of truly old sediment OC with relatively young sediment OC.  Rosenheim and Galy, [368] 

report a value of - 880 ‰ for the Ganges river system.  It is to assume that this is an 
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acceptable approximation of the petrogenic carbon reservoir composition, when draining 

both ancient and more recent sediments. 

Assuming that the simulations approximate reality, the Bayesian model output can be 

refined using simplified mixing equations in iterative steps.  The iterative models were 

performed stepwise and always used the FRUITS model output of initial estimates for 

marine and terrestrial proportions as a foundation.  Below is about the calculation that 

results in what it is to consider the best estimate for the number of reservoirs and their 

composition in the SCS with the available data.  In order to perform calculations, it is 

used a simple equation that can be adjusted for any number of variables (e.g. number of 

sources).  The equation expressed below is set to solve for petrogenic carbon (c): 

Equation 7) Calculation of bulk composition 

𝑏𝑢𝑙𝑘 𝑀 = (𝑎 ∗ 𝑥) + (𝑏 ∗ 𝑦) + (𝑐 ∗ 𝑧) 

Bulk M = measured bulk value       
a = marine [%] 
b = terrestrial [%] 
c = petrogenic carbon [%] 
x = end-member marine δ13Corg composition 
y = end-member terrestrial δ13Corg composition 
z = end-member petrogenic carbon δ13Corg composition 

The petrogenic carbon [%] (c) in this example is the unknown, so it has to reorder the 

equation to solve for the factor c: 

Equation 8) Calculation of petrogenic carbon 

𝑐 =
𝑏𝑢𝑙𝑘 𝑀 − (𝑎 × 𝑥) − (𝑏 × 𝑦)

𝑧
 

To avoid the problem of negative values it has to calculate with absolute values in 

Microsoft Office Excel and the final sum is calculated to 100 %.   

In preparation of the introduction of petrogenic carbon into the total sum, the fractions of 

marine and terrestrial are reduced in equal proportions.  This is done for both marine and 

terrestrial (%) as follows: 

Equation 9) Reduction of marine and terrestrial proportions 

𝑢 = (𝑎 100⁄ ) × (100 × 𝑞) 

u = new part of ratio         
q = starting point for contamination (random pick) 
a = fraction of marine or terrestrial [%]. 
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Since u gives the new fraction estimate based on the size of q, this needs to be performed 

for all starting values (here marine and terrestrial estimate from the FRUITS model).  The 

estimate for the newly introduced component can be picked at random, although it cannot 

exceed 100.  In our case, a starting point in the range of 0 % to 20 % is advisable for the 

fraction estimate of petrogenic carbon, based on the reservoir definitions.  Preceding 

further with the iteration, the next q would be the first calculation of equation 10.  Now it 

is possible to iteratively calculate new bulk M values and compare model vs. measured 

values of e.g. δ13Corg or Δ14C until an acceptable fit is obtained using the equation: 

Equation 10) Calculation of the new bulk composition 

𝑛𝑒𝑤 𝑏𝑢𝑙𝑘 𝑀 = (𝑎 ∗ 𝑢) + (𝑏 ∗ 𝑣) + (𝑐 ∗ 𝑤)  

New bulk M = model calculated new bulk signal     
w = new calculated petrogenic carbon [%] (in first equation, chosen contamination, in further 
iterations result of equation 1).  Sums are calculated to 100 %.  Below the progress is described and 
documented in detail. 
 

The petrogenic carbon reservoir estimate is refined taking the results from the first 

calculation adjusted for mass balance to preserve system sum of 100 %.  Five iterations 

were performed, after which insignificant change is observed.   

A new bulk δ13Corg and Fm value is calculated, using the fraction proportions from the last 

iteration (marine, terrestrial and petrogenic carbon).  This calculated value is compared 

with the measured value (Fig. 27 and 28). 

Potential sources of uncertainty are  

i) incorrect reservoir definition,  

ii) underestimation of the total number of reservoirs,  

iii) reworking of carbon in the marine environment during transport. 

The fit is generally good for δ13Corg (>90 %) and estimates for petrogenic carbon can 

range from 1 % to 20 %.  The fit of Fm is acceptable (qualitatively, Fig. 28, but typically 

better than 70 %), but contains significant amounts of scatter, even after five iterations.  

However, performing additional iterations for Fm returns insignificant change.  This might 

indicate that the model does not cover enough complexity in the Fm systematics.  This 

observation leaves two options: first, to rerun the FRUITS model with the new validated 

end-member composition or secondly, add more diagnostic tracer data (e.g. other stable 

isotope data). 
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Figure 28) The model fit between model output and measured data is illustrated graphically by IDW 
interpolation.  A) The δ13C interpolation reveals areas that consistently over- or underestimate the 
model, and that data are regionally constrained, e.g. at ca. 15oN δ13C model values overestimate relative 
to measured values.  B) The Δ14C interpolation reveals significant heterogeneity in the model fit, with 
up to 85% deviation for some samples, reflecting the scatter in Fig. 27E 

The second step was to estimate a fourth reservoir – carbon dead – to improve the fit in 

Fm model versus measured data, but not changing the δ13Corg model result.   

For the estimation of the % fraction of carbon dead a reservoir age of zero for Fm is used, 

which is equivalent to a Δ14C value of -1000 ‰ (~>10 half live times of carbon, [194]).  

Δ14C was used because of the mathematical error produced when division through zero is 

performed.  This can be circumvented using Δ14C values rather than the Fm values.  The 

Fm values are preferred since they are more accurate when comparing with other samples 

and were used in the FRUITS model prior to the introduction of the carbon dead reservoir.   

Technically an unknown sample can still have a Δ14C value of zero but is absent in the 

modelled data here. 

Since carbon dead is assumed to be part of petrogenic carbon, the amount of carbon dead 

is important to calculate the bulk Δ14C.   

The first attempted model is based on the approach that the bulk sample is a mixture of 

all four components.  To calculate the carbon dead amount, five iterative calculations 

were made to create a fit between actual measured bulk Δ14C against calculated bulk Δ14C, 
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as well as measured bulk δ13Corg to calculated δ13Corg.  Using this approach, both systems 

show a good fit (Fig. 28).  Technically, the actual FRUITS model can be used to calculate 

the amount of carbon dead by itself, but the outcome shows a poorer fit, than the refined 

iterative approach (iFRUITS).   

The third and final step was to refine the model further, by considering a fifth component, 

the marine reservoir effect.  However, no qualitative improvement occurred.  Scatter is 

still observed, which occurs probably because of reworked sediment, which cannot be 

accounted for in the absence of a reliable composition and proxy needed in quantitative 

modelling.  While the scatter could not be resolved completely, the fit between modelled 

and observed data improved to >90 % on average, and the likely source composition and 

size fraction of two previously uncharacterised reservoirs are estimated. 

5.3 Results 

5.3.1 Estimates of marine and terrestrial components based on end-member mixing 

model using the δ13Corg isotopic composition 

The proportion of OM bearing a marine origin can be estimated using the bulk sediment 

δ13Corg isotopic composition using the equations of Craig, [184].  End-member 

compositions for δ13Corg defined here for binary-mixing models are employed in all 

simulations, including the multi-variable FRUITS model simulations (section 5.3.1).  One 

binary mixing model to constrain model parameters is based on reported data from the 

Changjiang River [363].  A second model run uses the data generated in this study as 

parameters (using samples with most terrestrial/marine signatures as boundaries).  The 

value for the marine end-member from the Changjiang River study is δ13Corg: -19.2 ‰ 

[363] and for the terrestrial end-member δ13Corg: -24.9 ‰ [363] (Fig. 29, table 14 and 15).   
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Figure 29) Estimate of the marine component of marine surface and river/estuary sediment samples 
from the SCS, based on the δ13Corg isotopic record using literature end-members for terrestrial (-24.9‰) 
and marine (-19.2‰) reservoirs [363].  The model assumes simple two component mixing.  River 
samples (coloured spheres) are not interpolated but the colour of the sphere relates to the value as 
indicated in the legend.  Black spheres indicate marine surface sediment sample locations.  The marine 
surface sediment samples are interpolated using an inverse distance weighting model using ArcGIS 
v.10.6.   

For comparison, the value for the marine end-member extracted from the presented study 

is δ13Corg -20.3 ‰ and for the terrestrial end-member -29.5 ‰ (Fig. 30a, tables 16 and 

17). 

The percent estimate of the marine component is reported, based on a binary mixing 

model (first with literature values, see figure 29). 
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Table 14) Calculated marine proportions for marine surface sediments with a binary single component 
δ13Corg model based on literature end-member (marine: δ13Corg: -19.2 ‰; terrestrial: δ13Corg: -24.9 ‰ 
[363] 

Region Max. value Min. value Average n  

Gulf of Tonkin 64.0 % 9.47 % 46.6 % 41 

Vietnamese Shelf 55.8 % 7.02 % 38.9 % 32 

Vietnamese Coast 80.5 % 0.00 % 32.1 % 75 

Sunda Shelf 57.4 % 0.00 % 34.9 % 51 

Slope/ Deep Sea 24.7 % 75.4 % 52.2 % 31 

 

For the Gulf of Tonkin the marine component estimates range from 9.47 % to 64.0 % 

(average:  46.6 %, n = 41).  In the Vietnamese Shelf the estimates of the marine proportion 

range from 7.0 % to 55.8 % (average: 38.9 %, n = 32).  On the Vietnamese Coast the 

marine component ranges from 0 % to 80.5 % (average: 32.1 %, n = 75).  In the Sunda 

Shelf the marine component ranges between 0 % and 57.4 % (average: 34.9 %, n = 51).  

In the Slope/Deep Sea the estimates for the marine component range from 24.7 % to 

75.4 % (average: 52.2 %, n = 31).   

Table 15) Calculated marine proportions estuary samples with a binary single component δ13Corg model 
based on literature end-member (marine: δ13Corg: -19.2 ‰; terrestrial: δ13Corg: -24.9 ‰ [363]) 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 0.0 % 13.9 % 3.42 % 18 

Estuaries from the  Vietnamese Shelf area  17.3 % 0.0 % 2.15 % 23 

Estuaries from the Vietnamese Coast area  2.6 % 0.0 % 0.33 % 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

0.0 % 0.0 % 0.0 % 16 

Estuaries from Thailand 4.27 % 0.0 % 0.65 % 13 

 

In the study area for the respective estuaries, the marine component estimates range from 

0.0 % to 19.3 % (average: 3.42 %, n = 18) in the Gulf of Tonkin.  In the Vietnamese Shelf 

the respective estuaries show estimates of the marine proportion ranging from 0 % to 

17.3 % (average: 2.15 %, n = 23).  In the Vietnamese Coast the marine component ranges 

from 0 % to 5.53 %, with values being zero except for one sample (average: 0.33 %, 

n = 0.33 %).  Estuary samples from the Sunda Shelf region show no exception 0.0 % for 

a marine proportion.  Estuary samples from Thailand have values from 0.0 % to 4.27 % 

(average: 0.65 %, n = 13).   
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The second model run is performed with the suggested end-members as documented 

above.  The percentage estimate of the marine component is given, where the model sum 

is 100 % between marine and terrestrial component.   

Table 16) Calculated marine proportions of marine surface sediments with a binary single component 
δ13Corg model based on internal end-member (marine: δ13Corg: -20.3 ‰; terrestrial: δ13Corg: -29.5‰) 

Region Max. value Min. value Average n  

Gulf of Tonkin 89.7 % 55.7 % 78.8 % 41 

Vietnamese Shelf 84.6 % 54.2 % 74.1 % 32 

Vietnamese Coast 100 % 19.2 % 69.8 % 75 

Sunda Shelf 85.6 % 43.5 % 71.6 % 51 

Slope/ Deep Sea 96.8 % 65.2 % 82.3 % 31 

 

For the Gulf of Tonkin the marine component estimates range from 55.7 % to 89.7 % 

(average: 78.8 %, n = 41).  In the Vietnamese Shelf the estimates of the marine proportion 

range from 54.2 % to 84.6 % (average: 74.1%, n = 32).  In the Vietnamese Coast the 

marine component ranges from 19.2 % to 100 % (average: 69.8 %, n = 75).  In the Sunda 

Shelf the marine component ranges between 43.5 % and 85.6 % (average: 71.6 %, n = 51).  

In the Slope/Deep Sea the estimates for the marine component range from 65.2 % to 

96.8 % (average: 82.3 %, n = 31). 

Table 17) Calculated marine proportions of estuary samples with a binary single component δ13Corg 
model based on internal end-member (marine: δ13Corg: -20.3 ‰; terrestrial: δ13Corg: -29.5‰) 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 61.8 % 20.6 % 44.4 % 18 

Estuaries from the  Vietnamese Shelf area  60.6 % 11.7 % 37.7 % 23 

Estuaries from the Vietnamese Coast area  53.2 % 24.9 % 0.33 % 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

36.9 % 0.0 % 13.4 % 16 

Estuaries from Thailand 52.4 % 20.6 % 38.6 % 13 

 

For the respective estuaries, in the Gulf of Tonkin the marine component estimates range 

from 20.6 % to 61.8 % (average: 44.4 %, n = 18).  In the Vietnamese Shelf the respective 

estuaries show estimates of the marine proportion ranging from 11.7 % to 60.6 % 

(average: 37.7 %, n = 23).  In the Vietnamese Coast the marine component ranges from 

24.9 % to 53.2 % (average: 37.1 %, n = 17).  Estuary samples from the Sunda Shelf region 

values range from 0.0 % to 36.9 % (average: 13.4 %, n = 16).  Estuary samples from 

Thailand have values from 20.6 % to 52.4 % (average: 38.6 %, n = 13).  The binary single 
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compound mixing model result based on selected end-members is illustrated in figure 

30a. 

5.3.2 Quantitative modelling of source signatures using a Bayesian statistics 

approach (FRUITS model) 

Bayesian statistics are used to calculate theoretical mixing between multiple end-

members, representing the composition of i) pure continental signal and ii) marine 

cumulate sediment.  This study uses Corg/Ntotal ratio and δ13Corg (Fig. 30a and b), as they 

are commonly used tracers to differentiate terrestrial and marine source composition.  The 

model is restrained to not consider isotopic fractionation and concentrations.    
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Figure 30) a (left): Estimate of the marine component of marine surface and river/estuary sediment 
samples from the SCS are estimated to be based on the δ13Corg isotopic record using internal end-
members for terrestrial (-29.45 ‰) and marine (-20.31 ‰) reservoirs.  The model assumes simple two 
component mixing.  River samples (coloured spheres) are not interpolated but the colour of the sphere 
relates to the value as indicated in the legend.  Black spheres indicate the marine surface sediment 
samples locations.  The marine surface sediment samples are interpolated using an inverse distance 
weighting model using ArcGIS v.10.6.  
b (right): Estimate of the marine component of marine surface and river/estuary sediment samples 
from the SCS, estimated based on the δ13C isotopic record and Corg/Ntotal data, using theoretical end-
members for terrestrial (δ13Corg = -29.45‰, Corg/Ntotal 49.8) and marine (δ13Corg = -20.31‰, 
Corg/Ntotal=2.33) reservoirs.  The model assumes simple two-component mixing and employs Bayesian 
statistics (Fernandes et al. [365]).  River samples (coloured spheres) are not interpolated but the colour 
of the sphere relates to the value as indicated in the legend.  Black spheres indicate the marine surface 
sediment samples locations.  The marine surface sediment samples are interpolated using an inverse 
distance weighting model using ArcGIS v.10.6 
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The model estimate proportions are reported in percent values and are strictly binary 

mixing results. 

Table 18) Model estimates for marine proportions using Corg/Ntotal ratio and δ13Corg (a Bayesian 
approach) for marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 93.3 % 70.7 % 88.4 % 29 

Vietnamese Shelf 98.5 % 79.9 % 93.2 % 32 

Vietnamese Coast 98.8 % 52.3 % 69.8 % 75 

Sunda Shelf 98.8 % 89.9 % 95.9 % 11 

Slope/ Deep Sea 98.1 % 79.5 % 92.6 % 16 

 

In the Gulf of Tonkin, the proportion of marine OM ranges from 70.7 to 93.9 % (average: 

88.4 %, n = 29).  In the Vietnamese Shelf, the marine components comprise for 79.9 % 

to 98.5 %, (average: 93.2 %, n = 32).  In the Vietnamese Coast, the marine proportions 

range from 52.3 % to 98.8 % (average: 85.6 %, n = 56).  In the Sunda Shelf, marine 

proportions are estimated to range from 89.9 % to 98.8 %, (average: 95.9 %, n = 11).  

Calculations of the marine proportions from samples of the Slope/Deep Sea range from 

79.5 % to 98.1 %, (average: 92.6 %, n = 16). 

Table 19) Model estimates for marine proportions using Corg/Ntotal ratio and δ13Corg (a Bayesian 
approach) for estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 97.8 % 1.48 % 63.5 % 18 

Estuaries from the  Vietnamese Shelf area  98.9 % 1.80 % 31.8 % 23 

Estuaries from the Vietnamese Coast area  98.6 % 3.28 % 60.3 % 17 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

79.1 % 0.54 % 19.5 % 16 

Estuaries from Thailand 67.1 % 5.5 % 41.3 % 13 

 

In the respective estuary samples the proportion of marine component ranges from 1.48 

% to 97.8 %, (average: 63.5 %, n = 18) in the Gulf of Tonkin.  In the Vietnamese Shelf 

estuary, the marine components comprise for 1.80 % to 98.9 %, (average: 31.8 %, n = 32).  

In the Vietnamese Coast estuary, the marine proportions range from 3.28 % to 98.6 %, 

(average: 60.3 %, n = 17).  In the Sunda Shelf estuary, marine proportions are estimated 

to range from 0.54 % to 79.1 %, (average: 19.5 %, n = 16).  Estuary samples from 

Thailand range from 5.5 % to 67.1 % (average: 41.3 %, n = 13), but cannot be related 
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directly to a marine region with the available data set and are only reported to complement 

further research in the area. 

5.3.3 Model estimates for source region compositions from δ13Corg and Fm space 

The composition of three potential source reservoirs (petrogenic carbon, marine and 

terrestrial bio-production) has been identified and quantified, using a multiple end-

member Bayesian statistics and inversion modelling approach.  This model includes only 

marine surface sediments, estuaries/riverine samples need a different approach and 

different end-member.  The model was tuned using a δ13Corg and Fm composition of 

petrogenic carbon of -25.4 ‰ [11],  and 0.12 for marine bio-production -19.2 ‰ [363] 

and 1.04, for terrestrial bio-production -30 ‰ and 0.851, and for carbon dead -25 ‰ and 

0 (no radiogenic carbon present), respectively.   

The calculated proportions (n = 176) of marine component in the SCS surface sediments 

range from 17.7 % to 87.9 % (average: 53.3 %), terrestrial component ranges from 4.8 % 

to 42.3 % (average: 15.2 %), petrogenic carbon ranges from 2.2 % to 30.3 % (average: 

15.8 %), and carbon dead ranges from 1.8 % to 28.9 % (average: 15.8 %) (Fig. 31 and 

32, tables 20-31).   

In detail:  

Table 20) Model estimates for marine proportions using δ13Corg and Fm (a Bayesian approach) for marine 
surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 72.0 % 33.2 % 54.7 % 27 

Vietnamese Shelf 69.9 % 32.7 % 58.2 % 26 

Vietnamese Coast 87.9 % 17.7 % 49.5 % 63 

Sunda Shelf 65.0 % 20.3 % 50.5 % 32 

Slope/ Deep Sea 77.4 % 37.3 % 59.4 % 28 

 

The proportion of the marine component ranges in the Gulf of Tonkin from 33.2 % to 

72 % (average: 54.7 %, n =27).  On the Vietnamese Shelf values range 32.7 % to 69.9 % 

(average: 58.2 %, n = 26).  On the Vietnamese Coast the marine component shows values 

from 20.3 % to 77.4 % (average: 50.5 %, n =32).  In the Slope/Deep Sea region the marine 

proportion ranges from 37.3 % to 77.4 % (average: 59.4 %, n = 28). 
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Table 21) Model estimates for terrestrial proportions using δ13Corg and Fm (a Bayesian approach) for 
marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 19.9 % 8.23 % 12.6 % 27 

Vietnamese Shelf 42.3 % 8.83 % 19.3 % 26 

Vietnamese Coast 41.6 % 7.56 % 16.9 % 63 

Sunda Shelf 27.4 % 9.15 % 14.8 % 32 

Slope/ Deep Sea 16.1 % 4.75 % 10.3 % 28 

 

The terrestrial proportion calculated from the FRUITS model approach shows values in 

the Gulf of Tonkin from 8.23% to 19.9 % (average: 12.6 %, n = 27).  On the Vietnamese 

Shelf the proportion ranges from 8.83 % to 42.3 % (average: 19.3 %, n = 26).  The 

percentages of the terrestrial component on the Vietnamese Coast range from 7.56 % to 

41.6 % (average: 16.9 %, n = 63).  In the Sunda Shelf region values range from 9.15 % 

to 27.4 % (average: 14.8 % n = 32).  The Slope/Deep Sea shows values from 4.75 % to 

16.1 % (average: 10.3 %, n = 28).   

Table 22) Model estimates for petrogenic carbon proportions using δ13Corg and Fm (a Bayesian approach) 
for marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 24.4 % 6.96 % 16.1 % 27 

Vietnamese Shelf 25.2 % 2.20 % 11.3 % 26 

Vietnamese Coast 29.1 % 2.40 % 16.8 % 63 

Sunda Shelf 30.3 % 10.9 % 17.8 % 32 

Slope/ Deep Sea 24.0 % 6.93 % 14.8 % 28 

 

Calculated petrogenic carbon values range in the Gulf of Tonkin from 6.96 % to 24.4 % 

(average: 16.1 %, n = 27).  The Vietnamese Shelf shows proportions for the terrestrial 

component from 2.20 % to 25.2 % (average: 11.3 %, n = 63).  The Vietnamese Coast 

shows values from 2.40 % to 29.1% (average: 16.8 %, n = 63).  In the Sunda Shelf, 

percentages of the terrestrial component range from 10.9 % to 30.3 % (average: 17.8 %, 

n = 32).  In the Slope/ Deep Sea area values range from 6.93 % to 24.0 % (average: 

14.8 %, n = 28). 
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Table 23) Model estimates for carbon dead proportions using δ13Corg and Fm (a Bayesian approach) for 
marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 27.3 % 6.04 % 16.6 % 27 

Vietnamese Shelf 26.7 % 1.83 % 11.3 % 26 

Vietnamese Coast 28.6 % 2.11 % 16.9 % 63 

Sunda Shelf 28.9 % 9.32 % 16.9 % 32 

Slope/ Deep Sea 24.0 % 6.02 % 15.5 % 28 

 

The calculated proportions for carbon dead range in the Gulf of Tonkin from 6.04 % to 

27.3 % (average: 16.6 %, n = 27).  Values on the Vietnamese Shelf range from 1.83 % to 

28.6 % (average: 11.3 %, n = 26).  The proportions for the carbon dead component range 

on the Vietnamese Coast from 2.11 % to 28.6 % (average: 16.9 %, n = 63).  In the Sunda 

Shelf values range from 9.32 % to 28.9 % (average: 16.9 %, n = 32).  Proportions range 

in the Slope/Deep Sea from 6.02 % to 24.0 % (average: 15.5 %, n = 28).    

The iFRUITS (iteration) based on the δ13Corg data (n = 176) results in values of the marine 

component ranging from 16.8 % to 90.7 % (average: 60.4 %).  The corresponding 

terrestrial component ranges from 3.6 % to 39.0 % (average: 14.7 %), petrogenic carbon 

ranges from 2.8 % to 55.9 % (average: 23.9 %) while carbon dead ranges from 0.8 % to 

1.0 % (average: 1.0 %) (Fig. 31, tables 24 - 27).   

Table 24) Model estimates for marine proportions using δ13Corg and Fm (a Bayesian approach) for marine 
surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 73.6 % 43.2 % 62.0 % 27 

Vietnamese Shelf 72.6 % 44.2 % 64.3 % 26 

Vietnamese Coast 90.7 % 16.8 % 57.4 % 63 

Sunda Shelf 67.8 % 30.6 % 56.0 % 32 

Slope/ Deep Sea 79.4 % 49.2 % 67.3 % 28 

 

The marine proportions from the iteration for the δ13Corg component range in the Gulf of 

Tonkin from 43.2 % to 73.6 % (average: 62.0 %, n = 27).  Values range from 44.2 % to 

72.6 % on the Vietnamese Shelf.  On the Vietnamese Coast the marine proportion ranges 

from 16.8 % to 90.7 % (average: 57.4 %, n = 63).  The Sunda Shelf have values from 

30.6 % to 67.8 % (average: 56.0 %, n = 32).  The marine proportions range in the 

Slope/Deep Sea area from 49.2 % to 79.4 % (average: 67.3 %, n = 28). 
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Table 25) Model estimates for terrestrial proportions using δ13Corg and Fm (a Bayesian approach) for 
marine surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 20.0 % 6.81 % 13.3 % 27 

Vietnamese Shelf 38.5 % 10.9 % 17.8 % 26 

Vietnamese Coast 39.0 % 5.75 % 16.4 % 63 

Sunda Shelf 27.9 % 7.85 % 13.8 % 32 

Slope/ Deep Sea 18.1 % 3.56 % 10.5 % 28 

 

The terrestrial proportions in the Gulf of Tonkin range from 6.81 % to 20.0 % (average: 

13.3 %, n = 37).  The Vietnamese Shelf show values from 10.9 % to 38.5 % (average: 

17.8 %, n = 27).  The proportions for the terrestrial component range from 5.75 % to 

39.0 % on the Vietnamese Coast (average: 16.4 %, n = 63).  The Sunda Shelf show values 

from 7.85 % to 27.9 % (average: 13.8 %, n = 32).  In the Slope/Deep Sea area values 

range from 3.56 % to 18.1 % (average: 10.5 %, n = 28).   

Table 26) Model estimates for petrogenic carbon proportions using δ13Corg and Fm (a Bayesian approach) 
for marine surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 36.5 % 12.1 % 23.8 % 27 

Vietnamese Shelf 34.9 % 3.13 % 17.1 % 26 

Vietnamese Coast 55.9 % 2.81 % 25.3 % 63 

Sunda Shelf 40.5 % 20.0 % 29.3 % 32 

Slope/ Deep Sea 42.4 % 12.5 % 21.3 % 28 

 

The calculated proportions of petrogenic carbon range in the Gulf of Tonkin from 12.1 % 

to 36.5 % (average: 23.8 %, n = 27).  The Vietnamese Shelf show values from 3.13 % 

from 34.9 % (average: 17.1 %, n = 26).  The calculated proportion of petrogenic carbon 

ranges on the Vietnamese Coast from 2.81 % to 25.3 % (average: 25.3 %, n = 32).  In the 

Sunda Shelf values range from 20.0 % to 40.5 % (average: 21.3 %, n = 32).  Calculated 

proportion ranges in the Slope/ Deep Sea are from 12.5 % to 42.4 % (average: 21.3 %, 

n = 28). 
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Table 27) Model estimates for carbon dead proportions using δ13Corg and Fm (a Bayesian approach) for 
marine surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 0.93 % 0.83 % 0.87 % 27 

Vietnamese Shelf  0.93 % 0.84 %  0.87 % 26 

Vietnamese Coast 1.03 %  0.79 % 0.89 %  63 

Sunda Shelf 0.97 % 0.85 % 0.88 % 32 

Slope/ Deep Sea 0.91 % 0.81 % 0.85 % 28 

 

The calculated proportions of carbon dead range in the Gulf of Tonkin from 0.83 % to 

0.93 % (average: 0.87 %, n = 27).  On the Vietnamese Shelf values range from 0.84 % to 

0.93 % (average: 0.87 %, n = 26).  Calculated values range on the Vietnamese Coast from 

0.79 % to 1.03 % (average: 0.89 %, n = 63).  In the Sunda Shelf the calculated proportions 

for carbon dead range from 0.81 % to 0.91 % (average: 0.85 %, n = 28). 
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Figure 31) The model estimates using δ13Cdata for marine, terrestrial, petrogenic carbon and carbon 
dead are normalised to 100, to reveal regional differences.  A) Marine estimates are high in the Gulf of 
Tonkin and the Slope/Deep Sea areas, but also display some heterogeneities.  B) Terrestrial estimates 
are high in areas where marine components are low, particularly in the Vietnamese Shelf and 
Vietnamese Coast.  C) Estimates for petrogenic carbon are heterogeneous throughout the SCS and 
highly variable.  D) The carbon dead fractions are essentially homogenous, suggesting no link with any 
geographic features 

The iFRUITS (iteration) based on Δ14C (n = 176) data produces values of the marine 

component range 16.9 % to 91.4 % (average: 60.8 %).  The terrestrial component ranges 
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from 3.6 % to 39.2 % (average: 14.8 %), petrogenic carbon component ranges from 2.8 % 

to 56.2 % (average: 24.1 %), while the calculated proportion of carbon dead ranges from 

0.0 % to 0.5 % (average: 0.2 %) (Fig. 33, tables 28 - 31). 

Table 28) Model estimates for marine proportions using δ13Corg and Fm (a Bayesian approach) for marine 
surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 74.1 % 43.5 % 62.4 % 27 

Vietnamese Shelf 73.2 % 44.4 % 64.7 % 26 

Vietnamese Coast 91.4 % 16.9 % 57.8 % 63 

Sunda Shelf 68.2 % 30.8 % 56.4 % 32 

Slope/ Deep Sea 80.0 % 49.5 % 67.7 % 28 

 

Calculated proportions of the Δ14C iteration range in the Gulf of Tonkin from 43.5 % to 

74.1 % (average: 62.4 %, n = 27).  On the Vietnamese Shelf values range from 44.4 % to 

73.2 % (average: 64.7 %, n = 26).  Calculated proportions range on the Vietnamese Coast 

from 16.9 % to 91.4 % (average: 57.8 %, n = 63).  The Sunda Shelf shows values from 

30.8 % to 68.2 % (average: 56.4 %, n = 32).  In the Slope/Deep Sea values range from 

49.5 % to 80.0 % (average: 67.7 %, n = 28). 

Table 29) Model estimates for terrestrial proportions using δ13Corg and Fm (a Bayesian approach) for 
marine surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 20.1 % 6.86 % 13.4 % 27 

Vietnamese Shelf 38.9 % 11.0 % 17.9 % 26 

Vietnamese Coast 39.2 % 5.79 % 16.6 % 63 

Sunda Shelf 28.1 % 7.89 % 13.9 % 32 

Slope/ Deep Sea 18.2 % 3.58 % 10.6 % 28 

 

The calculated terrestrial proportions range in the Gulf of Tonkin from 6.86 % to 20.1 % 

(average: 13.4 %, n = 27).  Values range on the Vietnamese Shelf from 11.0 % to 38.9 % 

(average: 17.9 %, n = 26) and on the Vietnamese Coast from 5.79 % to 39.2 % (average: 

16.6 %, n = 16.6 %).  Terrestrial proportions range in the Sunda Shelf from 7.89 % to 

28.1 % (average: 13.9 %, n = 32).  The Slope/Deep Sea show values from 3.58 % to 

18.2 % (average: 10.6 %, n = 28). 
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Table 30) Model estimates for petrogenic carbon proportions using δ13Corg and Fm (a Bayesian approach) 
for marine surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 36.7 % 70.7 % 88.4 % 27 

Vietnamese Shelf 35.1 % 3.16 % 17.2 % 26 

Vietnamese Coast 56.2 % 2.83 % 25.4 % 63 

Sunda Shelf 40.8 % 20.1 % 29.5 % 32 

Slope/ Deep Sea 42.6 % 12.5 % 21.5 % 28 

 

The percentages of the calculated petrogenic carbon proportion show values in the Gulf 

of Tonkin from 70.7 % to 36.7 % (average: 88.4 %, n = 27).  Proportions range on the 

Vietnamese Shelf from 3.16 % to 35.1 % (average: 17.2 %, n = 26).  The Vietnamese 

Coast shows values from 2.83 % to 56.2 % (average: 25.4 %, n = 63).  The marine surface 

sediments from the Sunda Shelf shows values from 20.1 % to 40.8 % (average: 29.5 %, 

n = 32) for the calculated petrogenic carbon.  The Slope/Deep Sea range from 12.5 % to 

42.6 % (average: 21.5 %, n = 28).   

Table 31) Model estimates for carbon dead proportions using δ13Corg and Fm (a Bayesian approach) for 
marine surface sediments combined with an iterative 

Region Max. value Min. value Average n  

Gulf of Tonkin 0.34 % 0.10 % 0.21 % 27 

Vietnamese Shelf 0.32 % 0.07 % 0.16 % 26 

Vietnamese Coast 0.50 % 0.0 % 0.23 % 63 

Sunda Shelf 0.39 % 0.17 % 0.26 % 32 

Slope/ Deep Sea 0.36 % 0.10 % 0.18 % 28 

 

Calculated percentages for the carbon dead component show values in the Gulf of Tonkin 

from 0.10 % to 0.34 % (average: 0.21 %, n = 63).  Proportions for carbon dead range on 

the Vietnamese Shelf from 0.07 % to 0.32 % (average: 0.16 %, n =26).  On the 

Vietnamese Coast values range from 0.0 % to 0.50 % (average: 0.23 %, n = 63).  The 

Sunda Shelf shows values from 0.17 % to 0.39 % (average: 0.26 %, n = 32).  Marine 

surface sediments of the Slope/Deep Sea show calculated proportions from 0.10 % to 

0.36 % (average: 0.18 %, n = 28). 



Chapter 5 

 

126 

 

 

Figure 32) The model estimates using Δ14C data for marine, terrestrial, petrogenic carbon and carbon 
dead are normalised to 100, to reveal regional differences.  A) Marine estimates are high in the Gulf of 
Tonkin and the Slope/Deep Sea areas, but also display some heterogeneities.  B) Terrestrial estimates 
are high in areas where marine components are low, particularly in the Vietnamese Shelf and 
Vietnamese Coast.  C) Estimates for petrogenic carbon are heterogeneous throughout the SCS and 
highly variable.  D) Distribution of carbon dead reveals heterogeneity, analogous to petrogenic carbon, 
contrary to estimates from δ13C in Fig. 31 
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5.4 Discussion 

5.4.1 Advantages and Limitations of computational modelling FRUITS (Bayesian) 

iterative refinement model (iFRUITS) performance  

Before starting to use computational model outputs to interpret complex geological 

relationships, it is necessary to evaluate strengths and weaknesses of the model and its 

output data.  The origin of strength and weakness can be either technical (e.g. input data 

related) or geological (e.g. underestimation of complexity).  During model development 

the following strengths and limitations were identified, some of which might only be 

relevant to this study: 

Limitations of the model:  

I. Difficulty of defining the appropriate end-member compositions, to represent a 

whole system is always hard, but it is noticed that the difference between a marine 

and terrestrial end-member always must be ~11 ‰, to achieve an intercept 

through zero.  This can in part be related to underestimation of the depositional 

complexity, e.g. more end-members need to be introduced.   

II. The approach to equally decrease proportions of each component to mass balance 

for the newly introduced component might not be accurate and cause artificial 

bias.  This approach is chosen, because this allows to preserve the ratio between 

sources from the FRUITS model output.  This is the mathematically most neutral 

approach to refining existing and calculating additional sources, but might not be 

the most appropriate.  In this study however, it is assumed that the unaccounted 

source “petrogenic carbon” is compositionally very similar to the fraction 

“terrestrial”.  Therefore, it might be more plausible that only the terrestrial fraction 

should be reduced.   

III. The iterative approach of the model respects the individual proxies independently 

of each other.  This can result in conflicting fraction size estimates, when 

comparing the estimates from the different proxies.  The potential discrepancy 

heavily depends on point I).  If the end-members are chosen incorrectly, the 

discrepancy should increase. 

IV. Bayesian inversion modelling, like any other modelling approach, relies on the 

quality and quantity of data used.  Secondly, the ability to solve for multiple 

unknown values is governed by the availability of tracer tools (e.g. stable isotope 

data or elemental ratios) (see e.g. Phillips and Gregg,  [369]).  In many cases, 
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model behaviour can be unexpected, if the number of sources exceeds the number 

of tracer tools, plus one.  In this study, two tracers are used, δ13Corg and Δ14C, 

theoretically robust model estimates can only be expected when three or less 

sources are used in the model 

V. The generalisation of end-members might be an oversimplification, which will 

negatively influence the model performance.  However, with the given data 

density and diversity of data, some simplifications must be performed.  It might 

however not be appropriate, to assume that homogenous end-members are 

representative, if the investigated study area spans several thousands of miles. 

VI. The model in its current iteration does not account for carbon 

loss/degradation/remineralisation during transport, which is unlikely to reflect 

conditions in nature.  However, no robust framework is available for riverine 

transport mechanisms in the study area, that quantifies the rates of carbon 

degradation and isotopic signature modification, which can be implemented.  

Generally, it is expected that >50  % up to 80 % [297, 319] of the original 

terrestrial OM can be re-mineralised during transport.  This process can be 

counteracted by continuous addition of OM from near river sources and requires 

a study in itself, to assess and evaluate accurately potential rates of change.   

VII. The use of Δ14C data as a tracer depends on the requirement that the different 

sources are characterised by distinct Δ14C values, as Δ14C is insensitive to 

modification transport processes (see section 5.4.3).  It is plausible and commonly 

observed, that terrestrial OM is typically older, simply because transport from land 

to oceans requires time while in-situ produced marine OM has short transfer times 

relative to terrestrial OM. 

Advantages of the model: 

I. Bayesian statistics allow all proxies to be included and contributing to the results, 

including those that are of qualitative nature.  This essentially allows the 

geologists observations to be included in mathematical operations.   

II. The model allows infinitely additions of end-member to refine the outcome and 

final source identification, as long as these can be distinguished by tracer tools. 

III. The model is able to perform calculations including uncertainties, which helps to 

introduce flexibility as well accurately value aspects such as analytical uncertainty 

and precision. 
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IV. The model can identify the proportions of different sources (e.g. OM pools) 

relative to each other, based on bulk measurements and assumed source regions 

compositions (Fig. 31 and 32), which permits more detailed insight into the 

preservation and fate of OM during transport prior to burial.   

V. Prior knowledge concerning the system of interest can be included, but is not 

strictly required (in the absence of previous knowledge, a Gaussian (beta) 

distribution will be used to identify the ratios of source compounds). 

5.4.2 Testing the applicability of the model by use of qualitative expectations 

Considering the numerous discussed limitations, the application of the model to unknown 

data can only be evaluated and interpreted, if a pre-existing framework is present to 

validate or compare model vs. nature.  In case of the study presented herein, geographical 

features (on land and off shore) and fundamental observations from previous studies to 

compare the model output and logical expectations are used. 

First, previous studies using δ13Corg and Corg/Ntotal data have demonstrated that in the 

marine environment, the proportions of marine components are large, typically dominant 

over any other modelled component [282], where marine primary production is high.  In 

the SCS, the Gulf of Tonkin and the Vietnamese Shelf are characterised by higher Chlor-α 

abundances, which are evidence for higher bio-production.  These areas also show higher 

model estimates for marine components.  Secondly, upwelling areas, which are nutrient 

rich and favour higher bio-production, are expected to yield higher marine proportions.  

Liu et al. [55] identified two upwelling areas in the SCS that are relevant to this study.  

The first is located at the NE edge of the Sunda Shelf and Slope/Deep Sea and the second 

off SE-Vietnam at the southern end of the narrow Vietnamese Shelf.  Both of these areas 

also yield higher marine model estimates (Fig. 31 and 32). 

Areas that could return lower estimates for marine components can be those that have 

hydrodynamic settings, which inhibit TOC accumulation and sediment settling.  In the 

SCS, the current dynamics are variable, but some re-occurring features are well 

documented.  For example, in the Sunda Shelf the presence of a gyre could either prohibit 

the accumulation of OM during periods of high bio-production or enhance accumulation.  

Regardless of the actual effect, it would be expected that some deviation from the regional 

average is plausible.  This receives support from the lower than average model estimates 

for a part of the Sunda Shelf (Fig. 31 and 32). 
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The bedrock geology on-shore can be a source of carbon that carries an isotopically 

distinct composition, if e.g. carbonates are compared with igneous rocks [225].  From the 

lithological map provided by Hartmann and Moosdorf, [44], in central Vietnam a sharp 

transition in exposed lithology is documented (carbonates vs. igneous rocks) (Fig. 3 

Chapter 1 - General Introduction).  Rivers sourcing carbon and other matter from these 

areas are expected to potentially obtain distinct isotopic compositions (δ13Corg and Δ14C), 

and therefore, estimates for terrestrial and petrogenic carbon can be variable in these 

regions (Fig. 31 and 32).  This is consistent with the model outputs (Fig. 28). 

A binary δ13Corg mixing model yielded outputs (Fig. 29 and 30a) that are consistent with 

the aforementioned observations, suggesting that the model outputs from FRUITS and 

iterative refinement are robust and that interpretations drawn can be geologically 

meaningful.  Two sets of end-members were employed, testing the relevance of local 

source compositions, by using internal (local) and external (distal) source composition 

estimates (Fig. 29 and 30a).  The estimate of marine proportions directly depends on the 

choice of end-members as dictated by the simplicity of the model.  Subsequently further 

evidence is needed to validate and test the accuracy of the binary single proxy mixing 

model.  This can the achieved by more diverse proxy data, and choice of model with 

greater variance (e.g. equations based on the Bayes-Theorem).   

5.4.3 A quantitative model for organic matter composition transition during 

transport from the Shelf to the Deep Sea 

The determination of OM composition in the SCS, a setting which is subject to constant 

influx and loss of mass of variable composition, is challenging and requires robust proxies 

to obtain sensible results.  The most traditional proxies are either bulk carbon isotope 

ratios (e.g. δ13Corg) or the elemental ratio of Corg to Ntotal, either used individually or in 

conjunction.   

For the quantification of the composition of bulk OM in terms of marine and terrestrial 

components, two different models were employed.  As with any numerical model, setting 

the boundary parameters presents a key challenge, as the choice of main reservoirs will 

strongly affect the model outcome.  To approach this challenge, it is necessary to test if 

modelled variability between sub-regions of the SCS is persistent throughout i) boundary 

parameters selected based on average values from the literature and ii) boundary 

parameters selected from data obtained in this study (i.e., using values of most extreme 

riverine and marine sediment samples).  An initial, conservative model is a two-end-
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member mixing model using the δ13Corg composition of bulk OM [182].  The δ13Corg end-

members have been selected from the literature (of a comparable region [363]) and are 

viewed as a limiting factor in the model performance.  This emphasises the need for more 

region-specific calibration data, making inter-comparison and refined modelling 

challenging on large scales, such as the westernmost part of the SCS.   

The discussion of the results of this single component two-end-member mixing model is 

done first.  The available literature data resulted in the selection of δ13Corg of -24.9 ‰ for 

terrestrial, and -19.2 ‰ for the marine end-members.  The literature data have been 

filtered with the condition that these are above the thermocline (at ~80 m - 120 m depths 

[370]), and then averaged.  The estimates of the marine component from the δ13Corg 

mixing model are presented in figure 29.  In the Gulf of Tonkin, the model reveals some 

heterogeneity in the relative marine distribution, with a tendency towards higher 

proportions of marine OM compared to the western part of the Gulf of Tonkin.  

Additionally, a sudden change towards a reduced marine fraction at the boundary of the 

Gulf of Tonkin and the Vietnamese Shelf is observed (Fig. 29).  Samples from the most 

eastern and deepest part of the study area, associated with the Slope/Deep Sea area, have 

a higher proportion of marine component, relative to all shelf areas studied (Fig. 29).  The 

lowest estimates for marine component are observed in proximity to the Mekong River 

delta, identifying significant loads of continental sediment discharge and POC from the 

mainland into coastal areas [16].  However, some samples from the Mekong River delta 

have δ13Corg values which fall well outside the defined range for marine and terrestrial 

samples, i.e. their δ13Corg composition is lighter/more negative than the terrestrial 

reservoir end-member.  This observation requires either a re-evaluation of the suspect 

reservoir compositions outside of the so far documented range of data, or a two-

component mixing model, which is better suited for higher complexity (e.g. influx and 

loss of mass of variable composition) in front of major rivers.  For this purpose, the 

combination of δ13Corg and the elemental Corg/Ntotal ratio is tested, which has a well-

defined range of marine and terrestrial values, which satisfy the range observed in the 

estuary samples. 

A Bayesian mixing model is used in a second step to optimise the results of the two-

component model [365] with the results illustrated in figure 30b.  The model returns 

overall higher estimates of marine components, with the majority of the estimates above 

80 % marine signature, when using average values from the literature.  The Gulf of 

Tonkin retains high values for marine proportions, consistent with the δ13Corg model, and 
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a sharp change at the boundary between Gulf of Tonkin and Vietnamese Shelf is observed 

as in the previous δ13Corg binary mixing model (Fig. 29).  However, in proximity to the 

Mekong River delta the majority of samples now implies a marine fraction of >80 %, and 

even some of the Mekong River and estuary samples have high estimates for a marine 

signature (spheres in the Mekong River delta, Fig. 30b).  This would imply that tidal 

forces exert strong control over the geochemical Corg/Ntotal signature of the Mekong River 

delta, but do not significantly modify the carbon isotopic composition.  This Bayesian 

model therefore implies that the geochemical proxies δ13Corg and Corg/Ntotal suggest much 

stronger homogenisation in the marine environment, even in the tidal impacted estuary 

regions, which is unnoticed in the single end-member (δ13Corg) model.  When using the 

internally selected values as boundaries in the mixing model, the estimate of marine 

components is lower (based on a combined Corg/Ntotal and δ13Corg model), but regional 

variations are persistent (Fig. 30b) when compared to e.g. the δ13Corg end-member mixing 

model.   

It can be concluded that any model attempting to estimate the marine and terrestrial 

proportions of unknown samples is highly sensitive to the choice of reservoir end-

members and the number of tracers used.  In this study, the δ13Corg model offers better 

spatial resolution due to higher data density, and regional differences become more visible 

(Fig. 29).  However, this hinges on the assumption that a single end-member is 

representative to the investigated sample set.  Comparison of geological bedrock features 

suggest that some regional variability in the terrestrial δ13Corg composition must be 

assumed, particularly where bedrock lithology change from e.g. carbonate to igneous 

rocks (as seen in northern/central Vietnam, Fig. 29).  Other factors that need consideration 

are the local vegetation and farming activity, as plants can cause shifts in the δ13Corg 

isotopic composition (i.e.  C3 vs. C4 plants).  This model dependence on regional features 

seems to diminish upon the introduction of additional tracers (here Corg/Ntotal), which are 

seemingly insensitive to processes affecting the δ13Corg isotopic composition.  This 

emphasises the use of large scale, high resolution and high tracer tool diversity data sets, 

as performed in the here presented study. 

5.4.4 Incorporation of radiocarbon values in simulation-based models and iterative 

linearisation of model output data 

The mixed use of isotopic and elemental data can result in un-expected model behaviour, 

such as over or underestimation of source contributions.  Therefore, a third model 
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calculation is performed, where the proxy data is comprised of carbon isotope data only.  

The previously used Corg/Ntotal ratio (section 5.3.2) potentially creates a bias towards N 

specific processes and sources, although Corg/Ntotal has experienced widespread use in the 

literature.  However, by working with carbon specific values a greater consistency could 

be achieved and ultimately compared with the output of the mixed carbon and nitrogen 

(section 5.3.2) and carbon only (this section and 5.3.1 and 5.3.3) proxies in a final step. 

The spatial distribution of marine OC proportions, based on the iterative data, suggests 

the presence of zones that are enriched or depleted within the SCS (see Fig. 31 and 32).  

The Gulf of Tonkin and Slope/Deep Sea samples are seemingly most enriched in marine 

component (Fig. 31 and 32), when using the iterative refinement data and FRUTIS model 

data.  In the coastal part of central Vietnam, the FRUITS model shows weak evidence for 

lower proportions of marine component (Fig. 31 and 32).  When evaluating the iterative 

refinement maps for δ13Corg and Δ14C, the central Vietnamese Shelf area consistently 

implies lower proportions of marine component.  In proximity of the Mekong River delta, 

several samples yield low proportions of marine OC components.  This observation is 

consistent for maps, which display the FRUITS multi component model results and the 

iterative refined δ13Corg and Δ14C model results (Fig. 31 and 32).   

Petrogenic carbon distribution is variable, but zones of enrichment are observed in 

proximity to the island of Hainan and to the delta of the Mekong River and some parts of 

the Sunda Shelf (Fig. 31 and 32).  In the Hainan area, increased proportion of petrogenic 

carbon is consistent with decrease in marine proportions, while no significant variation 

in terrestrial component is observed (Fig. 31 and 32). 

The distribution of carbon dead material is highly variable (Fig. 31 and 32), and notable 

enrichment is observed close to the Hainan island such as the area between the Mekong 

River delta and the Sunda Shelf (Fig. 31 and 32).  It is important to note that the estimate 

for the fraction that is carbon dead is highly dependent on the model parameter choice.  

Iterative calculations result in significantly lower estimates of carbon dead, compared to 

FRUITS model estimates (average FRUITS (δ13Corg and Δ14C) = 15.8 %, average iterative 

(δ13Corg) = 0.9 %, average iterative (Δ14C) = 0.2 % (Fig. 31 and 32)).  However, relative 

differences between regions are seemingly unaffected, preserving information of regional 

enrichment/depletion within the SCS. 

In the following discussion, the outcomes of the five numerical models (as described 

above) are compared.  This will be used to evaluate the usefulness of the geochemical 
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proxies Corg/Ntotal, δ
13C org, Δ

14C and determine if Corg/Ntotal is a reliable tracer in carbon 

models or if indeed nitrogen specific processes control the Corg/Ntotal ratio as Müller, [164] 

suggested.  For this purpose, the model outputs relative to the δ13Corg model and the 

δ13Corg + Δ14C FRUITS are compared. 

In figure 33a, the model outputs are normalised against the δ13Corg model (see section 

5.2.4).  The figure shows some linearity between the δ13Corg model and the FRUITS, 

δ13Corg iFRUITS, Δ14C iFRUITS and the δ13Corg (literature based) models.  The literature 

based δ13Corg model shows the greatest amount of deviation, while behaving linear.  The 

FRUITS model (Corg/Ntotal + δ13Corg) is characterised by a high degree of scatter, which 

implies that the assumption of Müller [164], that Corg/Ntotal can be an unsuitable tracer for 

carbon processes is accurate for the study area.  The two iFRUITS model outputs show 

the greatest degree of resemblance with the δ13Corg model (own parameters).  However, 

while most of the data appear to behave linearly, a moderate amount of scatter is observed.  

This could be due to insufficient model complexity, such as lack in spatial resolution or 

number of geochemical proxies.  The FRUITS model based on refined source 

compositions does not resolve the discrepancies with the δ13Corg model; instead, it implies 

the development of two distinct groups in the dataset.   

Figure 33b shows the model outputs normalised against the most complex and evolved 

model data, which is the FRUITS model with redefined end-members based on the 

iFRUITS output.  The Corg/Ntotal + δ13Corg model shows a high degree of scatter, persistent 

with observations in figure 33b, suggesting that it is the most inaccurate.  The δ13Corg 

binary models show both some amount of linearity.  Notable differences are that the 

δ13Corg model based on the here presented dataset has a positive offset and the δ13Corg 

binary model, based on literature data, has a negative offset.  However, the δ13Corg model 

based on literature data show similarity with the normalisation data.  Yet, the amount of 

scatter is higher compared to the two iFRUITS model outcomes.  The best fits are based 

on the iFRUITS models, with the highest linearity and less amount of scatter.  Seemingly, 

two parallel trends develop in the iFRUITS data, reinforcing the need for refined model 

complexity and/or proxy data.   
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Figure 33) The results of the discussed numerical models are normalised against the output of the most 
simplistic model (A), and against the model with the highest degree of complexity and refinement (B).  
The black line represents the ideal fit between modelled and observed data.  Residual scatter might 
originate from insufficient model complexity (e.g. number of sources or geochemical proxies).  The 
iterative solutions using Δ14C and δ13C are almost identical on the selected scales.  Model output based 
on Corg/Ntotal results in the greatest amount of scatter.  The literature end-member is taken from an 
adjacent region (Western China Sea) 

Both figures illustrate the complexity of the study area and the difficulties to recapitulate 

sources/reservoirs making it challenging to recommend ideal model parameters and 

model choices.  To resolve complexity issues in numerical modelling, a multiple end-

member model is considered the appropriate way forward, ideally using Bayesian 

statistics.  Ultimately, it appears that localised variability in source reservoir compositions 

can be a plausible explanation for scatter in large-scale datasets.   

5.5 Conclusion 

1) The simplicity of a binary single proxy mixing model (δ13Corg) results in an 

immediate dependence on the choice of model boundary parameters, which limits 

the application to smaller scale regions (essentially single source and single 
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deposition environments).  It is crucial to use study area specific parameters as 

demonstrated in the comparison between literature-based end-member mixing 

models and local-based end-members.   

2) Presumably, a model incorporating two geochemical proxies and using Bayesian 

statistics should yield more accurate model output relative to the binary single 

proxy model.  Yet, when using Corg/Ntotal + δ13Corg parameters in the FRUITS 

model, significant amounts of scatter are observed.  In comparison, models based 

on δ13Corg and/or Δ14C yield more linear correlations.  Therefore, here it must be 

assumed that nitrogen processes control the Corg/Ntotal parameter, which is in 

conflict with the aim to investigate carbon processes.   

3) The comparison of different model output leads to the conclusion that two distinct 

groups are present in the study area, which would mandate at least two sets of 

end-members to achieve internally consistent model outputs.  The parameters 

δ13Corg and Δ14C appear to be the most reliable in the computational modelling of 

carbon processes in the study area.   

4) Bulk measurements make it difficult to predict the source composition of the OM, 

the number of relevant sources and the proportions of the sources contributing to 

the bulk sediment.  Inverse mixing models offer a solution to de-convolute such 

bulk data, and allow estimating a larger number of source reservoirs and their 

relative contributions.  Here, at least four source reservoirs are successfully 

resolved, which contributed to the bulk sediment, suggesting that geochemical 

proxies such as δ13Corg and Δ14C are of high value and reliability.  Variations in 

the complexity of the model parameters returned qualitative consistent results, 

suggesting a high robustness of the data set and model output.  The FRUITS model 

output revealed more detail in the study area relative to the binary δ13Corg model.  

The details revealed by the model are furthermore consistent with e.g. changes in 

bedrock lithologies and proximity to river deltas.  Through this cross validation, 

it is to conclude that the following source region parameters are representative for 

the westernmost SCS.  These are for the study area i) marine end-member 

δ13Corg = -19.2 ‰, Δ14C = 33.3‰; ii) terrestrial end-member δ13Corg = -30 ‰, 

Δ14C = -155.4 ‰; iii) petrogenic carbon δ13C = -25.4 ‰, Δ14C = -880.2 ‰; 

iv) carbon dead δ13Corg = -25.0 ‰, Δ14C = -1000 ‰.  These values are 

recommended to be used in carbon models for the SCS.
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6 Distribution patterns and transport mechanisms of synthetic 

halocarbons in the SCS – tracing man-made pollution 

 

6.1 Introduction 

The pollution of the oceans by anthropogenic activity is rapidly expanding topic of 

research activity.  Documentation of the discharge and secondary mobilisation of e.g. 

herbicides applied on land is essentially non-existent in the SCS, but studies have begun 

to document the presence of synthetic compounds in the marine environment (e.g. Zhong 

et al. and Zhong et al. [4, 371]).  Some other persistent organic pollutants (POPs), e.g. 

plasticisers and/or flame retardants, are known to be mildly/non-toxic in the terrestrial 

environment, but highly toxic in aquatic systems.  Subsequently they are considered 

contaminants of potential concern (COPC).  Therefore, it is immediate concern to 

establish occurrence and distribution patterns of POPs in the marine environment, 

particularly in those systems in proximity to centres of anthropogenic activity, such as the 

SCS.   

One emerging group of compounds identified in westernmost marine SCS sediments are 

organophosphate esters [c.f. tris (2-chloroethyl) phosphate, tris (2-chloroisopropyl) 

phosphate] (TCPP) together with compounds called thiocarbamates (c.f., triallate).  These 

compounds derive from anthropogenic origins and testify pollution of open marine 

surface environments.  This study gives a first impression about the dimension of organic 

pollutants in the environment.  Furthermore, they may hint to transport pathways and the 

coupling or decoupling from natural carbon pathways. 

Both TCPP and triallate are unambiguously products of large-scale manufacturing 

production that function as industrial flame-retardants and herbicides, respectively.  Due 

to their widespread distribution and frequent farm applications, such compounds are 

diagnostic tracers of OM transport routes and transport times from source-to-sink.  

Indeed, both TCPP and triallate were only produced and dispersed since the 1960s, such 

that their occurrence in marine sediments must be restricted to the past 60 years, in 

stratigraphically undisturbed sediments.   

Further, understanding how synthetic anthropogenic compounds react (e.g. POPs) in 

aquatic environments is crucial to direct conservation efforts in marine and terrestrial 

settings alike.  Since many synthetic and halogenated compounds used on land have 

highly toxic effects in the environment, including the marine habitat, their identification 
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and distribution require immediate attention.  As such, the main POPs objective of this 

work is to establish i) distribution patterns of selected POPs, and ii) to correlate relevant 

POPs distributions with findings (e.g. role of SA and deep sea setting as accumulation 

factors) reported in Chapters 3 and 4.  This single coherent database allows to 

immediately assess if the same physical parameters govern the fixation, distribution, and 

accumulation of triallate and TCPP.   

6.2 Background information of organosulfates and organophosphates   

6.2.1 Triallate - a Thiocarbamate organosulfur compound 

Triallate is an organosulfur compound (thiocarbamate) first produced and dispensed in 

the 1960s [372] for application in weed control.  Associated triallate thiocarbamates occur 

with two isomeric forms: O-thiocarbamates, ROC(=S)NR2, and S-thiocarbamates, 

RSC(=O)NR2, although triallate is an S-isomer also known as 

[S-(2,3,3-trichloroallyl)diisopropylthiocarbamate].   

The primary path through, which triallate controls weed growth is via selective inhibition 

of lipid (fatty acid) biosynthesis [373].  The commercial herbicide, which includes 

triallate, is Fargo®.  Fargo® is used to control wild oats in various crop plants (e.g. peas, 

corn, wheat, flax and beets) [374, 375]. 

Importantly, triallate is reported highly toxic to fish and other aquatic organisms [376, 

377], including crustacean [377] and algae [376].  The Monsanto Company [376] reported 

that triallate concentrations measured in bluegill sunfish and rainbow trout over a 7-week 

trial period experienced significant bioaccumulation.  Stopping the application of triallate 

resulted in a rapid removal of measurable traces triallate in both kinds of fish [376].  

Triallate is documented to be a neurotoxin and carcinogenic [378].  The same study 

postulated, that triallate concentrations in aquatic systems are unlikely to reach the level 

of toxic conditions, but these have only concerned systems in close proximity to triallate 

sources (e.g. farmland), and do not consider re-mobilisation within the river-ocean 

environment.   

6.2.2 Organophosphate Esters – an introduction   

Organophosphate esters (OPEs) are exclusively produced by industrial processes and thus 

do not occur naturally.  Structurally, OPEs are organic compounds with a phosphorous 

atom in their centre [4].  The OPEs are widely used as flame-retardants (c.f. TCPP) and 

as plasticisers in a variety of products, such as electronic equipment, furniture, varnishes, 
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polyurethane foams, and many more [4, 379, 380].  OPEs are differentiated into the 

following types:  

i) chlorinated, such as tris (2-chloroethyl) phosphate, 

tris (2-chloroisopropyl) phosphate (TCPP), and 

tris (1,3-dichloropropyl) phosphate, and  

ii) non-halogenated, such as tri-n-butyl phosphate, 

tris(2-butoxyethyl) phosphate, triphenyl phosphate, 

2-ethylhexyl diphenyl phosphate, and tricresyl phosphate [381].   

Increasing industrialisation since about 1950 has resulted in high production of OPEs, 

globally.  OPEs are processed by physical mixing and, as far as known, are not chemically 

bound to matrix or surrounding product materials, making them susceptible to release by 

leaching and volatilisation into the surrounding environment [382].  Subsequently, a 

multitude of sources of OPEs to the natural environment exists and several hypotheses 

have been formulated, albeit quantitative studies are sparse (e.g. Zhang et al. Salamova 

et al. and Sühring et al. [159, 383, 384]).  Their widespread application has resulted in 

extensive diffusion and ubiquitous distribution in the environment, both terrestrial and 

marine. 

Urban areas, as centres of human activities and infrastructure, have elevated 

concentrations of OPEs.  Available studies on OPE distribution suggest that they occur 

in detectable concentrations throughout the biosphere, hydrosphere and atmosphere for 

example in air [381, 385–388] wastewater and sludge [389, 390], surface water, fresh and 

marine water face [160, 161, 390–395], groundwater [393], terrestrial and marine 

sediments [4, 371, 379, 380, 396–399], soil [400], and even the human body [401–403].  

OPEs were also detected in precipitation, an indicator of their atmospheric deposition 

processes [160, 161].   

The study of Zhang et al. [159] predicted that OEPs have a half-live in the atmosphere of 

<2 days.  This conclusion is challenged by recent studies that reported OPEs in 

atmospheric particles in remote European and Canadian Arctic sites [383, 384].  The 

presence of OPEs at these remote locations indicate prolonged transport times and 

subsequently much longer half-life times than 2 days.  This notion is strongly supported 

by marine studies that report OPEs in the open ocean (airborne particles), including the 

northern Pacific and Indian Ocean, the Arctic [404], the tropical and subtropical Atlantic, 

Pacific and Indian Ocean [405], and the Mediterranean, Black and North Seas [406, 407].  
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All these observations demonstrate that OPEs are capable of long-atmospheric transport 

distances and times [399].  However, little research has focused on the fate of OPEs in 

remote offshore and deep marine settings.  Similar to that of traditional POPs (Pesticides: 

aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, hexachlorobenzene, mirex, 

toxaphene; Industrial chemicals: hexachlorobenzene, polychlorinated biphenyls 

(PCBs); and By-products: hexachlorobenzene; polychlorinated dibenzo-p-dioxins and 

polychlorinated dibenzofurans (PCDD/PCDF), and PCBs, (http://www.pops.int)).  The 

net flux of OPEs in the offshore marine environment typically follows the air−surface 

water-deeper-water route followed by burial in benthic sediments, where the deep ocean 

basins seem to be the long-term sedimentary repository of these artificial chemicals [399, 

408, 409].  Furthermore, some studies have shown that chlorinated OPEs are particularly 

persistent in the environment [160, 410], implying a filtering/selected preservation 

mechanism of OEPs with distance to source.   

OPEs are mostly lipophilic and difficult to dissolve in water [411] and tend to bind to 

suspended particulate matters and accumulate in river sediments.  Sediment therefore acts 

as a relevant sink of OPEs in the environment [380].  This makes the study of OEPs in 

SCS sediments interesting, in particularly when combined with other geochemical 

proxies (Corg/Ntotal, δ13Corg, Δ14C and FAME), summarised in Chapters 3 and 4, and 

published information on clay minerals.  Since OPEs are associated with sinking particles 

and lateral advective processes, their presence in the offshore sediments of the SCS 

confirm that carbon transfer from land to the study sites must occur rather quickly, on 

time scales of ~60 yr. or less (the time of widespread production and introduction of 

OPEs).  The settling of OPEs could theoretically be driven by the “biological pump”, 

describing the settling flux of particle organic carbon (POC) associated with primary 

production in the photic zone [408, 412], making OPEs directly comparable with 

observations from carbon cycling studies (e.g. Chapter 3 and 4).  From previous studies 

it is known that halogenated OPEs have greater water stability relative to non-halogenated 

OPEs, which potentially results in different transport distances [413].  Zhong et al. [4] 

observed the accumulation of OPEs in muddy areas of the Bohai and Yellow Sea, which 

would suggest a correlation with higher SA values in the current dataset.  To the authors 

current knowledge there is no study which correlates the distribution of natural OM with 

the here observed POPs.  It should be noted that there might be many other POPs or 

chemical substances in the sediments, which have not been traced. 
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6.3 Methods 

For molecular analyses, freeze-dried bulk sediment (~1g - 10 g) was extracted before 

open-column chromatographic separation of total lipid extract (TLE) into three fractions 

(non-polar, mid-polar, and polar).  The polar fraction contained TCPPs and triallate.  All 

fractions were measured by Gas Chromatograph-Mass Spectrometry (GC-MS), using a 

Thermo Scientific Trace 1300 with an ISQ TL mass spectrometer.  A detailed description 

is provided in Chapter 2- Material and Methods.   

For the identification of triallate (Fig. 34) the major ion m/z 86 together with a secondary 

(qualifier) ion m/z 277 that is abundant in TCPP1–2 isomers [414] is used.    

 

Figure 34) Illustration of the chemical structure of triallate.  Abbreviations, S = Sulphur, N = Nitrogen.  
Cl = Chlorine, O = Oxygen.  Parallel lines indicate double bonds.  Carbon not illustrated but present at 
the connection between lines  

The m/z 277 is used to calculate composition ratios of TCPP1/TCPP2 (Fig 35); this 

approach removes complications with attempting quantification in absence of calibrated 

and appropriate standards since response factors of both compounds are almost identical 

and therefore, challenging to be neglected [415].   

 

Figure 35) Illustration of the chemical structure of tris (2-chloroethyl) phosphate (TCPP1) 

In the absence of true standards, the sample with the highest peak area of triallate is used 

to semi-quantify and normalise the remaining samples.  The normalised data is then 

multiplied by a factor of 10, for better readability.  In this study we used sample 

SO-187-3-98-1 from west of the Mekong River delta, offshore Cà Mau peninsula, as the 

maximum reference sample against which all samples across the SCS were normalised.   
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6.4 Results 

In the following, semi-quantification of triallate (section 6.4.1), TCPP1 and TCPP2, 

together with ratios of TCPP1/TCPP2 (Section 6.4.2) are reported.  The results are 

illustrated in figure 36 - 39 and table 23 - 39.   

6.4.1 Triallate  

In total, 212 SCS surface sediment samples were analysed for triallate.  As such, samples 

without detectable m/z 86 have a relative abundance of zero.  The average relative 

abundance of triallate across all the samples equal 0.88 (Fig. 36, table 32 and 33).   

Table 32) Samples normalised (SO-187-3-98-1) triallate distribution in marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 0.11 0.00 0.03 32 

Vietnamese Shelf 5.46 0.00 1.30 31 

Vietnamese Coast 10.0 0.00 0.92 74 

Sunda Shelf 8.74 0.00 1.21 52 

Slope/ Deep Sea 3.05 0.00 0.62 23 

 

In the Gulf of Tonkin, triallate abundances are overall low to absent (Fig. 36), with a 

range of 0.00 – 0.11 (average: 0.03, n = 32).  Normalised m/z 86 values increase 

southwards along the Vietnamese Shelf to a maximum of 5.46 (average: 1.30, n = 31).  

Peak value of ten is observed on the Vietnamese Coast (average: 0.92, n = 74, red circle 

on Fig. 3).  On the Sunda Shelf values range from 0.00 to 8.74 (average: 1.21, n = 52).  

In Slope/Deep Sea environments, relative abundance values range from 0.00 to 3.05 

(average: 0.62, n = 23).  Concentrations in proximity to rivers (Mekong River, Red River, 

Chao Phraya) are overall lower than in offshore surface sediments (Fig. 36).   

Table 33) Samples normalised (SO-187-3-98-1) triallate distribution of estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 2.25 0.00 0.33 7 

Estuaries from the  Vietnamese Shelf area  3.57 0.00 1.19 14 

Estuaries from the Vietnamese Coast area  0.84 0.00 0.24 12 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

2.36 0.00 0.76 15 

Estuaries from Thailand 0.60 0.14 0.35 10 
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In addition to marine surface-sediment, 58 estuarine samples were analysed.  Triallate 

shows the same overall range as for marine sediments (0.00 to 3.57, average: 0.63).  

Estuarine sediment from the Gulf of Tonkin region ranges from 0.00 to 2.25 (average: 

0.33, n = 7).  Riverine samples connected to the Vietnamese Shelf have values of 0.00 to 

3.57 (average: 1.19, n = 14).  Samples connected to the Vietnamese Coast range from 

0.00 to 0.84 (average: 0.24, n = 12).  Samples from Indonesia, Sumatra and Malaysia, 

which are connected via the Sunda Shelf to the main study area of this study, show values 

of 0.00 to 2.36 (average: 0.76, n = 15).  Riverine samples of Thailand have values from 

0.14 to 0.60 (average: 0.35, n = 10).   

 

Figure 36) Interpolated (IDW) distribution of triallate in the study area.  Noteworthy are the low 
concentrations in proximity to the deltas of the Mekong River and Red River.  River samples are not 
interpolated 
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Some parts of the Vietnamese Shelf are notably enriched (between 15°N and 14°N) which 

are in proximity to the outflow of small-scale mountainous rivers. 

6.4.2 TCPP1 and TCPP2 

6.4.2.1TCPP1 

The same marine sediment samples analysed for triallate were also analysed for TCPP 

isomers.  Normalisation is performed using sample SO-187-3-98-1, which yielded the 

highest abundance of triallate.  While this allows a more straightforward comparison of 

triallate and TCPP, this also results in normalisation values greater than 1, since sample 

SO-187-3-98-1 does not represent the highest measured concentration of TCPP.  The 

highest overall normalisation value of TCPP1 is therefore 6.163 (SO-115-22-2), the 

lowest value is 0.00 (average: 2.86, Fig.37, table 34 and 35).   

Table 34) Samples normalised (SO-187-3-98-1) tris (2-chloroethyl) phosphate (TCPP1) distribution in 
marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 1.73 0.00 0.35 32 

Vietnamese Shelf 27.3 0.01 5.18 31 

Vietnamese Coast 14.7 0.00 2.98 74 

Sunda Shelf 61.6 0.00 3.20 52 

Slope/ Deep Sea 11.5 0.03 2.07 23 

 

In the Gulf of Tonkin, values ranges from 0.00 to 1.73 (average: 0.35, n = 32).  The 

Vietnamese Shelf shows values from 0.01 to 27.3 (average: 5.18, n = 31).  On the 

Vietnamese Coast values range from 0.00 to 14.7 (average: 2.98, n = 74).  The Sunda 

Shelf has values range from 0.00 to 61.6 (average; 3.20, n = 52) and in the Slope/Deep 

Sea, area values range from 0.00 to 11.5 (average: 2.07, n = 23).  Distribution of TCPP1 

indicates irregular to patchy enrichment in proximity to coastal areas, whereas deep sea 

areas record low concentrations. 

In addition to the marine sediment samples, 58 estuary samples were analysed and 

normalised against sample SO-187-3-98-1.  The highest overall value of TCPP1 for 

estuarine samples is 4.82; the lowest value is 0.00 (average: 0.70). 
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Table 35) Samples normalised (SO-187-3-98-1) tris (2-chloroethyl) phosphate (TCPP1) distribution of 
estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 4.82 0.00 1.53 7 

Estuaries from the Vietnamese Shelf area  3.75 0.00 0.94 14 

Estuaries from the Vietnamese Coast area  3.46 0.00 0.72 12 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

1.00 0.00 0.40 15 

Estuaries from Thailand 0.49 0.03 0.19 10 

 

The estuary samples in the area of the Gulf of Tonkin range from 0.00 to 4.82 (average: 

1.53, n = 7).  Riverine samples connected to the Vietnamese Shelf have values of 0.00 to 

3.75 (average: 0.94, n = 14).  Samples connected to the Vietnamese Coast show values 

from 0.00 to 3.46 (average: 0.72, n = 12).  Samples from Indonesia, Sumatra and Malaysia 

which are connected via the Sunda Shelf show values of 0.00 to 1.00 (average: 0.40, 

n = 15).  Riverine samples of Thailand show values which range from 0.03 to 0.49 

(average: 0.19, n = 10).   



Chapter 6 

 

146 

 

 

Figure 37) Interpolated (IDW) distribution of tris (2-chloroethyl) phosphate in the study area.  River 
samples are not interpolated 

6.4.2.2 TCPP2 

TCPP2 was analysed on 212 marine sediment samples, and samples are normalised to 

sample SO-187-3-98-1.  The highest overall value for TCPP2 is 28.2, the lowest value is 

0.00 (average: 0.61), using internal standardisation (Fig. 38, table 36 and 37).   

Table 36) Samples normalised (SO-187-3-98-1) tris (2-chloroethyl) phosphate (TCPP2) distribution in 
marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 0.22 0.00 0.03 32 

Vietnamese Shelf 2.49 0.00 0.64 31 

Vietnamese Coast 2.38 0.00 0.35 74 

Sunda Shelf 28.2 0.00 1.02 52 

Slope/ Deep Sea 14.2 0.00 1.30 23 
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The Gulf of Tonkin show values ranging from 0.00 to 0.22 (average: 0.03, n = 32).  On 

the Vietnamese Shelf the normalised values range from 0.00 to 2.49 (average: 0.64, 

n = 31).  On the Vietnamese Coast values range from 0.00 to 2.38 (average: 0.35, n = 74).  

The Sunda Shelf has values from 0.00 to 28.2 (average; 1.02, n = 52) and in the 

Slope/Deep Sea values range from 0.00 to 14.2 (average: 1.30, n =23, (Fig. 38)).   

Estuary samples (n = 58) were analysed for TCPP2.  The abundance of TCPP2 is nearly 

non-detectable.   

Table 37) Samples normalised (SO-187-3-98-1): tris (2-chloroethyl) phosphate (TCPP2) distribution of 
estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 0.70 0.00 0.22 7 

Estuaries from the Vietnamese Shelf area  0.51 0.00 0.15 14 

Estuaries from the Vietnamese Coast area  0.56 0.01 0.11 12 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

0.14 0.00 0.05 15 

Estuaries from Thailand 0.06 0.00 0.02 10 

 

The estuary samples in the area of the Gulf of Tonkin range from 0.00 to 0.70 (average: 

0.22, n = 7).  Riverine samples of the Vietnamese Shelf have values of 0.00 to 0.51 

(average: 0.15, n =14).  Estuary samples of the Vietnamese Coast range from 0.01 to 0.56 

(average: 0.11, n = 12).  Samples from Indonesia, Sumatra and Malaysia which are 

connected to the Sunda Shelf show values of 0.00 to 0.14 (average: 0.05, n = 15).  

Riverine samples of Thailand show values which range from 0.00 to 0.06 (average: 0.02, 

n = 10).  Overall, slight enrichment in proximity to the coast is observed; with some 

samples in the Sunda Shelf, being strongly enriched (Fig. 38).   
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Figure 38) Interpolated (IDW) distribution of tris (2-chloroisopropyl) phosphate in the study area.  River 
samples are not interpolated 

6.4.2.3 TCPP1/TCPP2 ratios 

The overall TCPP ratios in the marine sediment (n = 212) samples of the SCS are ranging 

from 0.01 to 17.5 with an average of 8.34.  For a graphical illustration, see figure 38, table 

38 and 39. 

Table 38) Ratio of tris (2-chloroethyl) phosphate (TCPP1) and tris (2-chloroethyl) phosphate (TCPP2) 
samples normalised (SO-187-3-98-1) distribution in marine surface sediments 

Region Max. value Min. value Average n  

Gulf of Tonkin 13.8 0.00 9.25 32 

Vietnamese Shelf 15.7 5.12 8.33 31 

Vietnamese Coast 17.5 5.59 8.80 74 

Sunda Shelf 15.0 0.02 7.52 52 

Slope/ Deep Sea 9.73 0.01 7.38 23 
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In the Gulf of Tonkin, the TCPP1/TCPP2 ratio ranges from 0.00 to 13.8 (average: 9.25, 

n = 32).  The Vietnamese Shelf shows ratios ranging from 5.12 to 15.7 (average: 8.33, 

n = 31).  TCPP1/TCPP2 ratios on the Vietnamese Coast are ranging from 5.59 to 17.5 

(average: 8.80, n = 74).  On the Sunda Shelf the TCPP1/TCPP2 ratios have a minimum 

value of 0.02 and a maximum value of 15.0 (average: 7.52, n = 52).  In the Slope/Deep Sea 

ratios range from 0.01 to 9.73 (average of 7.38, n = 23).   

The overall TCPP ratios in the estuary samples (n = 58) samples of the SCS are ranging 

from 0.07 to 23.5 (average: 8.25).   

Table 39) Ratio of tris (2-chloroethyl) phosphate (TCPP1) and tris (2-chloroethyl) phosphate (TCPP2) 
samples normalised (SO-187-3-98-1) distribution of estuary samples 

Region Max. value Min. value Average n  

Estuaries from the Gulf of Tonkin area 16.2 6.07 9.47 9.47 

Estuaries from the Vietnamese Shelf area  9.30 0.07 7.18 14 

Estuaries from the Vietnamese Coast area  9.47 5.96 7.81 12 

Estuaries from the Sunda Shelf area 

(Indonesia and Malaysia) 

23.5 7.23 8.83 15 

Estuaries from Thailand 9.18 8.11 8.51 10 

 

In the estuary samples of the Gulf of Tonkin the TCPP1/TCPP2 ratio ranges from 6.07 to 

16.18 (average: 9.47, n = 7).  Samples of the Vietnamese Shelf have ratio values ranging 

from 0.07 to 9.30 (average: 7.18, n = 14).  On the Vietnamese Coast values are ranging 

from 5.96 to 9.47 (average: 7.81, n = 12).  In the Sunda Shelf the TCPP1/TCPP2 ratios 

have a minimum value of 7.23 and a maximum value of 23.5 (average: 8.83, n = 15).  

Estuary samples of Thailand have ratios from 8.11 to 9.18 (average: 8.51, n = 10). 
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Figure 39) Interpolated (IDW) ratio of tris (2-chloroethyl) phosphate and tris (2-chloroisopropyl) 
phosphate.  River samples are not interpolated 

6.5 Discussion 

The distribution and base-abundance of anthropogenic compounds – providing 

compelling evidence of marine pollution or COPC – in the SCS is variable across space, 

as evidenced by triallate and TCPP isomers (Fig. 36, 37 and 38).  In general, triallate and 

TCPP abundances – especially TCPP1 and TCPP2 – are higher in marine surface-

sediments as compared to estuarine samples (Fig. 40). 
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Figure 40) Selected transects representing the transition from shallow estuarine rivers (black circles) to 
the marine shelf (red circles) with increasing distance to shore and increasing water depths 

This observation has important implications for the storage of anthropogenic pollutants 

and COPC in the environment, as it provides evidence that marine sediments far off the 

coast and even in deep basins act as a sink for POPs.  This apparent gradient between land 
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(estuary) and ocean abundances is lower when investigating triallate.  Particularly the 

Vietnamese Shelf and some part of the Red River Delta show a tendency towards 

homogenisation of abundances.  Lower concentrations in estuary samples possibly reflect 

fluctuations in production quantity in the hinterland or can imply that transport pathways 

other than riverine play important roles, such as airborne particle transfer, making marine 

sediment a more efficient accumulator compared to riverine sediments.  In the absence of 

reliable data, other mechanisms such as influence of current dynamics (e.g. cyclonic gyres 

vs. downstream transport) could possibly affect the accumulation within the water column 

prior to fixation in sediments can only be speculated about.  Alternatively, the POPs could 

be bound to OM, which progressively decomposes while being transported towards the 

marine environment.  If the OM is decomposed in the marine environment, the POPs 

could be released past the estuarine environment, explaining the higher abundance in the 

marine environment. 

In order to predict and make accurate assessments about the accumulation and fixation of 

POPs (TCPPs and triallate) it is first evaluated if these compounds behave similar or 

equivalent to OM.  A first objective is to qualitatively compare POPs distribution maps 

with other available data (e.g. TOC and/or SA), to establish potential links (Chapters 3 

and 4).   

Qualitatively, no correlation is found between POPs and SA, clay mineral distribution, 

TOC, summer current patterns, and carbon isotopes.  Furthermore, the distributions of 

triallate and TCPP do not correlate (Fig. 36, 37 and 38), which indicate that either the 

processes controlling transport and fixation in sediment differ, or that differences in 

physicochemical properties (e.g. van der Waals bindings) dictate the distribution of the 

investigated POPs in the study area.  Some studies have investigated the adsorption of 

POPs to plastic debris and resin pellets [416, 417], and if these are dispersed in the oceans, 

POPs distribution are probably following these patterns.  If POPs are found to be 

accumulated with other anthropogenic materials such as plastic, the SCS might be the 

most important study area for this topic.  The amount of potential plastic waste entering 

the oceans was estimated by [418], and countries bordering the SCS have the highest 

potential to introduce plastic waste.  Therefore, coupled plastic and POPs analysis might 

prove itself important to understand POPs distribution in the oceans.   

Conceptually, triallate should be elevated in regions with extensive agricultural farming 

because it is a potent herbicide and readily available to farmers [376].  The Ministry of 
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Agriculture & Rural Development (2010) (https://ipad.fas.usda.gov/rssiws/al/seasia_cro

pprod.aspx) published a map of the distribution of the agriculture of corn and other farm 

crops.  Comparison of this map with the triallate findings of this study confirm short 

transport pathways of farmland agriculture signatures close to the coastal ocean, 

especially along mountainous coastal regions (Vietnamese Shelf).  This match of high 

triallate content in marine surface sediments seems to represent winter surface current 

patterns (see Fig. 6b Chapter 1- General Introduction) and wet seasonal conditions when 

herbicides are preferentially applied to cropland.  Furthermore, higher precipitation in 

mountainous areas, such as Central Vietnam, can result in greater mobilisation of 

sediment and soil matter, explaining the observed higher triallate concentrations in these 

the river estuaries (Fig. 36).  To note is that TOC and SA (Chapters 3 and 4) do not 

translate into obvious correlations with triallate, suggesting a decoupling of these 

variables.  The accumulation of triallate therefore seems largely unrelated to sedimentary 

properties (e.g. percentage clays) consistent with earlier studies showing that triallate is 

not adsorbed to clay minerals [419].   

The isomer ratio of TCPP1/TCPP2 is illustrated in figure 39.  In the studied samples, 

several off-shore samples yield lower TCPP1/TCPP2 ratios (Fig. 39).  Truong et al. [414] 

suggested that TCPP1 and TCPP2 can be fractionated by evaporation on the basis of 

different vapour pressures.  Other reasons could be mixing of sources with variable 

TCPP1/TCPP2 values, but no sources are identified in the literature, albeit any item 

treated with flame retardant is a potential source.  A logical continuation to the quest of 

understanding TCPP distribution must therefore be the analysis of items such as furniture, 

building material, flooring, and clothing, to create an interpretational framework.   

When the content of triallate is compared with TOC data, the predominate feature can be 

described as scatter, with very little qualitative and quantitative evidence for correlation 

with TOC (Fig. 40).  The same observation is made for TCPP where no correlation with 

TOC can be established.  Since the overall TOC content in the discussed dataset is 

moderately low (generally <1 %), a final conclusive statement if TOC and POPs correlate 

positively cannot be made, but the discussed data oppose the observation made by [4], 

who reported very similar range in TOC.  Experiments investigating the adsorption of 

POPs to OM are needed to better comprehend the potential relation between TOC content 

of marine sediments and POPs. 

https://ipad.fas.usda.gov/rssiws/al/seasia_cropprod.aspx
https://ipad.fas.usda.gov/rssiws/al/seasia_cropprod.aspx
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Figure 41) The abundance of anthropogenic compounds (triallate, tris (2-chloroethyl) phosphate 
(TCPP1) and tris (2-chloroisopropyl) phosphate (TCPP2)) is compared with total organic carbon (TOC 
[%]), to establish if pollutant and contaminants of potential concern transit is governed by the same 
mechanisms and processes  
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The nature of TCPP and triallate distribution cannot conclusively be evaluated with the 

here available data and require more fundamental research on the adsorption and 

mobilisation of POPs.   

6.6 Conclusion  

The widespread occurrence of anthropogenic organic pollutants and COPC in marine 

surface sediments documents fast distribution rates and poses an uncharacterised risk for 

the coastal-offshore environment.  Based on the here presented and discussed data, 

following conclusions and observations can be made: 

1) OPE and OSE fixation and transport are decoupled relative to OM, as evident 

from riverine sediments and marine surface sediments data.  The role of riverine 

transport is difficult to assess in the absence of knowledge of concentrations of 

the source of OPE and OSE compounds.  In mountainous regions with farming 

activity (central Vietnam), the compound triallate is abundant in rivers draining 

the area, suggesting it is mobilised from farmland and effectively transported 

seawards in aqueous solutions.  Larger river systems such as the Mekong River 

and Red River yield only low concentrations of TCPP and triallate, which could 

mean that large rivers carry diluted amounts of POPs and that up-concentration 

occurs only in the marine environment, controlled by unknown processes.  

Airborne transportation of these compounds is documented, and precipitation into 

the oceans could be an important source of POPs in marine waters prior to fixation 

in sediment. 

2) Sediment properties such as clay mineralogy and mineral surface area do not 

correlate with POPs content, making it difficult to establish links to known and 

characterised transport pathways and mechanisms.   

3) Some localised enrichment of POPs in marine surface sediment is supported by 

seasonal current patterns, but in the absence of a characterisation of processes, 

which govern long-term fixation of POPs in sediment; this observation should be 

considered carefully.  Circular gyre structures appear to correlate with areas of 

increased POPs concentrations. 
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7 Conclusions and Future work 
 

7.1 Conclusion Summary 

The South China Sea (SCS) is investigated using estuary and marine bulk surface 

sediments, characterising its TOC, δ13Corg, Δ
14C, Corg/Ntotal, mineral surface area (SA), 

Fatty Acid Mehtylesters (FAME) content and composition.  These data were used to 

evaluate the composition and fate of organic carbon (OC) transported from the terrestrial 

to marine environment and identify regional distribution and storage patterns.  Several 

numerical models were computed, their output interpreted and evaluated and the 

performance of several model approaches and parameters compared to identify most 

robust data treatment approaches.  The data presented in this study and its evaluation have 

culminated in conclusions that are summarised below: 

1) The characterisation of carbon processes requires large datasets, which are 

spatially well resolved to cover the terrestrial, terrestrial-marine interface, marine 

shallow shelf, and marine deep sea reservoirs.  Essential data to establish an 

interpretational framework are: TOC, δ13Corg, Δ
14C, FAME, SA, and Corg/Ntotal, 

which are obtained from bulk marine surface sediments.  These data can then be 

correlated with e.g. vegetation cover (C3, C4, and CAM plants), bedrock geology 

(e.g. carbonates vs. mafic rocks), river delta systems (e.g. amount of discharge), 

and hydrodynamic settings (currents dynamics and structures). 

2) FAME content diminishes gradually from estuary to marine sediment samples 

investigated; suggesting decomposition and degradation are a primary process in 

the modification of bulk sediment FAME composition and content.  Instrumental 

to the interpretation of FAME data, normalisation occurs of several FAME 

members (e.g. n-C10:0 to n-C24:0) by use of reservoirs such as the average estuary 

FAME composition, which is compositionally close to terrestrial milieus, and 

deep marine FAME compositions, which resemble the composition of the OM 

prior to final deposition and burial.  Overall, the FAME record presents itself as a 

useful indicator for smaller scale changes in vegetation, if suitable reservoir 

compositions are characterised.  Here, the marine signal is more pronounced than 

the terrestrial signatures, indicating the importance of decomposition and 

degradation of terrestrial OM, and the input from marine primary production to 

bulk sediment OM composition.  The chain length e.g. is a useful proxy to 

distinguish marine or terrestrial sources, and at a minimum, chain length from 
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n-C10:0 to n-C24:0 should be analysed, eventually even up to chain length n-C30:0 is 

recommended, although the longer chains are often found to be below detection 

limit.   

3) Besides biochemical processes, physicochemical properties are found to affect the 

fixation/storage of OM and synthetic organic compounds (e.g. persistent organic 

pollutants (POPs)).  For TOC and SA positive correlation confirms the importance 

of sediment composition, particularly the presence of the clay fraction.  Variations 

in the slope between TOC and SA are related to current strength and 

hydrodynamic patters (e.g. gyres and upwelling areas).  In the interface between 

terrestrial and marine milieu, vegetation cover (e.g. mangrove) is found to act as 

a physical filter of particles and larger debris pieces.  A quantitatively minor 

contributor to the modification of OM composition is the contribution of carbon 

mobilised from soils and bedrock cover, which in particular influences the Δ14C 

systematics of samples, by addition of unradiogenic carbon.  Variations in 

bedrock appear to relate to changes in Δ14C records, which are interpreted to 

changes in the release of unradiogenic carbon, due to higher or lower resistance 

to weathering (e.g. carbonate vs. mafic rocks). 

4) Computational models are a powerful tool in the interpretation of larger data sets, 

given that suitable parameters and hypotheses are used.  Here, the combination of 

two robust geochemical proxies (δ13Corg and Δ14C) is found most suitable for the 

characterisation of marine and terrestrial proportions, which has important 

implications in the assessment of OM preservation derived from the terrestrial 

milieu.  Simulation based models, such as Bayesian statistics, offer the necessary 

flexibility for geological and biochemical complex settings, such as the SCS study 

area.  Linear and simplified models result in homogenisation of results, which 

creates a misfit between observed and modelled data.  Using the simulation based 

approach; inverse determination of potential source reservoirs is possible in some 

scenarios.  In this study, this approach has been used to identify the most likely 

terrestrial end-member composition, and refined marine and transitional reservoir 

compositions based on bulk surface sediment data.  These are for the study area 

i) marine end-member (refined) δ13Corg = -19.2 ‰, Δ14C = 33.3‰; ii) terrestrial 

end-member (new) δ13Corg = -30 ‰, Δ14C = -155.4 ‰; iii) petrogenic carbon 

(refined) δ13Corg = -25.4 ‰, Δ14C = -880.2 ‰; iv) carbon dead (new) 

δ13Corg = -25.0 ‰, Δ14C = -1000 ‰.   
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5) An important observation in the study of marine surface sediments is the 

accumulation of POPs, which can be either organophosphate (OPE) or 

organosulfate (OSE) compounds in the frame of this study.  OSEs such as triallate 

have applications in the farming industry, and some rivers in Vietnam draining 

farmland have elevated contents of triallate.  Other, more ambiguous sources of 

OPEs such as flame-retardants do not show clear correlations, suggesting that a 

diverse mixture of processes results in the mobilisation, transport, and 

accumulation of OPEs used as flame-retardants in anthropogenic products.  

Processes, which control the transport, distribution, and fixation of OM, do not 

appear to apply to POPs distribution and accumulation.  The only exception to this 

appears to be the role of currents and hydrodynamic structures such as gyres, 

which overlap with area of higher POPs contents.  Clearly, more research on the 

mobilisation, transport, and deposition of POPs is necessary to identify and 

prevent contamination of the marine ecosystem with these toxic compounds.   

In particular, the introduction of FAME normalisation and graphical illustration as spider-

diagrams has shown itself to be an interesting tool in the study OM composition evolution 

during transport prior to deposition and fixation in sediments.  The inverse data modelling 

has permitted the extraction of most likely end-members for areas where samples are 

unavailable, which offers future research opportunities to validate and/or refine the 

outcomes of these models. 

7.2 Future work 

Despite significant progress, this project faced several challenges that could not be solved, 

warranting further investigations.  In the following research and other gaps are identified 

and potential strategies to overcome these challenges recommended.  Some of these 

recommendations are specifically targeted to the study area whereas others explore more 

generic/global questions.   

1) The sample set available to this project has been unique but ideal for the scope of 

this study, with marine surface sediments obtained over a total period of 16 years 

during 1996 - 2012 ship expeditions.  Riverine/estuary samples also not taken 

systematically as part of dedicated projects but rather opportunistic as 

opportunities emerged, all together leading to a rather diverse set of materials to 

work with.  Furthermore, both riverine and marine sediments were taken during 

contrasting seasons, mixing wet and dry season signatures in one sample set.  
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Finally, no material has been available from any location to covering seasonal 

variability.  This leaves a principle challenge to identify and separate processes 

and response mechanisms that represent the highly diverse 

climatic/oceanographic boundary conditions across the study region.  This 

challenge is not easily solved; however, it would be desirable to design and deliver 

a targeted sampling strategy that takes spatial and temporal relationships along 

strategic land-ocean transects into account.  Such an approach should also include 

river catchments in the hinterland and salinity transitions at the estuary/marine 

interface, to better capture the source signatures entering and leaving the river.  

The sample set investigated also lacked data on the actual transition zone 

connecting land and marine sediments, the ocean water column.  It is therefore 

suggested that a future sampling campaign is also targeting sediment traps located 

intermediate to riverine outflows and marine deposition centres, water column 

samples and greater down-core sampling (e.g. topmost 10 cm at 1 cm intervals).  

In particular, some samples from the mainland source regions such as forest and 

farmland are interesting targets, since they help to constrain computational models 

by providing maximum initial values, while deep sea marine surface sediments 

possibly constrain the minimum values.  Another underestimated factor is the 

composition of soils in the landmasses adjacent to the study area.  Since soils are 

essentially mixtures of fresh and decomposed material, it is important to 

understand which components are remobilised from those soils, transported by 

the riverine system, and eventually deposited in the marine milieu.   

2) Due to limitations in available sample volume for selected study locations, this 

project was not able to generate grain size and other data for all estuarine and 

marine surface sediments leaving a partly inconsistent database for the discussion.  

Furthermore, accurate and spatially diverse sedimentation/accumulation rates are 

not available at present and would need to be established to enhance the accuracy 

of flux calculations and transportation pathways linked with hydrodynamic data.  

In Chapter 4, it has been shown that TOC correlates with mineral SA and the clay 

fraction (where data was available).  However, given the lack of sufficient sample 

volumes for all study sites it remains unclear if this relationship between TOC and 

clay fraction is consistent throughout the study area, or if there are diversions that 

may influence carbon fixation in selected marine environments.  Here it will be 

important to test areas with low and high current velocities, to test if changes in 

the slope between TOC and the clay fraction are related to detaching of OM from 
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the clay fraction at higher current velocities, which could explain differences 

observed between regions in this study.  Furthermore, the adsorption of POPs is 

currently poorly determined, and the combination of POPs content with the 

different size fractions of sediment could reveal potential dependencies.   

3) A promising avenue forward would be to combine the bulk sediment analyses 

performed in this study with more detailed grain size specific carbon analyses 

(TOC, Corg/Ntotal, carbon isotopes, Δ14C, and δ13Corg).  This approach is relatively 

novel and underexplored but has been occasionally applied since the mid- 1990s 

[420–422], it has large potential to greatly enhance the resolution of carbon 

processes as it provided additional evidence on hydrodynamic sorting, lateral 

displacement, and potentially decomposition of OM fractions, and ages of OM 

fractions in different size pools.  These processes cannot be accurately addressed 

with the bulk sediment dataset presented.  Working on grain size specific fractions 

will permit a more refined interpretation of data (e.g. TOC, δ13Corg, Δ14C, 

Corg/Ntotal and FAME).  For example, increased molecular separation and analyses 

of compounds such as FAME or TOC could be used to test the effect of physical 

abrasion on OM, e.g. if coarser particles can physically affect OM when sediments 

are compacted periodically or re-suspended.  The FAME composition and 

distribution in the size fractions could be used to test, if marine and terrestrial OM 

preferentially will allow to target hard and soft compounds (e.g. marine vs. 

terrestrial or anthropogenic origin).  The combination of carbon isotope analyses 

(Δ14C and δ13Corg) of specific grain sizes will be useful for a better understanding 

which part of sediments contains the “oldest” carbon, as these fractions may be 

critical for long-term carbon fixation.    

4) This project was not initially designed to investigate anthropogenic pollutants 

(POPs) and other human-derived organic chemicals.  More bespoke procedures 

will need to be established to fully explore the pool of POPs, including chemicals 

released during the Vietnam War (Agent Orange and related highly toxic 

products).  Here, the consensus in the literature is that multiple suspect sources 

are present, but none of these has been quantified.  This identifies the potential to 

take the question further how POPs are transported across the land-ocean 

continuum.  The data from this study suggest that transport and accumulation 

processes are not directly linked to OM and clay mineralogy/SA.  This may be 

unexpected but opens the interesting challenge to find out the primary transport 

mechanisms.  Some previous research has suggested that POPs can adsorb to 
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particles of plastic.  Therefore, some laboratory experiments involving different 

size and surface area fractions of plastics mixed with defined concentrations of 

POPs should be performed e.g. exposed to variable currents, water temperatures, 

salinity, and pH-conditions etc..  A curiosity experiment could involve the 

addition of algae usually found on plastics in oceans to the plastics POPs mixture, 

to investigate potential biochemical processes in the decomposition and/or 

fixation of POPs.  Understanding the sources of pollutants and COPC, these can 

be used to accurately describe and model the degradation of these compounds, by 

comparing source with i) transition (i.e.  water column) and ii) depositional 

composition.  This will permit the estimation of persistence of these compounds 

under natural conditions, as opposed to laboratory conditions often advocated by 

those who produce the compounds in the first place.  Furthermore, it would be 

relevant to investigate the impact of these chemicals on benthic and microbial 

ecosystems, and feedbacks to the environment. 

5) Another focus developing from this research is the distinction and characterisation 

of OM pools (e.g. inert, recalcitrant, and potent) with their unique reactivity, 

degradation, transport, and burial properties.  The novel modelling approach 

presented in Chapter 5 shows one way forward to use data and advanced 

modelling to better understand these pools and their fates.  An emerging problem 

observed in this model, is the need for diverse sources to create models that can 

produce outputs that correlate with observed data.  However, the number of 

sources is beginning to exceed the number of geochemical proxies, which 

naturally decreases the accuracy of the model.  Therefore, more geochemical 

proxies must be identified and established to permit the identification and 

characterisation of more reservoirs.  These new, more robust models will greatly 

enhance the interpretation of Δ14C values, which then can be used to assume 

timescales for geological processes.  The combination with δ13Corg isotopes and 

other new tracers will then narrow down the number of potential source reservoirs, 

allowing a prediction of a more accurate and likely pathway for carbon from land 

to ocean.  These findings could then be used to more accurately describe the total 

carbon flux from land to ocean, which has implications for climate models. 

6) The transition of OM composition from land to ocean can be estimated and 

assessed using the δ13Corg isotopic composition.  In combination with SA and TOC 

data, deductions of net terrestrial Corg can be made, as demonstrated in Chapter 4.  

However, the SCS data set covers a relatively restricted range in TOC/SA, 
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compared to other regions such as the Amazon and Amazon French Guiana mud 

belt.  To allow better comparison of the SCS data and the inferred net loss of 

terrestrial Corg with those regions, samples with high TOC/SA need to be 

identified and analysed, to verify observed differences in regression lines.  Should 

the current regression lines be verified (Chapter 4), the SCS would be identified 

as a terrestrial Corg incinerator, relative to the Amazon system.   

Further international and interdisciplinary studies are fundamentally important to solve 

the puzzle of carbon transfer in the biggest marginal sea of the Pacific Ocean, the SCS, 

and will result in a better understanding about the effects of climate change and may help 

to identify and prepare for future issues and challenges.
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Appendix 1) Results of estuary and marine surface sediments measurements of carbon, nitrogen, organic carbon, δ13Corg, mineral surface area and radiocarbon 14C 

 

sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm

SCS-SO-220-19-27 20.29 109.14 19.00 0.94 0.07 0.55 -22.4 18.44 0.78

SCS-SO-220-22-3 20.48 108.75 43.00 1.49 0.13 0.89 -21.5 23.52 0.86

SCS-SO-220-23-3 21.10 108.73 22.00 0.64 0.05 0.34 -22.4 14.50

SCS-SO-220-24-1 21.11 108.71 22.00 0.98 0.11 0.70 -22.2 18.11 0.87

SCS-SO-220-26-4 21.06 108.34 27.00 1.13 0.09 0.76 -21.8 22.54 0.90

SCS-SO-220-27-1 21.04 108.30 27.00 1.16 0.12 0.80 -21.9 20.57 0.87

SCS-SO-220-28-3 20.83 108.29 43.00 1.20 0.11 0.78 -21.6 22.05 0.87

SCS-SO-220-29-3 20.40 108.38 44.00 0.61 0.04 0.27 -22.3 6.51 0.84

SCS-SO-220-30-28 20.05 108.03 48.00 0.59 0.03 0.16 -23.5 4.05 0.78

SCS-SO-220-31-2 20.01 108.09 27.00 1.11 0.03 0.21 -23.5 11.72

SCS-SO-220-32-3 19.99 108.12 63.00 1.67 0.07 0.48 -22.1 17.99

SCS-SO-220-33-3 19.99 108.34 56.00 0.96 0.04 0.23 -22.2 7.50

SCS-SO-220-34-3 19.46 108.29 57.00 1.53 0.10 0.75 -21.9 21.42 0.83

SCS-SO-220-35-3 19.23 108.15 44.00 1.44 0.09 0.56 -21.3 17.48

SCS-SO-220-37-3 19.38 107.70 61.00 1.13 0.06 0.35 -21.5 12.23

SCS-SO-220-38-3 19.42 107.57 61.00 1.38 0.10 0.63 -21.5 11.15 0.85

SCS-SO-220-39-3 19.42 107.36 63.00 1.49 0.09 0.59 -21.4 14.21

SCS-SO-220-40-2 19.42 107.30 58.00 0.91 0.05 0.28 -21.4 10.62

SCS-SO-220-42-28 18.74 107.16 60.00 1.77 0.11 0.75 -21.5 17.17 0.84

SCS-SO-220-43-2 18.79 107.17 60.00 1.74 0.12 0.71 -21.3 18.92 0.85

SCS-SO-220-44-3 18.74 107.20 67.00 1.84 0.09 0.74 -21.4 17.38 0.84

SCS-SO-220-45-2 18.73 107.27 66.00 1.73 0.12 0.77 -21.3 18.44 0.84

SCS-SO-220-51-3 18.38 108.06 75.00 1.58 0.09 0.57 -21.4 14.06 0.82

SCS-SO-220-52-1 18.37 108.06 72.00 1.53 0.08 0.52 -21.6 11.61

SCS-SO-220-53-3 17.90 107.91 89.00 1.92 0.09 0.54 -21.6 7.92

SCS-SO-220-54-2 17.89 107.90 90.00 1.66 0.06 0.56 -21.7 14.82

SCS-SO-220-55-3 17.70 108.12 83.00 1.52 0.06 0.34 -21.7 10.75

SCS-SO-220-57-3 17.64 108.40 105.00 1.84 0.07 0.40 -21.7 12.90

SCS-SO-220-58-1 17.67 108.42 104.00 2.47 0.04 0.27 -21.9 5.98 0.87

SCS-SO-220-60-2 16.73 109.59 546.00 2.04 0.10 0.84 -21.9 11.39 0.80

SCS-SO-187-3-59-1 12.62 109.53 133.00 1.82 0.11 0.88 -22.6 9.70 0.91

SCS-SO-187-3-60-1 11.08 110.01 1859.00 2.04 0.15 0.95 -21.9 0.83

SCS-SO-187-3-61-1 11.43 111.28 2227.00 3.00 0.15 0.97 -21.3 0.82

SCS-SO-187-3-62-1 11.05 109.47 127.00 6.98 0.02 1.68 -23.2 2.64 0.60

SCS-SO-187-3-63-1 10.92 109.06 109.00 1.08 0.02 0.17 -22.8 3.36 0.83

SCS-SO-187-3-64-3 10.91 109.05 107.00 2.67 0.03 0.53 -22.8 5.46 0.85

SCS-SO-187-3-65-1 10.64 109.04 112.00 1.15 0.03 0.29 -22.8 5.80 0.87

SCS-SO-187-3-66-1 10.26 108.91 87.00 3.44 0.02 0.11 -23.1 2.27 0.74

SCS-SO-187-3-67-1 10.22 108.43 56.00 3.39 0.05 0.36 -21.8 5.82 0.89

SCS-SO-187-3-68-1 10.28 108.42 60.00 3.07 0.09 0.70 -22.0 12.55 0.93

SCS-SO-187-3-69-1 10.38 108.01 43.00 2.20 0.06 0.44 -21.9 9.91 0.89

SCS-SO-187-3-70-1 10.37 108.01 41.50 1.98 0.04 0.33 -21.7 8.72 0.91

SCS-SO-187-3-71-1 10.40 108.01 38.00 2.60 0.05 0.31 -21.5 4.04 0.92

SCS-SO-187-3-72-1 10.26 107.29 26.00 1.36 0.04 0.30 -22.1 3.98

SCS-SO-187-3-73-1 10.24 107.28 31.00 1.51 0.05 0.37 -21.5 5.26 0.75

SCS-SO-187-3-74-1 10.23 107.28 29.00 1.32 0.04 0.28 -21.6 6.04 0.91

SCS-SO-187-3-75-1 10.11 107.11 21.00 0.85 0.01 0.08 -23.9 3.43 0.80
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sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm

SCS-SO-187-3-76-1 9.48 106.82 24.00 0.46 0.02 0.11 -23.0 2.49 0.83

SCS-SO-187-3-77-B1 9.36 106.63 25.00 0.64 0.02 0.10 -23.6 3.37

SCS-SO-187-3-78-1 8.97 106.70 32.00 0.43 0.01 0.07 -24.3 2.64 0.76

SCS-SO-187-3-79-1 9.14 107.07 33.00 1.51 0.01 0.11 -23.4 3.99 0.86

SCS-SO-187-3-80-1 9.23 107.28 38.00 1.25 b.d 0.08 -22.9 4.81 0.79

SCS-SO-187-3-81-1 9.26 107.33 38.00 2.13 0.01 0.10 -22.7 4.95 0.63

SCS-SO-187-3-82-1 9.52 107.50 39.00 0.66 0.02 0.13 -23.8 2.38 0.86

SCS-SO-187-3-83-1 9.90 107.50 31.00 0.84 0.01 0.10 -23.0 3.41 0.80

SCS-SO-187-3-84-1 9.73 107.29 33.00 0.80 0.01 0.08 -23.3 3.36 0.82

SCS-SO-187-3-85-1 9.80 107.04 27.00 0.75 0.02 0.12 -23.3 3.70 0.84

SCS-SO-187-3-86-1 8.74 106.16 27.00 0.71 0.01 0.09 -21.8 2.73 0.86

SCS-SO-187-3-87-2 9.04 106.08 20.00 9.09 0.792 4.312 -20.3 2.53 1.06

SCS-SO-187-3-91-1 8.44 105.24 31.00 2.61 0.05 0.46 -22.7 10.35 0.87

SCS-SO-187-3-92-1 8.42 105.20 30.00 1.80 0.10 0.69 -22.3 19.98 0.89

SCS-SO-187-3-93-1 8.39 105.11 32.00 2.47 0.10 0.78 -23.8 15.31 0.76

SCS-SO-187-3-94-1 8.37 104.63 24.00 7.11 0.05 3.21 -23.4 9.47 0.75

SCS-SO-187-3-95-1 8.38 104.62 29.00 4.49 0.04 0.49 -24.4 13.98 0.49

SCS-SO-187-3-96-1 8.41 104.57 31.00 1.53 0.10 0.87 -23.5 23.57 0.79

SCS-SO-187-3-97-2 8.41 104.56 30.00 2.22 0.10 0.75 -22.8 23.68 0.85

SCS-SO-187-3-98-1 8.46 104.47 30.00 2.16 0.10 0.79 -23.2 22.91 0.83

SCS-SO-187-3-99-1 8.47 104.46 30.00 1.36 0.12 0.90 -23.2 22.58 0.88

SCS-SO-187-3-100-1 8.52 104.34 28.00 3.00 0.04 0.24 -23.2 23.22 0.82

SCS-SO-187-3-102-1 8.44 104.23 29.00 1.47 0.11 0.81 -23.0 23.53 0.86

SCS-SO-187-3-103-1 8.43 104.21 28.00 3.60 0.08 0.52 -22.7 17.66 0.84

SCS-SO-187-3-104-1 8.38 104.22 26.00 6.42 0.04 0.30 -22.4 9.37 0.82

SCS-SO-187-3-105-1 8.19 104.52 25.00 3.74 0.04 0.29 -22.8 8.49 0.79

SCS-SO-187-3-106-1 8.19 104.56 26.00 2.41 0.07 0.64 -22.6 13.99 0.84

SCS-SO-187-3-107-1 8.16 104.57 27.50 1.89 0.10 0.67 -22.5 17.38 0.84

SCS-SO-187-3-108-1 8.12 104.95 32.00 6.27 0.04 0.22 -21.8 5.02 0.86

SCS-SO-187-3-109-1 8.12 105.24 33.00 4.06 0.03 0.24 -22.0 4.71 0.84

SCS-SO-187-3-110-1 8.12 105.28 32.00 9.73 0.02 0.15 -22.3 4.25 0.76

SCS-SO-187-3-111-1 8.12 105.38 34.00 6.28 0.04 0.26 -22.1 3.79 0.81

SCS-SO-187-3-112-1 8.12 105.39 33.00 6.75 0.04 0.24 -22.3 4.65 0.84

SCS-SO-187-3-113-1 8.12 105.48 32.00 5.65 0.03 0.21 -22.1 4.49 0.83

SCS-SO-187-3-114-1 8.12 105.59 32.00 2.99 0.03 0.19 -22.5 4.34 0.85

SCS-SO-187-3-115-1 8.12 105.60 32.00 2.84 0.05 0.29 -21.8 4.67 0.86

SCS-SO-187-3-116-1 8.12 105.94 33.00 3.35 0.03 0.26 -22.6 8.25 0.83

SCS-SO-187-3-117-1 8.12 105.95 32.00 2.85 0.03 0.17 -22.1 3.45 0.85

SCS-SO-140-01-18373-1 6.73 107.65 73.50 1.99 0.06 0.20 -23.1 4.31

SCS-SO-140-02-18374-1 6.91 107.67 74.40 1.50 0.04 0.14 -22.9 4.34

SCS-SO-140-03-18375-1 7.00 107.91 86.20 1.12 0.05 0.21 -23.3 3.77 0.81

SCS-SO-140-04-18376-1 7.09 108.11 89.60 1.05 0.03 0.10 -23.8 3.37

SCS-SO-140-05-18377-1 7.18 108.34 98.80 0.90 0.03 0.15 -23.9 3.43 0.72

SCS-SO-140-06-18378-1 7.24 108.48 107.90 1.94 0.04 0.15 -23.4 3.48

SCS-SO-140-07-18379-2 7.34 108.74 119.00 1.18 0.04 0.10 -24.2 2.68 0.68

SCS-SO-140-08-18380-1 7.44 108.99 149.70 0.64 0.04 0.08 -24.9 3.06 0.69
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sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm

SCS-SO-140-09-18381-1 7.50 109.13 213.90 2.28 0.07 0.32 -22.2 5.99

SCS-SO-140-10-18382-1 7.53 109.21 283.90 3.30 0.09 0.47 -21.9 7.61 0.79

SCS-SO-140-11-18383-1 7.64 109.49 710.70 2.82 0.16 0.99 -21.7 7.26 0.85

SCS-SO-140-12-18384-1 7.77 109.81 829.10 3.54 0.16 1.01 -21.5 12.49 0.89

SCS-SO-140-13-18385-2 7.86 110.02 73.60 11.78 0.03 0.17 0.38

SCS-SO-140-14-18386-1 7.90 110.13 380.40 9.10 0.10 0.47 -21.4 5.14 0.63

SCS-SO-140-15-18387-1 8.10 110.64 381.60 9.17 0.13 0.55 -20.6 3.90 0.89

SCS-SO-140-16-18388-1 9.14 108.62 108.80 0.52 0.04 0.16 -24.2 2.00 0.77

SCS-SO-140-17-18389-1 9.27 108.65 109.20 0.42 0.03 0.08 -23.8 1.69 0.85

SCS-SO-140-18-18390-1 9.34 108.68 101.40 0.79 0.04 0.08 -24.2 2.17 0.81

SCS-SO-140-19-18391-1 9.57 108.83 122.40 1.87 0.10 0.52 -22.0 9.15 0.92

SCS-SO-140-20-18392-1 9.62 108.91 116.10 2.00 0.07 0.29 -22.2 6.41 0.88

SCS-SO-140-21-18393-1 9.76 109.13 155.90 3.47 0.08 0.37 -22.0 6.94

SCS-SO-140-22-18394-1 9.79 109.18 183.00 2.35 0.09 0.63 -22.0 11.22 0.88

SCS-SO-140-23-18395-1 9.99 109.48 280.10 2.86 0.09 0.47 -22.0 8.89 0.81

SCS-SO-140-24-18396-1 15.43 108.89 60.80 1.28 0.11 0.72 -23.0 16.93 0.87

SCS-SO-140-25-18397-1 12.25 109.33 45.50 1.82 0.13 0.93 -22.3 17.34 0.95

SCS-SO-140-26-18398-1 12.24 109.38 59.30 1.54 0.13 0.98 -22.6 16.87 0.94

SCS-SO-140-27-18399-1 12.23 109.41 92.20 1.26 0.10 0.61 -22.5 15.99 0.89

SCS-SO-140-28-18400-1 12.23 109.43 103.60 1.49 0.12 0.81 -22.4 15.64 0.92

SCS-SO-140-29-18401-1 12.21 109.53 134.20 1.66 0.11 0.69 -22.2 13.23 0.87

SCS-SO-140-30-18402-1 13.12 109.69 224.50 4.58 0.06 0.21 -22.3 4.71

SCS-SO-140-32-18404-1 13.50 109.56 169.10 4.02 0.06 0.26 -22.3 5.74

SCS-SO-140-33-18405-1 13.69 109.45 129.30 1.86 0.11 0.62 -22.3 10.53 0.83

SCS-SO-140-34-18406-1 14.00 109.32 50.60 0.63 0.06 0.28 -23.7 2.49 0.87

SCS-SO-140-35-18407-1 14.08 109.42 134.70 1.99 0.09 0.42 -22.3 9.42

SCS-SO-140-36-18408-1 14.25 109.34 116.50 1.73 0.11 0.66 -22.7 14.79 0.88

SCS-SO-140-37-18409-1 15.69 108.67 40.00 0.85 0.10 0.54 -23.1 14.91 0.92

SCS-SO-140-38-18410-1 15.48 108.87 57.70 1.09 0.13 0.82 -22.8 13.85 0.90

SCS-SO-140-39-18411-2 15.33 108.92 56.80 1.28 0.09 0.48 -23.0 13.70 0.89

SCS-SO-140-40-18412-2 15.22 109.01 58.40 1.33 0.12 0.70 -23.1 6.46 0.88

SCS-SO-140-41-18413-1 15.20 109.00 52.00 1.70 0.07 0.26 -23.0 6.02

SCS-SO-140-42-18414-2 15.10 108.96 20.70 0.36 0.05 0.16 -24.4 4.36

SCS-SO-140-43-18415-1 15.08 109.00 34.60 1.44 0.14 1.12 -24.5 15.91 0.97

SCS-SO-140-44-18416-1 15.04 109.15 62.70 3.14 0.04 0.11 -23.1 2.59

SCS-SO-140-45-18417-2 14.75 109.29 97.90 1.17 0.04 0.17 -22.6 5.31

SCS-SO-140-46-18418-1 14.40 109.31 100.00 1.71 0.11 0.60 -22.7 10.82 0.89

SCS-SO-140-47-18419-1 14.54 109.24 80.70 2.13 0.08 0.44 -23.0 10.05 0.87

SCS-SO-140-48-18420-1 14.57 109.19 61.50 1.58 0.09 0.48 -23.1 13.20 0.91

SCS-SO-140-49-18421-1 15.75 108.89 82.50 2.11 0.04 0.20 -22.7 3.59 0.80

SCS-SO-140-50-18422-1 15.75 108.89 84.50 1.58 0.07 0.40 -22.4 3.54 0.87

SCS-SO-140-51-18423-1 16.28 108.66 96.50 2.12 0.05 0.20 -22.1 5.51 0.80

SCS-SO-140-52-18424-1 16.48 108.44 91.10 1.91 0.13 0.71 -21.7 16.03 0.86

SCS-SO-140-53-18425-1 16.58 108.47 94.40 2.31 0.10 0.47 -21.7 14.97 0.86

SCS-SO-140-54-18426-1 16.74 108.46 92.90 2.24 0.12 0.59 -21.9 12.82 0.84

SCS-SO-140-55-18427-1 16.48 109.19 114.80 1.31 0.07 0.33 -22.1 9.14 0.78
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sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm

SCS-SO-140-56-18428-1 16.39 109.42 196.60 1.58 0.11 0.61 -22.0 11.68 0.83

SCS-SO-140-57-18429-1 16.35 109.54 756.30 2.38 0.17 1.03 -21.7 11.45 0.82

SCS-SO-140-58-18430-1 11.92 110.00 1906.00 2.11 0.14 0.82 -21.9 0.81

SCS-SO-115-01-18248-1 9.25 108.73 103.00 0.18 0.009 0.103 -26.1 1.33 0.56

SCS-SO-115-02-18249-1 9.40 108.92 133.00 3.40 0.25 -23.1 4.83

SCS-SO-115-03-18250-1 9.40 108.97 148.00 2.63 0.73 -23.0 4.61 0.58

SCS-SO-115-05-18252-1 9.25 109.39 1277.00 2.27 0.14 0.83 -22.2 0.81

SCS-SO-115-06-18253-1 9.40 109.50 1478.00 2.51 0.13 0.86 -21.8 0.82

SCS-SO-115-07-18254-1 9.63 109.04 145.00 3.23 0.74 -23.1 9.80 0.82

SCS-SO-115-08-18255-1 9.70 108.78 102.00 2.58 0.44 -23.8 9.66 0.74

SCS-SO-115-09-18256-1 9.58 108.70 92.00 2.57 2.37 -25.3 3.61 0.60

SCS-SO-115-10-18257-2 9.40 108.59 88.00 1.47 0.25 -24.9 3.12

SCS-SO-115-11-18258-1 9.25 108.49 88.00 1.13 0.25 -24.8 3.21

SCS-SO-115-12-18259-2 9.17 108.45 88.00 1.50 0.19 -27.7 3.55

SCS-SO-115-13-18260-1 9.40 108.34 74.00 1.36 0.32 -24.7 4.51 0.76

SCS-SO-115-14-18261-3 9.25 108.12 68.00 1.57 0.29 -24.4 3.72

SCS-SO-115-15-18262-1 9.25 107.99 56.00 3.31 0.23 -25.0 3.56

SCS-SO-115-17-18264-1 9.40 107.81 48.00 5.14 0.03 0.18 -23.2 3.25 0.76

SCS-SO-115-17-18264-1 0 cm 9.40 107.81 48.00 6.21 0.03 0.17 -23.9 3.34

SCS-SO-115-18-18265-1 9.39 107.75 47.00 6.44 0.26 -24.2 3.93

SCS-SO-115-19-18266-1 9.38 107.74 47.00 3.84 0.24 -24.3 3.29

SCS-SO-115-20-18267-1 6.37 111.88 1852.00 3.39 0.06 0.35 -21.8 0.82

SCS-SO-115-21-18268-1 6.65 111.87 1974.00 3.29 1.27 -22.0 22.28 0.78

SCS-SO-115-22-18269-1 4.77 109.44 114.00 3.00 0.45 -23.3 4.81 0.75

SCS-SO-115-22-18269-1 0 cm 4.77 109.44 114.00 5.08 0.79

SCS-SO-115-23-18270-1 4.72 109.48 106.00 2.63 0.55 -23.2 4.36 0.71

SCS-SO-115-24-18271-1 4.64 109.55 116.00 4.16 0.28 -22.5 8.53

SCS-SO-115-25-18272-1 4.63 109.56 121.00 4.76 0.72 -22.8 7.73 0.74

SCS-SO-115-26-18273-1 4.62 109.57 127.00 4.60 0.63 -22.2 7.65 0.78

SCS-SO-115-27-18274-1 4.61 109.58 117.00 3.98 0.33 -23.1 4.75

SCS-SO-115-28-18275-1 4.59 109.59 109.00 2.53 0.26 -23.7 3.76

SCS-SO-115-29-18276-1 4.75 109.75 120.00 3.35 0.42 -23.5 5.32

SCS-SO-115-30-18277-1 4.94 109.94 134.00 3.68 0.68 -22.8 8.30 0.74

SCS-SO-115-31-18278-1 5.02 110.02 137.00 3.62 0.63 -23.0 7.42 0.73

SCS-SO-115-32-18279-1 5.04 110.04 139.00 5.95 2.40 -22.8 6.47 0.70

SCS-SO-115-33-18280-1 5.10 110.10 144.00 3.78 0.66 -22.7 6.64 0.71

SCS-SO-115-34-18281-1 5.13 110.13 145.00 3.64 0.53 -22.5 7.18 0.75

SCS-SO-115-35-18282-1 5.25 110.24 152.00 3.50 0.06 0.35 -22.3 6.53 0.71

SCS-SO-115-36-18283-1 5.42 110.42 166.00 3.05 0.47 -23.0 7.34 0.65

SCS-SO-115-37-18284-1 5.54 110.54 226.00 2.56 0.42 -23.5 5.77

SCS-SO-115-47-18294-3 6.13 111.30 846.00 4.34 1.13 -21.8 8.10 0.89

SCS-SO-115-48-18295-1 4.93 109.30 117.00 3.85 0.44 -22.6 10.23

SCS-SO-115-49-18296-1 5.00 109.24 118.00 4.01 0.59 -22.7 8.04 0.79

SCS-SO-115-50-18297-1 4.74 109.03 112.00 3.68 0.57 -22.4 7.76 0.80

SCS-SO-115-51-18298-1 4.52 108.83 103.00 4.71 0.06 0.38 -21.9 5.91 0.73

SCS-SO-115-52-18299-2 4.53 108.83 102.00 5.17 0.05 0.35 -22.1 6.20 0.76
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sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm

VA-10 10.200 111.100 3244.00 0.78 -21.5 0.76

VA-11 10.200 110.000 1401.00 1 -21.5 0.76

VA-12 9.400 110.800 2791.00 0.93 -21.4 0.78

Con River St. 1 13.854 109.140 0.22 0.021 0.15 -25.5 0.71

Hathan River St. 1a 13.700 109.220 0.75 0.045 0.76 -26.4

Hathan River St. 1b 13.784 109.220 0.89 0.075 0.89 -26.5 0.84

Hathan River St. 2 13.784 109.223 0.26 0.020 0.26 -24.0 0.87

Lai Giang River St.2a 14.472 109.091 0.12 0.010 0.12 -26.9

Lai Giang Riverband St. 2b 14.47 109.09 0.11 0.009 0.11 -27.2

Lai Giang Riverband St. 1b 14.41 109.01 3.23 0.245 3.21 -26.7 1.02

Lai Giang River St. 1a 14.41 109.01 0.22 0.014 0.22 -25.2 0.77

MK-01 6.20 102.20 0.94 0.074 0.94 -28.5 0.96

MK-08 3.51 103.39 1.65 0.135 1.72 -28.4 1.00

MK-10 3.51 103.44 1.23 0.102 1.24 -28.1 1.00

MK-11 4.23 103.43 1.28 0.101 1.29 -28.2 0.95

MK-14 5.34 103.12 2.04 0.161 2.06 -28.6

MK-15 2.24 111.81 1.12 0.118 1.14 -27.7

MK-17 2.33 111.83 0.85 0.072 0.85 -29.0

MR-02 10.56 106.41 1.46 0.122 1.46 -27.0 0.85

MR-03 10.33 106.38 1.20 0.130 1.20 -26.0 0.89

MR-04 10.24 106.37 1.30 0.149 1.31 -25.8 0.90

MR-06-1 10.20 106.71 0.80 0.064 0.81 -25.6 0.92

MR-10-2 10.41 105.62 0.62 0.083 0.62 -24.9 0.88

MR-13 10.42 105.41 1.58 0.173 1.45 -27.0 0.92

MR-14 10.34 105.48 0.98 0.161 0.98 -25.8

MR-15 10.10 105.72 0.81 0.118 0.82 -25.6

MR-16 9.74 106.07 1.05 0.117 1.06 -26.6

MR-17 10.25 106.03 0.67 0.062 0.68 -26.2 0.86

SU-02 0.61 101.59 2.79 0.120 2.73 -29.0 0.91

SU-05 -0.37 102.53 0.94 0.080 0.91 -26.1 0.70

SU-09 -1.58 103.57 1.17 0.113 1.14 -28.0 0.88

SU-11 -2.38 103.94 2.18 0.164 2.03 -27.4 1.06

SU-13 -3.02 104.72 1.55 0.118 1.56 -27.7 0.85

Thu Bon River St. 1 15.85 108.28 0.12 0.006 0.12 -25.2 0.65

Thu Bon River St. 2 15.85 108.28 0.12 0.009 0.12 -25.8 0.66

Thu Bon River St. 3 15.87 108.39 0.06 0.003 0.06 -26.6 0.74

Thu Bon River St. 4 15.87 108.39 0.07 0.004 0.07 -26.0 0.72

Tra Khuc River St. 1a 15.13 108.80 0.08 0.004 0.08 -26.5 0.99

Tra Khuc River St. 1b 14.41 109.01 3.60 0.323 3.61 -25.6 1.08

Tra Khuc River St. 2 15.13 108.88 0.06 0.003 0.06 -26.3 0.70

WK-04 0.39 109.96 2.62 0.062 2.65 -29.0

WK-07 0.32 108.97 2.01 0.142 1.95 -27.5 0.89

WK-08 -0.27 109.36 2.79 0.174 2.80 -29.1

VN-07110302 SED 10.68 107.78 1.99 0.18 2.04 -26.0 1.10

VN-09110301 SED 11.22 108.50 0.11 0.04 0.11 -26.3

VN-10110301 SED 11.24 108.73 2.94 0.19 2.55 -27.2
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sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm

VN-12110301 SED 12.49 109.13 1.04 0.09 1.01 -25.7 0.98

VN-14110301 SED 12.25 109.20 2.40 0.18 2.37 -27.4

VN-15110306 SED 11.60 108.94 0.84 0.08 0.88 -24.6 1.06

Red River 7W SED 20.07 106.47 1.17 0.13 0.88 -23.8 0.85

Song Ba St. 1 SED 13.09 109.09 2.79 0.20 2.80 -25.4

Song Ba St. 2 SED 13.06 109.32 1.96 0.19 2.00 -23.9 1.04

Song Ba St. 3a SED 13.05 109.05 1.95 1.15 2.01 -24.0

Song Ba St. 3b SED 13.05 109.05 0.06 0.004 0.07 -26.8 0.79

Cuu Long Grab St.11 SED 9.69 106.69 1.08 0.114 1.07 -25.5 0.93

Cuu Long Grab St.20 SED 9.56 106.56 1.02 0.081 1.03 -26.4 0.99

Cuu Long Grab St. 4 SED 10.27 106.27 1.02 0.048 0.82 -26.5 0.86

RS-30 20.44 106.22 1.29 0.090 0.87 -24.9 0.85

RS-32 20.37 106.34 1.02 0.083 0.67 -23.8 0.78

RS-33-1 20.46 106.35 1.06 0.084 0.67 -24.1 0.82

RS-34 20.79 106.52 0.94 0.068 0.61 -24.8 0.74

RS-35 20.91 106.62 0.43 0.042 0.34 -25.3 0.56

VN-38-1 16.12 108.12 3.29 0.286 3.09 -28.4 1.06

VN-44 16.83 107.10 1.11 0.137 1.12 -25.9 1.01

VN-46 17.34 106.70 1.19 0.100 1.12 -25.1 1.05

VN-49 17.77 106.33 0.36 0.037 0.28 -26.0 1.01

VN-53 18.46 105.77 1.36 0.146 1.37 -24.9 0.92

VN-55 18.59 105.69 0.46 0.056 0.40 -26.0

VN-59 19.84 105.79 0.74 0.064 0.71 -25.6 0.86

VN-63 20.26 105.98 12.08 0.260 9.69 -24.5 0.03

HN-02 19.90 109.68 0.43 0.021 0.24 -25.3 0.06

HN-04 19.23 108.90 0.41 0.035 0.14 -25.1 0.86

HN-06 18.52 110.02 0.08 0.009 0.08 -27.6 0.79

HN-07 19.15 110.55 0.41 0.015 0.18 -27.2 0.85

GX-01 21.68 109.16 0.45 0.028 0.45 -27.0 0.83

GX-05 21.95 108.62 0.27 0.024 0.27 -26.3 0.68

TH-01 13.54 100.25 2.52 0.241 2.36 -25.0 0.91

TH-02 13.38 99.98 2.34 0.171 1.96 -25.6 0.86

TH-04 13.07 99.95 1.20 0.088 1.21 -27.0 0.62

TH-05 13.70 99.85 0.57 0.036 0.46 -24.7 0.84

TH-07 13.95 99.64 1.46 0.098 1.32 -26.8 0.84

TH-08-2 13.80 100.19 3.78 0.314 3.31 -27.6 0.98

TH-09 13.92 100.49 0.83 0.063 0.84 -26.4 0.86

TH-11 14.29 100.56 1.40 0.101 1.34 -26.1 0.77

TH-13 14.94 100.37 1.06 0.098 1.07 -26.0 0.95

TH-15 14.56 100.72 1.37 0.117 1.23 -26.0 0.91

TH-18 13.99 101.69 0.34 0.031 0.35 -26.1 0.93

TH-20 13.73 101.21 1.44 0.150 1.46 -25.0 1.00

TH-21 13.49 101.00 1.63 0.147 1.63 -24.7 0.97
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sample no. Lat. N DD Long. E DD depth [m] Ctotal [%] Ntotal [%] Corg [%] δ
13

Corg surface area [m
2
 g

-1
] Fm fatty acid methyl ester [µg/g]

VN-12110301 SED 12.49 109.13 1.04 0.09 1.01 -25.7 0.98 1139.62

VN-14110301 SED 12.25 109.20 2.40 0.18 2.37 -27.4 19105.38

VN-15110306 SED 11.60 108.94 0.84 0.08 0.88 -24.6 1.06 4715.54

Red River 7W SED 20.07 106.47 1.17 0.13 0.88 -23.8 0.85 977.20

Song Ba St. 1 SED 13.09 109.09 2.79 0.20 2.80 -25.4 172.78

Song Ba St. 2 SED 13.06 109.32 1.96 0.19 2.00 -23.9 1.04 11291.50

Song Ba St. 3a SED 13.05 109.05 1.95 1.15 2.01 -24.0 5923.33

Song Ba St. 3b SED 13.05 109.05 0.06 0.004 0.07 -26.8 0.79 1278.34

Cuu Long Grab St.11 SED 9.69 106.69 1.08 0.114 1.07 -25.5 0.93 3679.85

Cuu Long Grab St.20 SED 9.56 106.56 1.02 0.081 1.03 -26.4 0.99 2864.10

Cuu Long Grab St. 4 SED 10.27 106.27 1.02 0.048 0.82 -26.5 0.86 594.36

RS-30 20.44 106.22 1.29 0.090 0.87 -24.9 0.85 3096.00

RS-32 20.37 106.34 1.02 0.083 0.67 -23.8 0.78 1513.86

RS-33-1 20.46 106.35 1.06 0.084 0.67 -24.1 0.82 980.80

RS-34 20.79 106.52 0.94 0.068 0.61 -24.8 0.74 866.73

RS-35 20.91 106.62 0.43 0.042 0.34 -25.3 0.56 970.89

VN-38-1 16.12 108.12 3.29 0.286 3.09 -28.4 1.06 16940.86

VN-44 16.83 107.10 1.11 0.137 1.12 -25.9 1.01 1809.38

VN-46 17.34 106.70 1.19 0.100 1.12 -25.1 1.05 3344.72

VN-49 17.77 106.33 0.36 0.037 0.28 -26.0 1.01 1843.62

VN-53 18.46 105.77 1.36 0.146 1.37 -24.9 0.92 7941.95

VN-55 18.59 105.69 0.46 0.056 0.40 -26.0 422.43

VN-59 19.84 105.79 0.74 0.064 0.71 -25.6 0.86 2829.17

VN-63 20.26 105.98 12.08 0.260 9.69 -24.5 0.03 2948.87

HN-02 19.90 109.68 0.43 0.021 0.24 -25.3 0.06 1574.61

HN-04 19.23 108.90 0.41 0.035 0.14 -25.1 0.86 197.05

HN-06 18.52 110.02 0.08 0.009 0.08 -27.6 0.79 709.09

HN-07 19.15 110.55 0.41 0.015 0.18 -27.2 0.85 1070.33

GX-01 21.68 109.16 0.45 0.028 0.45 -27.0 0.83 1103.53

GX-05 21.95 108.62 0.27 0.024 0.27 -26.3 0.68 2586.16

TH-01 13.54 100.25 2.52 0.241 2.36 -25.0 0.91 9047.30

TH-02 13.38 99.98 2.34 0.171 1.96 -25.6 0.86 522.61

TH-04 13.07 99.95 1.20 0.088 1.21 -27.0 0.62 841.67

TH-05 13.70 99.85 0.57 0.036 0.46 -24.7 0.84 317.79

TH-07 13.95 99.64 1.46 0.098 1.32 -26.8 0.84 755.14

TH-08-2 13.80 100.19 3.78 0.314 3.31 -27.6 0.98 17678.45

TH-09 13.92 100.49 0.83 0.063 0.84 -26.4 0.86 744.83

TH-11 14.29 100.56 1.40 0.101 1.34 -26.1 0.77 330.99

TH-13 14.94 100.37 1.06 0.098 1.07 -26.0 0.95 190.92

TH-15 14.56 100.72 1.37 0.117 1.23 -26.0 0.91 902.14

TH-18 13.99 101.69 0.34 0.031 0.35 -26.1 0.93 384.41

TH-20 13.73 101.21 1.44 0.150 1.46 -25.0 1.00 12037.09

TH-21 13.49 101.00 1.63 0.147 1.63 -24.7 0.97 1229.71
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Appendix 2) Results of biomarker analysis of fatty acids (n-C10:0 –n-C24:0, measurements for n-C19:0 is missing) 

 

sample no. Lat. N DD Long. E DD depth [m] weight [g] n -C10:0 n -C11:0 n-C12:0 n-C13:0 n-C14:0 n -C15:0 n-C16:0 n -C17:0 n -C18:0 n -C20:0 n -C21:0 n -C22:0 n -C23:0 n -C24:0

SO-220-19-27 20.29 109.14 19.00 5.84 6.25 0.00 8.11 6.90 11.98 11.05 42.87 9.52 31.29 10.62 9.46 13.91 11.64 16.17

SO-220-22-3 20.48 108.75 43.00 3.58 0.00 0.00 0.00 0.00 0.00 0.00 8.37 0.00 8.33 0.00 0.00 0.00 0.00 3.55

SO-220-23-3 21.10 108.73 22 5.14 0.00 0.00 0.00 0.00 10.73 11.21 44.49 12.23 38.96 14.23 11.64 16.60 13.21 15.85

SO-220-24-1 21.11 108.71 22.00 2.70 46.72 0.00 7.16 5.75 30.06 25.64 153.44 16.60 116.10 9.44 12.55 6.66 5.06 3.83

SO-220-26-4 21.06 108.34 27.00 9.17 1.53 0.00 1.39 1.15 5.54 4.19 43.44 3.16 19.93 3.97 1.87 3.75 1.33 4.72

SO-220-27-1 21.04 108.30 27.00 4.50 3.57 0.00 0.00 0.00 6.00 7.68 50.64 10.07 35.18 12.22 9.53 12.80 10.89 11.40

SO-220-28-3 20.83 108.29 43.00 1.19 11.96 0.00 0.00 0.00 23.51 24.10 190.96 29.84 122.89 26.15 19.79 28.60 24.25 24.48

SO-220-29-3 20.40 108.38 44.00 4.28 0.00 9.60 9.24 9.61 26.68 33.58 296.33 39.68 179.46 36.90 32.97 60.13 43.60 49.41

SO-220-30-28 20.05 108.03 48.00 9.11 3.96 4.27 7.28 5.37 15.62 12.02 82.50 11.23 57.99 11.65 9.18 13.89 10.64 10.26

SO-220-31-2 20.01 108.09 27.00 6.80 5.59 5.37 7.64 6.15 17.73 21.54 266.56 31.12 111.86 23.47 19.28 61.16 32.30 47.48

SO-220-32-3 19.99 108.12 63.00 5.77 6.31 0.00 7.97 6.93 13.16 11.20 52.83 9.99 34.35 10.30 8.67 12.32 9.92 11.90

SO-220-33-3 19.99 108.34 56.00 7.80 0.00 0.00 4.74 0.00 6.32 5.40 14.59 4.73 12.88 5.30 4.50 5.32 4.63 6.43

SO-220-34-3 19.46 108.29 57.00 4.43 3.27 0.00 0.00 0.00 3.71 3.12 20.31 3.13 16.07 3.93 3.06 4.04 2.86 5.23

SO-220-35-3 19.23 108.15 44.00 3.43 0.00 0.00 10.68 0.00 12.26 11.41 45.57 11.09 48.07 12.16 10.20 17.13 10.25 12.66

SO-220-37-3 19.38 107.70 61.00 6.83 5.46 0.00 6.92 5.46 8.92 6.32 23.72 5.65 18.20 6.22 5.27 7.29 5.51 8.00

SO-220-38-2 19.42 107.57 61.00 4.67 2.70 0.00 0.00 0.00 2.81 0.00 16.95 2.83 19.81 3.06 0.00 3.03 0.00 3.08

SO-220-39-3 19.42 107.36 63.00 4.57 7.86 0.00 0.00 0.00 11.40 8.99 33.16 8.40 31.27 9.37 7.88 13.15 7.88 10.28

SO-220-40-2 19.42 107.30 58.00 5.21 0.00 0.00 6.86 0.00 8.16 7.73 24.65 7.38 22.71 8.17 7.16 14.19 7.05 9.68

SO-220-42-28 18.74 107.16 60.00 6.88 2.03 0.00 0.00 0.00 1.84 0.00 7.93 0.00 4.03 2.17 0.00 2.86 2.02 3.93

SO-220-43-2 18.79 107.17 60.00 3.75 3.35 0.00 0.00 0.00 0.00 0.00 18.75 3.38 21.25 3.65 0.00 4.81 0.00 3.67

SO-220-44-3  18.74 107.20 67.00 5.60 0.00 0.00 0.00 0.00 2.76 2.30 13.41 2.33 9.35 2.61 0.00 2.71 0.00 3.25

SO-220-45-2 18.73 107.27 66.00 8.02 0.00 0.00 0.00 0.00 3.55 2.37 49.35 2.45 19.52 3.98 2.42 4.87 2.79 5.88

SO-220-51-3 18.38 108.06 75.00 5.44 7.05 0.00 8.97 7.05 22.09 12.66 71.36 8.36 67.88 10.94 8.48 10.85 7.83 15.43

SO-220-52-1 18.37 108.06 72.00 6.03 6.54 5.90 9.85 6.61 23.17 11.40 74.39 8.21 75.11 11.30 8.60 12.51 8.94 20.93

SO-220-53-3 17.90 107.91 89.00 5.63 8.51 0.00 7.13 0.00 13.95 9.11 62.82 7.56 72.85 8.31 0.00 6.93 0.00 7.29

SO-220-54-2 17.89 107.90 90.00 2.82 0.00 0.00 13.03 0.00 31.44 19.03 263.11 19.83 329.13 25.25 14.26 19.94 15.78 26.57

SO-220-55-3 17.70 108.12 83.00 5.09 6.98 0.00 7.25 6.72 13.77 8.73 29.24 7.20 32.76 7.74 6.94 7.20 6.80 8.47

SO-220-57-3 17.64 108.40 105.00 5.28 7.11 0.00 0.00 0.00 12.88 8.64 34.59 7.73 38.35 9.06 7.43 9.31 7.79 12.65

SO-220-58-1 17.67 108.42 104.00 5.89 6.85 0.00 0.00 0.00 10.93 7.02 15.53 5.89 12.60 6.00 0.00 6.14 0.00 6.93

SO-220-60-2 16.73 109.59 546.00 3.75 4.93 0.00 0.00 0.00 2.72 0.00 19.97 4.54 57.76 0.00 3.12 4.34 3.06 5.68

SO-187-3-59-1 12.62 109.53 133.00 7.34 0.00 0.00 7.85 1.63 63.40 10.53 182.36 3.68 105.38 6.31 3.14 7.98 5.61 13.81

SO-187-3-60-1 11.08 110.01 1859.00 5.57 7.56 7.58 36.20 10.42 138.94 34.88 110.57 9.59 58.20 12.20 9.49 17.38 12.10 32.27

SO-187-3-61-1 11.43 111.28 2227.00 5.66 9.93 7.69 23.15 9.27 58.67 50.09 361.87 11.57 239.82 15.54 10.62 17.86 13.96 30.27

SO-187-3-62-1 11.05 109.47 127.00 7.79 2.04 0.00 0.00 0.00 19.48 1.86 69.56 2.24 55.32 2.47 0.00 2.32 1.70 2.18

SO-187-3-63-1 10.92 109.06 109.00 7.90 0.00 0.00 7.46 0.00 101.77 1.67 48.15 1.97 25.64 2.14 0.00 1.85 1.85 2.64

SO-187-3-64-3 10.91 109.05 107.00 6.40 5.69 0.00 5.04 1.80 115.35 3.40 82.92 3.86 42.29 7.90 1.90 5.99 3.76 0.00

SO-187-3-65-1 10.64 109.04 112.00 6.99 0.00 0.00 3.83 1.88 110.43 5.48 155.87 7.04 82.22 7.17 4.63 8.41 10.07 13.83

SO-187-3-66-1 10.26 108.91 87.00 7.16 5.36 0.00 17.04 5.09 16.21 6.81 35.27 5.76 33.83 5.67 0.00 5.74 5.16 6.55

SO-187-3-67-1 10.22 108.43 56.00 7.35 2.13 0.00 7.58 3.12 93.30 4.25 168.58 3.33 77.55 5.06 2.02 4.07 3.83 7.41

SO-187-3-68-1 10.28 108.42 60.00 6.74 0.00 0.00 2.00 0.00 0.00 2.09 63.98 2.00 38.68 2.54 1.52 2.41 1.75 3.86

SO-187-3-69-1 10.38 108.01 43.00 8.07 7.60 4.77 15.81 5.25 73.14 16.26 76.81 6.34 42.84 7.55 5.17 7.96 6.46 11.10

SO-187-3-70-1 10.37 108.01 41.50 6.39 5.67 5.55 22.66 6.30 54.50 19.41 143.80 7.86 93.84 8.21 6.81 9.09 7.20 14.35

SO-187-3-71-1 10.40 108.01 38.00 7.43 0.00 4.85 6.22 0.00 9.66 6.02 21.08 5.02 17.26 5.50 7.51 5.86 5.08 7.86

SO-187-3-72-1 10.26 107.29 26.00 5.93 6.10 0.00 12.88 6.24 13.49 8.30 80.80 7.03 51.94 7.70 7.27 8.58 7.12 13.21

SO-187-3-73-1 10.24 107.28 31.00 6.02 0.00 0.00 12.46 0.00 90.61 2.41 74.12 2.55 52.45 4.50 2.34 5.65 3.22 11.30

SO-187-3-74-1 10.23 107.28 29.00 8.13 5.11 6.74 12.08 5.34 54.05 10.82 151.13 7.89 114.29 11.91 8.83 11.79 8.04 20.67

SO-187-3-75-1 10.11 107.11 21.00 7.38 4.85 0.00 10.20 4.94 63.16 9.06 96.77 5.23 58.43 5.53 4.71 5.38 4.73 6.45
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SO-187-3-76-1 9.48 106.82 24.00 7.22 15.47 6.87 9.70 6.03 82.25 11.65 75.94 6.75 52.74 9.31 7.55 10.18 10.39 15.57

SO-187-3-77B-1 9.36 106.63 25.00 6.37 6.14 0.00 12.49 5.76 81.42 13.27 182.65 6.33 120.41 7.92 5.63 7.35 5.83 8.64

SO-187-3-78-1 8.97 106.70 32.00 6.10 0.00 0.00 4.55 0.00 26.70 1.73 121.54 2.43 102.68 2.57 0.00 1.67 0.00 1.90

SO-187-3-79-1 9.14 107.07 33.00 7.71 8.10 4.60 13.31 4.82 51.50 10.01 104.16 5.40 76.70 6.04 4.56 6.46 4.73 7.13

SO-187-3-80-1 9.23 107.28 38.00 16.60 2.10 0.00 5.76 2.16 7.26 2.63 15.91 2.23 11.53 2.23 0.00 2.23 0.00 2.47

SO-187-3-81-1 9.26 107.33 38.00 8.03 0.00 0.00 13.19 0.00 20.73 6.27 71.61 0.00 35.18 4.67 0.00 4.97 0.00 5.42

SO-187-3-82-1 9.52 107.50 39.00 7.17 0.00 0.00 0.00 0.00 2.80 0.00 21.05 0.00 15.06 0.00 0.00 0.00 0.00 0.00

SO-187-3-83-1 9.90 107.50 31.00 9.27 4.16 0.00 8.96 3.91 12.76 5.41 30.84 4.01 19.33 4.34 0.00 4.15 0.00 5.21

SO-187-3-84-1 9.73 107.29 33.00 6.53 0.00 0.00 0.00 0.00 4.26 0.00 46.81 2.00 31.88 1.92 0.00 2.23 0.00 0.00

SO-187-3-85-1  9.80 107.04 27.00 6.32 2.74 0.00 3.76 0.00 22.87 2.45 67.69 2.67 44.28 3.09 0.00 0.00 0.00 2.29

SO-187-3-86-1 8.74 106.16 27.00 6.60 2.35 0.00 2.54 0.00 23.94 2.28 67.43 2.49 55.21 2.73 0.00 2.14 0.00 2.59

SO-187-3-87-1 9.04 106.08 20.00 1.05 151.75 754.40 407.80 185.88 418.31 178.25 3353.13 247.67 3244.43 257.66 458.14 263.31 189.53 421.07

SO-187-3-91-1 8.44 105.24 31.00 5.89 2.28 0.00 0.00 0.00 22.98 0.00 37.52 2.19 29.81 2.42 0.00 4.39 0.00 2.42

SO-187-3-92-1 8.42 105.20 30.00 5.26 5.56 0.00 16.04 2.98 73.40 8.94 343.22 6.85 251.89 11.21 4.04 9.29 5.54 11.95

SO-187-3-93-1 8.39 105.11 32.00 5.68 7.26 0.00 2.78 0.00 6.01 2.53 45.02 2.34 31.13 2.97 0.00 3.09 2.40 4.17

SO-187-3-94-1 8.37 104.63 24.00 6.55 6.45 0.00 4.02 0.00 7.94 3.08 51.36 2.83 38.95 4.21 14.54 5.49 3.74 8.87

SO-187-3-95-1 8.38 104.62 29.00 6.89 2.11 0.00 0.00 0.00 3.77 1.84 21.53 1.83 17.75 2.15 0.00 2.06 1.92 2.56

SO-187-3-96-1 8.41 104.57 31.00 6.88 0.00 0.00 20.60 1.66 22.24 4.88 80.28 4.34 50.86 6.16 3.19 11.33 6.01 21.47

SO-187-3-97-2 8.41 104.56 30.00 7.45 1.39 1.45 14.61 2.32 16.36 5.83 101.56 4.16 69.90 6.54 3.29 8.88 4.73 14.37

SO-187-3-98-1 8.46 104.47 30.00 7.26 1.80 0.00 1.72 0.00 3.69 1.91 14.78 1.80 9.81 2.06 1.74 2.44 1.94 2.90

SO-187-3-99-1 8.47 104.46 30.00 5.94 2.38 0.00 4.78 2.06 8.74 8.99 115.83 5.70 49.83 7.89 5.65 12.14 7.87 17.86

SO-187-3-100-1 8.52 104.34 28.00 8.13 1.42 0.00 2.23 0.00 9.36 2.85 77.89 2.42 61.34 4.14 2.40 5.45 3.47 7.69

SO-187-3-102-1 8.44 104.23 29.00 7.45 2.83 0.00 0.00 0.00 10.05 3.98 58.70 3.79 26.22 4.57 2.69 4.84 2.66 5.38

SO-187-3-103-1 8.43 104.21 28.00 6.75 28.40 0.00 7.53 1.58 9.58 3.59 68.55 3.23 34.24 6.16 3.56 8.90 4.31 7.86

SO-187-3-104-1 8.38 104.22 26.00 7.50 0.00 0.00 1.39 0.00 1.94 0.00 26.17 0.00 20.86 1.47 0.00 1.73 1.47 3.02

SO-187-3-105-1 8.19 104.52 25.00 7.39 186.33 7.89 10.63 5.26 10.67 6.48 17.99 5.61 13.62 6.35 6.26 9.68 6.86 13.22

SO-187-3-106-1 8.19 104.56 26.00 7.27 6.71 0.00 7.77 6.10 12.41 8.07 17.15 8.71 21.82 8.31 13.40 7.89 8.43 9.96

SO-187-3-107-1 8.16 104.57 27.50 7.04 6.44 5.92 10.70 5.57 10.30 7.06 31.03 6.40 19.98 7.10 6.96 10.63 8.51 20.07

SO-187-3-108-1 8.12 104.95 32.00 7.28 0.00 0.00 9.18 5.06 10.08 6.43 32.92 5.73 26.66 5.83 6.52 6.42 6.59 9.72

SO-187-3-109-1 8.12 105.24 33.00 7.29 7.08 0.00 13.76 0.00 9.71 0.00 32.91 0.00 26.76 0.00 0.00 6.24 0.00 9.49

SO-187-3-110-1 8.12 105.28 32.00 6.20 0.00 0.00 9.59 0.00 8.97 8.60 68.08 8.65 54.10 6.43 9.52 6.54 6.76 8.94

SO-187-3-111-1 8.12 105.38 34.00 8.55 5.07 4.19 7.08 4.80 9.00 5.79 27.39 4.57 24.70 4.88 6.41 13.03 5.33 8.14

SO-187-3-112-1 8.12 105.39 33.00 7.32 0.00 0.00 4.76 0.00 0.00 0.00 4.73 0.00 4.95 0.00 0.00 0.00 0.00 0.00

SO-187-3-113-1 8.12 105.48 32.00 7.18 7.02 6.55 17.66 5.39 13.31 6.79 48.32 6.52 44.60 7.39 9.38 8.64 8.82 13.41

SO-187-3-114-1 8.12 105.59 32.00 8.72 4.30 0.00 4.54 0.00 8.92 7.22 17.33 4.50 11.53 5.43 5.20 7.12 6.25 13.35

SO-187-3-115-1 8.12 105.60 32.00 7.05 5.41 0.00 12.39 5.35 16.99 9.26 39.09 6.34 32.50 7.25 6.94 9.87 8.94 14.81

SO-187-3-116-1 8.12 105.94 33.00 7.67 5.58 4.79 15.86 5.33 13.61 8.46 97.50 5.71 63.55 6.49 6.95 7.03 6.25 10.33

SO-187-3-117-1 8.12 105.95 32.00 7.05 27.59 5.22 8.98 5.42 8.53 8.60 18.58 6.21 15.37 6.34 5.34 7.07 5.69 8.52

SO-140-01-18373-1 6.73 107.65 73.50 6.88 5.81 6.90 37.30 8.21 95.23 14.42 437.14 10.96 253.84 11.78 7.49 9.49 7.43 12.72

SO-140-02-18374-1 6.91 107.67 74.40 6.77 0.00 1.65 13.67 4.86 71.51 10.73 89.27 6.82 34.47 5.90 2.46 6.16 2.73 9.47

SO-140-03-18375-1 7.00 107.91 86.20 5.72 1.89 0.00 9.52 0.00 17.29 4.59 180.76 9.93 261.67 7.23 107.76 5.54 3.53 4.81

SO-140-04-18376-1 7.09 108.11 89.60 6.20 2.75 0.00 0.00 0.00 2.55 0.00 55.39 0.00 43.68 2.20 2.17 0.00 0.00 2.18

SO-140-05-18377-1 7.18 108.34 98.80 7.99 4.98 4.48 11.92 4.65 37.76 9.95 181.69 7.83 109.54 6.46 4.63 5.53 4.70 6.89

SO-140-06-18378-1 7.24 108.48 107.90 6.90 0.00 0.00 10.00 1.92 20.39 120.38 348.32 5.15 156.55 4.92 2.13 2.78 2.19 4.64

SO-140-07-18379-2 7.34 108.74 119.00 7.15 0.00 0.00 2.08 0.00 75.71 42.11 285.71 4.32 186.11 4.26 2.65 2.25 1.76 4.21

SO-140-08-18380-1 7.44 108.99 149.70 8.48 0.00 0.00 1.81 0.00 12.03 2.09 207.39 9.04 138.10 2.88 2.15 2.41 3.21 2.91
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SO-140-09-18381-1 7.50 109.13 213.90 3.61 10.75 11.41 73.74 18.93 78.91 139.14 585.81 18.53 183.28 19.43 9.61 16.08 7.67 27.96

SO-140-10-18382-1 7.53 109.21 283.90 2.83 0.00 4.30 29.61 11.69 89.31 50.67 198.73 9.77 63.34 10.15 4.60 9.75 5.36 13.37

SO-140-11-18383-1 7.64 109.49 710.70 2.61 14.03 0.00 14.07 10.97 232.26 21.58 618.41 15.90 328.70 17.21 8.59 17.62 13.64 26.62

SO-140-12-18384-1 7.77 109.81 829.10 1.54 0.00 0.00 13.79 10.65 481.36 30.62 938.27 19.86 512.38 26.16 13.27 28.94 18.58 47.39

SO-140-13-18385-2 7.86 110.02 73.60 6.51 0.00 0.00 5.55 0.00 7.26 7.16 84.07 0.00 44.50 5.43 0.00 0.00 0.00 5.55

SO-140-14-18386-1 7.90 110.13 380.40 6.77 5.80 5.33 23.58 6.20 83.20 22.41 398.91 8.10 228.01 5.06 7.33 8.74 7.32 11.66

SO-140-15-18387-1 8.10 110.64 381.60 6.91 5.42 0.00 8.01 5.26 123.25 19.09 241.62 6.68 120.68 5.26 8.76 9.09 8.07 12.88

SO-140-16-18388-1 9.14 108.62 108.80 7.18 6.11 5.34 10.97 5.47 67.47 12.66 210.76 6.38 101.07 6.30 6.09 5.03 5.72 5.34

SO-140-17-18389-1 9.27 108.65 109.20 8.10 4.70 5.97 13.64 4.65 63.48 10.86 240.74 4.97 135.51 5.41 0.00 5.50 4.31 5.27

SO-140-18-18390-1 9.34 108.68 101.40 6.74 8.03 0.00 7.26 5.53 153.81 11.27 93.49 5.67 45.94 6.50 0.00 5.25 0.00 5.63

SO-140-19-18391-1 9.57 108.83 122.40 5.75 6.51 6.24 15.43 8.92 38.50 11.16 167.59 10.36 97.73 9.43 8.57 10.15 9.12 15.19

SO-140-20-18392-1 9.62 108.91 116.10 6.63 2.43 0.00 47.74 2.06 86.17 10.83 336.75 5.36 188.44 6.88 2.38 4.34 2.65 7.88

SO-140-21-18393-1 9.76 109.13 155.90 6.90 0.00 0.00 2.65 0.00 61.95 2.12 185.45 2.48 95.67 3.20 0.00 2.44 2.64 4.69

SO-140-22-18394-1 9.79 109.18 183.00 1.99 0.00 0.00 22.21 17.22 283.68 34.23 668.70 23.58 178.49 20.04 8.76 24.37 16.76 52.72

SO-140-23-18395-1 9.99 109.48 280.10 6.51 0.00 0.00 15.17 0.00 228.27 8.45 393.50 13.82 166.46 12.12 0.00 9.91 9.44 12.01

SO-140-24-18396-1 15.43 108.89 60.80 3.97 2.97 3.31 30.17 21.82 103.60 61.11 450.89 47.28 121.10 19.82 8.08 17.82 6.78 16.04

SO-140-25-18397-1 12.25 109.33 45.50 2.66 0.00 3.91 17.64 6.82 25.73 13.83 87.48 8.77 34.69 9.98 5.27 12.69 6.89 25.69

SO-140-26-18398-1 12.24 109.38 59.30 6.93 0.00 0.00 6.58 2.24 126.83 5.56 295.90 4.52 151.97 9.39 4.01 17.38 6.59 20.94

SO-140-27-18399-1 12.23 109.43 103.60 4.21 63.76 33.51 87.01 36.02 104.30 63.26 197.88 14.41 60.53 24.46 13.87 26.22 20.26 29.66

SO-140-28-18400-1 12.21 109.53 134.20 6.36 0.00 0.00 2.63 1.58 54.19 17.93 117.59 3.16 41.37 6.85 3.20 6.55 4.95 11.25

SO-140-29-18401-1 13.12 109.69 224.50 8.17 1.45 0.00 1.31 0.00 2.16 1.44 22.74 11.17 8.65 0.00 9.90 3.84 3.44 1.50

SO-140-30-18402-1 13.50 109.56 169.10 1.70 25.13 0.00 21.17 20.73 93.54 32.76 113.19 21.00 82.72 23.49 0.00 21.81 0.00 22.13

SO-140-32-18404-1 13.69 109.45 129.30 6.92 5.97 5.20 33.05 6.15 70.01 17.76 342.65 8.49 191.65 9.49 6.51 9.41 7.02 16.37

SO-140-33-18405-1 14.00 109.32 50.60 6.34 0.00 1.80 8.30 8.55 80.78 11.09 179.41 10.20 51.83 9.22 3.95 9.60 4.87 18.15

SO-140-34-18406-1 14.08 109.42 134.70 7.90 0.00 0.00 0.00 0.00 16.45 0.00 42.87 1.47 23.81 1.73 0.00 1.38 1.43 2.17

SO-140-35-18407-1 14.25 109.34 116.50 6.83 5.44 0.00 17.05 5.75 61.09 16.73 83.96 7.43 29.27 10.74 6.70 6.83 7.93 11.87

SO-140-36-18408-1 15.69 108.67 40.00 7.40 1.94 3.09 11.15 6.49 32.22 13.16 194.12 9.90 60.85 9.91 3.79 11.06 5.22 24.60

SO-140-37-18409-1 15.48 108.87 57.70 6.49 28.22 3.90 20.19 5.96 73.55 43.83 228.52 11.69 64.91 11.48 27.23 15.31 5.76 22.39

SO-140-38-18410-1 15.33 108.92 56.80 6.13 4.58 4.96 34.04 8.24 59.16 66.97 283.24 29.35 81.22 14.36 25.06 12.68 6.30 21.03

SO-140-39-18411-2 15.22 109.01 58.40 5.46 0.00 0.00 0.00 0.00 3.35 0.00 11.90 0.00 4.36 0.00 0.00 2.39 0.00 3.36

SO-140-40-18412-2 15.20 109.00 52.00 5.33 2.59 0.00 11.98 4.92 125.60 11.44 194.11 9.43 71.47 8.39 2.99 8.22 5.26 14.01

SO-140-41-18413-1 15.10 108.96 20.70 7.73 7.45 0.00 4.66 0.00 37.96 7.59 15.65 4.49 9.92 5.34 0.00 4.59 0.00 4.60

SO-140-42-18414-2 15.08 109.00 34.60 7.29 8.96 0.00 5.04 0.00 20.31 5.64 18.15 0.00 8.50 0.00 4.75 0.00 0.00 0.00

SO-140-43-18415-1 15.04 109.15 62.70 6.47 4.90 0.00 2.73 2.06 66.22 8.17 91.94 3.15 32.86 5.58 3.05 8.03 7.20 17.48

SO-140-44-18416-1 14.75 109.29 97.90 7.11 8.38 0.00 5.37 0.00 44.09 7.52 27.97 0.00 12.67 5.43 5.09 0.00 0.00 5.70

SO-140-46-18418-1 14.40 109.31 100.00 6.28 102.53 1.73 5.99 1.89 103.11 3.28 94.19 2.99 38.13 4.47 2.17 4.30 3.10 8.09

SO-140-47-18419-1 14.54 109.24 80.70 6.52 0.00 0.00 5.57 0.00 134.20 3.29 220.17 3.10 90.62 5.14 2.10 4.02 2.96 5.49

SO-140-48-18420-1 14.57 109.19 61.50 6.48 3.90 0.00 2.28 0.00 82.27 2.68 62.73 2.54 22.03 4.30 2.68 3.64 4.50 7.86

SO-140-49-18421-1 15.75 108.89 82.50 7.47 9.47 4.66 6.11 5.06 140.19 8.42 62.01 5.09 27.61 7.91 4.91 5.83 5.60 8.45

SO-140-50-18422-1 15.75 108.89 84.50 7.97 10.60 0.00 5.30 0.00 82.16 8.86 31.86 0.00 15.11 0.00 0.00 5.45 0.00 7.80

SO-140-51-18423-1 16.28 108.66 96.50 6.37 0.00 0.00 7.07 0.00 167.42 15.05 156.59 7.33 66.52 8.08 7.79 17.65 7.84 14.63

SO-140-52-18424-1 16.48 108.44 91.10 6.68 106.87 6.09 13.26 6.49 90.24 15.41 211.06 8.31 92.83 9.79 8.33 12.69 11.24 28.56

SO-140-53-18425-1 16.58 108.47 94.40 4.43 8.49 8.99 56.23 8.24 128.75 13.80 355.23 11.85 233.12 18.11 11.67 11.72 9.68 11.52

SO-140-54-18426-1 16.74 108.46 92.90 7.64 2.58 0.00 2.00 1.77 107.73 3.76 64.99 4.25 38.44 4.88 2.53 4.15 2.59 5.19

SO-140-55-18427-1 16.48 109.19 114.80 6.67 57.97 5.57 9.12 6.01 61.13 14.45 85.17 6.43 34.97 8.82 6.38 6.67 7.96 9.01

SO-140-56-18428-1 16.39 109.42 196.60 6.65 0.00 5.84 43.03 0.00 63.28 20.87 158.42 7.22 97.87 8.88 5.72 8.32 9.49 12.53
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sample no. Lat. N DD Long. E DD depth [m] weight [g] n -C10:0 n -C11:0 n-C12:0 n-C13:0 n-C14:0 n -C15:0 n-C16:0 n -C17:0 n -C18:0 n -C20:0 n -C21:0 n -C22:0 n -C23:0 n -C24:0

SO-140-57-18429-1 16.35 109.54 756.30 7.20 59.43 4.27 16.52 10.42 101.90 17.26 241.22 15.59 108.55 20.30 11.40 31.85 16.11 50.26

SO-140-58-18430-1 11.92 110.00 1906.00 5.78 47.99 8.71 26.02 10.57 123.19 41.30 148.17 10.40 61.27 18.42 13.39 29.18 14.38 41.49

SO-115-01-18248-1 9.25 108.73 103.00 9.77 3.77 0.00 3.69 0.00 7.15 4.95 29.39 4.13 24.66 3.70 0.00 0.00 0.00 3.72

SO-115-02-18249-1 9.40 108.92 133.00 7.12 4.97 0.00 24.99 4.82 4.77 10.21 289.12 6.33 207.99 6.70 4.81 5.79 5.95 6.20

SO-115-03-18250-1 9.40 108.97 148.00 6.41 2.09 0.00 0.00 0.00 4.81 0.00 55.64 0.00 41.88 2.22 0.00 2.10 2.07 3.08

SO-115-05-18252-1 9.25 109.39 1277.00 6.27 6.79 8.11 26.27 10.23 167.60 40.04 196.64 15.86 104.73 35.62 19.71 34.01 18.87 42.92

SO-115-06-18253-1 9.40 109.50 1478.00 6.47 12.68 16.50 37.42 20.75 178.10 41.93 143.73 18.75 61.36 23.23 14.56 22.26 14.41 26.93

SO-115-07-18254-1 9.63 109.04 145.00 6.50 9.92 0.00 3.48 0.00 127.78 2.58 122.88 2.63 78.90 3.71 20.82 2.90 2.24 6.78

SO-115-08-18255-1 9.70 108.78 102.00 6.76 0.00 0.00 8.65 0.00 84.87 4.40 75.79 2.71 59.29 3.96 1.65 2.19 3.83 2.97

SO-115-09-18256-1 9.58 108.70 92.00 7.06 0.00 0.00 0.00 0.00 25.64 0.00 20.24 0.00 20.76 1.80 0.00 1.78 0.00 0.00

SO-115-10-18257-2 9.40 108.59 88.00 6.85 0.00 0.00 11.97 0.00 15.79 7.12 51.26 5.73 43.09 5.37 0.00 5.23 0.00 5.44

SO-115-11-18258-1 9.25 108.49 88.00 6.29 5.81 0.00 8.58 6.01 160.73 10.84 48.73 5.86 39.34 8.39 0.00 5.90 0.00 6.41

SO-115-12-18259-2 9.17 108.45 88.00 7.33 5.17 0.00 7.19 5.04 79.73 12.06 75.02 5.23 35.76 0.00 5.24 8.70 7.06 22.83

SO-115-14-18261-3 9.25 108.12 68.00 6.69 5.52 5.34 27.88 5.51 145.14 12.74 91.33 5.76 77.66 6.86 5.30 7.18 5.38 6.65

SO-115-15-18262-1 9.25 107.99 56.00 6.77 5.19 0.00 6.27 5.23 47.69 10.79 48.43 5.70 43.03 6.67 0.00 5.69 0.00 5.93

SO-115-17-18264-1 0cm 9.40 107.81 48.00 6.45 6.03 0.00 7.88 0.00 12.66 0.00 12.48 0.00 8.10 0.00 0.00 0.00 0.00 0.00

SO-115-17-18264-1 9.40 107.81 48.00 6.89 5.98 0.00 13.27 5.34 46.81 9.00 126.91 5.45 76.96 7.07 0.00 6.15 5.42 7.95

SO-115-18-18265-1 9.39 107.75 47.00 5.55 0.00 0.00 0.00 0.00 89.55 7.76 46.35 0.00 30.42 0.00 0.00 0.00 0.00 8.26

SO-115-19-18266-1 9.38 107.74 47.00 8.92 0.00 0.00 0.00 0.00 0.00 0.00 4.29 0.00 4.52 0.00 0.00 0.00 0.00 0.00

SO-115-20-18267-1 6.37 111.88 1852.00 5.88 6.67 6.07 14.14 8.03 78.98 33.61 127.94 12.58 90.43 19.09 18.52 22.22 19.22 44.92

SO-115-21-18268-1 6.65 111.87 1974.00 5.94 2.03 0.00 3.11 2.93 92.18 18.14 497.27 24.30 285.06 25.05 18.80 47.88 35.34 74.09

SO-115-22-18269-1 4.77 109.44 114.00 5.51 3.41 0.00 0.00 0.00 67.89 4.49 167.03 3.87 90.40 5.18 3.46 4.46 3.20 5.68

SO-115-22-18269-1 0cm 4.77 109.44 114.00 5.51 8.86 0.00 47.61 6.90 86.36 15.11 173.79 8.37 136.71 12.65 7.32 7.60 6.50 7.33

SO-115-23-18270-1 4.72 109.48 106.00 6.46 0.00 0.00 2.47 0.00 124.59 3.10 82.58 3.07 54.62 1.69 1.64 1.66 1.93 2.22

SO-115-24-18271-1 4.64 109.55 116.00 6.63 0.00 0.00 0.00 0.00 120.41 3.02 108.92 2.80 74.01 4.03 1.71 2.90 2.28 3.49

SO-115-25-18272-1 4.63 109.56 121.00 5.77 5.41 0.00 10.12 0.00 70.36 3.42 250.70 3.38 175.29 5.37 11.85 3.07 2.79 5.06

SO-115-26-18273-1 4.62 109.57 127.00 5.52 6.59 0.00 14.54 6.79 130.49 14.77 306.06 7.96 145.44 9.44 7.63 9.37 8.02 11.91

SO-115-27-18274-1 4.61 109.58 117.00 5.97 6.61 0.00 6.17 0.00 11.25 6.51 66.04 5.96 62.26 6.46 0.00 6.26 6.00 6.69

SO-115-28-18275-1 4.59 109.59 109.00 5.68 7.66 6.28 11.73 6.42 193.85 9.84 52.18 7.51 29.18 11.13 0.00 6.74 6.22 6.87

SO-115-29-18276-1 4.75 109.75 120.00 6.75 0.00 0.00 29.59 5.40 120.06 13.37 148.22 6.75 85.69 8.31 0.00 6.20 5.53 6.64

SO-115-30-18277-1 4.94 109.94 134.00 5.40 0.00 0.00 5.89 0.00 149.51 2.93 86.00 2.45 60.06 4.42 2.30 3.05 2.86 5.32

SO-115-31-18278-1 5.02 110.02 137.00 7.47 0.00 0.00 11.05 0.00 56.70 4.04 240.38 4.06 159.82 4.34 5.11 3.12 5.58 3.53

SO-115-32-18279-1 5.04 110.04 139.00 5.64 0.00 0.00 9.98 0.00 85.68 3.40 468.00 3.63 375.25 5.54 0.00 2.47 2.27 3.27

SO-115-33-18280-1 5.10 110.10 144.00 5.58 2.55 0.00 12.75 0.00 167.21 3.97 520.77 6.03 379.45 6.90 3.07 4.15 3.21 5.49

SO-115-334-18281-1 5.13 110.13 145.00 6.47 0.00 0.00 0.00 0.00 123.62 2.42 235.26 3.00 175.51 4.33 0.00 2.82 2.99 4.70

SO-115-36-18283-1 5.42 110.42 166.00 6.30 1.77 0.00 2.85 0.00 100.96 3.25 76.11 2.01 48.96 0.00 1.89 2.22 2.68 3.77

SO-115-36-18283-1 5.25 110.24 152.00 6.77 6.93 0.00 10.23 5.24 127.31 9.02 47.75 5.66 31.61 0.00 0.00 5.42 0.00 6.09

SO-115-37-18284-1 5.54 110.54 226.00 6.08 0.00 0.00 15.89 0.00 72.22 9.32 288.28 6.67 175.60 8.46 0.00 7.24 6.36 9.12

SO-115-47-18294-3 6.13 111.30 846.00 7.10 0.00 0.00 0.00 0.00 2.21 1.91 9.58 0.00 5.34 1.47 0.00 2.25 1.93 4.94

SO-115-48-18295-1 4.93 109.30 117.00 7.06 5.00 4.91 13.75 5.23 81.09 10.35 113.69 5.78 71.48 6.55 5.39 6.47 5.46 7.55

SO-115-49-18296-1 5.00 109.24 118.00 6.66 0.00 0.00 7.04 0.00 123.26 3.92 111.27 3.45 66.16 4.92 2.05 3.44 3.08 5.07

SO-115-50-18297-1 4.74 109.03 112.00 6.84 0.00 0.00 5.28 0.00 100.29 3.49 105.66 3.09 60.89 3.72 3.60 2.62 1.82 3.71

SO-115-51-18298-1 4.52 108.83 103.00 7.94 6.69 4.58 33.12 4.98 59.57 9.17 369.84 5.91 199.10 9.04 6.31 5.73 6.02 7.58

SO-115-52-18299-2 4.53 108.83 102.00 5.03 6.90 7.20 7.43 0.00 14.65 8.59 46.74 7.31 31.13 7.82 6.94 7.81 8.15 9.12

SO-115-53-18300-1 4.36 108.65 94.00 5.97 0.00 0.00 5.42 0.00 125.63 3.11 123.58 2.45 86.86 4.58 0.00 2.85 2.64 3.58

SO-115-54-18301-1 4.36 108.65 92.00 7.14 6.07 5.13 21.95 5.38 68.78 8.60 161.40 5.94 99.80 7.54 5.72 6.00 5.79 7.39
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sample no. Lat. N DD Long. E DD depth [m] weight [g] n -C10:0 n -C11:0 n-C12:0 n-C13:0 n-C14:0 n -C15:0 n-C16:0 n -C17:0 n -C18:0 n -C20:0 n -C21:0 n -C22:0 n -C23:0 n -C24:0

SO-115-55-18302-1 4.16 108.58 83.00 5.95 10.77 5.97 28.68 6.39 116.45 9.01 181.87 6.95 103.05 11.18 6.06 7.01 8.07 8.62

SO-115-56-18303-1 4.44 108.93 107.00 6.64 2.44 0.00 49.04 2.07 76.05 11.70 622.78 6.47 447.74 11.60 3.21 5.40 6.95 7.86

SO-115-57-18304-1 4.36 109.00 104.00 5.83 0.00 0.00 46.67 2.63 173.50 6.44 162.19 4.90 99.98 7.77 3.23 7.27 6.07 9.50

SO-115-59-18306-1 3.59 108.44 88.00 5.59 6.70 6.16 19.39 7.74 76.37 12.71 134.04 8.62 80.37 13.31 10.04 11.73 10.35 11.06

SO-115-59-18306-2 3.59 108.44 88.00 6.20 0.00 0.00 0.00 0.00 3.45 2.36 87.33 2.16 65.09 3.15 0.00 2.73 2.48 3.18

SO-115-60-18307-1 3.63 108.53 100.00 7.21 0.00 0.00 9.07 1.47 63.22 4.02 89.45 2.41 46.28 5.75 1.94 3.84 3.87 4.82

SO-115-61-18308-1 3.30 108.79 80.00 6.30 5.82 0.00 8.89 5.67 125.53 15.79 162.24 7.78 126.60 0.00 5.91 7.00 6.07 7.71

SO-115-62-18309-1 3.47 108.69 84.00 6.55 0.00 0.00 5.45 5.98 89.54 6.78 20.52 5.48 13.82 7.03 0.00 5.34 0.00 5.67

SO-115-63-18310-1 3.54 108.54 101.00 4.92 7.86 7.50 13.88 0.00 14.34 8.45 97.75 0.00 56.12 7.99 8.22 7.86 7.93 8.95

SO-115-64-18311-1 3.69 108.45 60.00 7.39 4.77 0.00 28.38 4.99 17.02 7.34 463.39 7.00 347.42 9.17 5.72 7.66 6.36 12.22

SO-115-65-18312-1 3.71 108.71 101.00 5.56 6.38 6.40 19.80 6.38 144.12 10.37 197.98 6.99 130.32 10.43 6.32 7.73 6.91 9.15

SO-115-66-18313-1 3.87 108.87 99.00 6.25 0.00 0.00 0.00 0.00 0.00 0.00 14.14 0.00 11.26 0.00 0.00 0.00 0.00 0.00

SO-115-67-18314-1 3.99 108.99 100.00 6.29 5.67 0.00 0.00 0.00 0.00 0.00 7.67 0.00 7.21 0.00 0.00 0.00 0.00 0.00

SO-115-68-18315-3 2.03 107.03 69.00 5.64 6.23 6.26 11.76 6.46 46.75 7.44 19.95 0.00 14.87 7.10 0.00 6.41 0.00 0.00

SO-115-70-18317-1 2.61 107.38 96.00 5.62 0.00 0.00 7.94 0.00 81.78 10.69 92.15 9.45 63.21 11.59 7.00 8.69 7.55 9.30

SO-115-71-18318-1 2.61 107.38 86.00 7.34 6.91 5.06 15.06 6.01 63.75 7.68 346.15 6.09 239.61 12.60 10.97 18.04 10.16 25.81

SO-115-73-18320-1 2.61 107.37 76.00 6.32 6.66 0.00 9.58 5.64 85.76 7.94 74.11 7.79 62.93 8.72 6.51 8.33 7.75 10.99

SO-115-74-18321-1 2.31 107.42 109.00 4.48 0.00 0.00 40.02 7.90 106.12 11.39 100.30 9.53 66.79 10.87 8.37 10.63 8.09 12.63

SO-115-75-18322-1 2.31 107.63 70.00 6.87 0.00 0.00 5.76 5.18 78.35 8.18 60.67 6.41 47.77 8.79 7.96 7.41 6.14 9.15

SO-115-76-18323-1 2.78 107.89 92.00 5.91 5.89 5.83 22.62 6.30 61.17 10.06 71.38 7.42 44.07 9.86 8.35 6.91 6.27 7.19

A7 18.00 109.50 66.00 4.22 0.00 12.88 69.25 16.31 1079.13 98.98 1730.33 36.77 919.98 92.79 27.14 80.76 28.86 140.92

B254 18.00 109.30 55.00 5.31 17.34 15.15 144.22 14.88 802.57 81.67 1430.73 42.33 686.20 101.34 32.50 84.13 28.95 136.58

B309 18.20 110.10 91.00 6.61 8.00 0.00 24.68 0.00 566.49 19.85 641.00 15.02 461.05 31.26 0.00 24.02 14.69 29.29

B358 18.50 110.60 97.00 6.23 0.00 0.00 52.09 12.07 452.93 66.80 1698.12 38.03 737.52 71.93 17.69 80.53 17.52 115.92

B380 18.00 109.80 81.00 4.66 19.23 11.49 102.35 12.38 657.92 82.24 1726.39 29.62 851.14 121.37 30.50 72.29 17.90 111.64

C110 18.70 110.90 127.00 6.11 14.12 12.10 32.40 9.84 183.62 50.20 926.11 30.62 557.18 64.33 21.83 86.88 29.43 127.48

C112 18.90 110.90 96.00 5.93 13.93 12.10 28.85 0.00 612.86 27.88 813.57 17.36 495.94 44.39 18.46 39.01 21.27 65.42

C59 18.50 108.40 40.00 4.98 105.09 19.65 1483.06 17.37 2918.54 70.33 1622.07 33.92 828.93 110.26 18.82 237.28 85.64 146.67

C68 18.00 108.80 57.00 5.96 0.00 0.00 18.61 0.00 543.09 18.12 644.10 12.65 430.04 36.62 0.00 29.80 17.03 44.65

C71 18.00 109.00 44.00 5.38 0.00 0.00 0.00 0.00 17.78 0.00 157.58 0.00 117.81 0.00 0.00 0.00 0.00 13.07

C81 18.00 110.40 136.00 5.28 0.00 0.00 50.73 12.29 409.94 70.63 1842.49 43.90 1089.92 104.97 48.97 116.87 42.53 311.01

C84 18.30 110.40 97.00 4.76 0.00 0.00 30.30 0.00 385.03 22.72 718.98 19.69 417.49 41.12 0.00 38.74 14.71 48.91

VA-01 14.50 111.90 1618.00 4.09 60.10 25.17 70.56 21.44 291.34 118.44 1589.02 62.23 796.54 92.02 31.02 157.99 136.53 258.53

VA-02 14.80 110.80 1204.00 4.33 0.00 0.00 40.92 14.51 243.39 81.13 1254.58 55.67 718.06 74.47 23.31 146.08 47.34 247.20

VA-03 14.00 111.10 2760.00 4.60 16.86 0.00 23.32 0.00 240.27 57.54 896.49 37.04 545.99 64.63 29.79 128.64 30.42 197.07

VA-04 13.10 111.40 2615.00 4.45 39.12 34.72 80.33 28.24 520.43 155.57 2278.05 83.80 1178.61 160.66 45.60 274.80 175.94 495.43

VA-05 12.60 110.60 2555.00 3.55 0.00 0.00 30.02 0.00 182.43 65.16 1208.84 37.58 772.86 67.40 25.32 136.05 53.51 227.37

VA-06 12.30 111.10 2095.00 4.10 22.10 12.55 39.79 12.37 176.35 61.19 1210.66 35.54 836.88 70.57 24.22 136.55 35.36 212.79

VA-07 11.80 111.70 3334.00 4.08 23.27 20.07 49.05 16.16 260.05 73.05 1487.86 43.54 1033.14 75.89 24.52 132.24 46.74 188.24

VA-08 11.00 111.40 3235.00 4.73 0.00 0.00 24.06 0.00 322.60 49.36 997.89 37.25 627.89 63.62 21.76 105.64 34.18 146.12

VA-09 11.00 110.60 1970.00 4.09 0.00 13.34 51.88 21.15 387.40 131.23 1664.47 72.79 681.10 117.88 44.33 285.89 97.22 465.23

VA-10 10.20 111.10 3244.00 4.39 24.40 0.00 35.20 11.26 277.61 65.70 1055.09 43.64 646.29 76.97 26.75 153.94 60.07 237.95

VA-11 10.20 110.00 1401.00 4.47 0.00 0.00 35.26 16.36 296.85 105.78 1385.38 59.00 685.89 108.09 53.23 241.76 80.20 402.86

VA-12 9.40 110.80 2791.00 4.17 0.00 0.00 28.51 0.00 170.26 53.03 854.83 35.47 544.72 58.25 17.73 102.25 62.25 139.30

BN-12 21.95 108.62 2.83 0.00 0.00 19.60 0.00 1016.31 43.48 589.25 18.17 366.45 96.95 18.89 105.15 95.88 216.02

Con River St. 1 21.68 109.16 3.95 0.00 0.00 11.95 0.00 633.53 19.77 196.15 11.49 142.34 21.84 0.00 26.90 0.00 39.55
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sample no. Lat. N DD Long. E DD depth [m] weight [g] n -C10:0 n -C11:0 n-C12:0 n-C13:0 n-C14:0 n -C15:0 n-C16:0 n -C17:0 n -C18:0 n -C20:0 n -C21:0 n -C22:0 n -C23:0 n -C24:0

Cuu Long Grab 11 20.91 106.62 6.90 0.00 0.00 0.00 0.00 534.30 13.84 229.61 11.66 75.07 24.78 0.00 26.48 0.00 55.15

Cuu Long Grab 4 20.79 106.52 9.59 0.00 0.00 15.61 0.00 158.39 21.23 270.38 15.52 124.48 48.93 10.74 59.76 23.83 117.85

Cuu Long Grab St. 20 20.46 106.35 4.33 0.00 0.00 13.25 0.00 483.19 18.39 201.97 11.53 132.41 31.49 0.00 32.74 0.00 55.83

GX-01 20.44 106.22 4.48 0.00 0.00 69.91 0.00 1713.54 32.42 581.98 0.00 286.43 78.69 0.00 93.56 49.65 189.82

GX-05 20.37 106.34 2.89 0.00 0.00 24.82 0.00 609.57 28.56 394.55 14.96 274.92 49.45 0.00 48.86 0.00 68.18

Hathanh River 1a 20.26 105.98 6.33 0.00 0.00 35.40 0.00 766.81 19.78 780.76 0.00 1058.04 63.30 0.00 61.35 64.14 99.28

Hathanh River St. 1b 20.07 106.47 2.25 62.88 28.39 66.06 31.63 152.25 55.49 254.24 27.33 164.68 29.38 17.03 24.48 21.48 41.89

Hathanh River St. 2 19.90 109.68 12.12 0.00 0.00 0.00 0.00 838.64 0.00 364.78 0.00 217.83 44.09 0.00 36.51 20.55 52.21

HN-02 19.84 105.79 2.68 0.00 0.00 24.78 0.00 1256.22 44.10 738.53 20.28 381.17 81.12 0.00 82.73 31.87 168.37

HN-04 19.23 108.90 9.52 0.00 0.00 0.00 0.00 10.06 0.00 92.85 0.00 69.80 7.68 0.00 8.22 0.00 8.44

HN-06 19.15 110.55 4.45 0.00 0.00 0.00 0.00 695.88 0.00 192.00 0.00 150.18 15.99 0.00 0.00 0.00 16.28

HN-07 18.59 105.69 3.67 0.00 0.00 0.00 0.00 19.47 11.28 149.07 0.00 116.31 23.29 0.00 32.21 17.65 53.15

Lai Giang River St. 2a 18.52 110.02 6.81 0.00 0.00 0.00 0.00 504.22 0.00 131.26 0.00 60.42 13.19 0.00 0.00 0.00 0.00

Lai Giang Riverband St. 1b 18.46 105.77 7.12 45.43 23.23 225.46 27.05 1776.34 185.92 1966.43 174.82 832.84 335.42 105.10 602.51 399.59 1241.81

Lai Giang Riverband St. 2b 17.77 106.33 4.44 0.00 0.00 21.84 0.00 903.10 24.62 444.29 16.08 246.78 46.68 0.00 46.28 26.61 67.34

MK-01 17.34 106.70 2.65 0.00 0.00 61.51 0.00 403.49 53.52 669.92 39.64 328.40 204.00 54.27 447.37 250.29 832.32

MK-10 16.83 107.10 2.29 26.75 0.00 32.18 13.55 300.95 35.80 540.59 22.23 357.20 85.17 16.44 129.67 56.05 192.79

MK-11 16.12 108.12 2.27 178.27 159.11 462.13 48.27 1308.80 365.94 4249.97 350.30 1744.35 1035.50 922.70 2270.42 1201.67 2643.42

MK-14 15.87 108.39 2.44 14.72 6.71 24.99 10.56 103.61 49.98 239.86 17.30 66.56 11.89 7.04 8.46 12.58 10.68

MK-15 15.87 108.39 2.42 16.17 6.49 9.04 6.64 6.30 10.31 42.01 6.91 41.17 8.88 6.99 6.34 0.00 7.80

MK-17 15.85 108.28 2.18 677.92 150.96 712.22 196.53 1197.26 555.95 99.20 166.20 823.24 183.65 19.97 48.04 66.13 27.70

MR-02 15.13 108.88 1.39 14.35 8.98 48.99 16.82 110.97 54.34 293.94 23.07 144.41 19.39 7.41 9.56 13.18 9.38

MR-03 15.13 108.88 2.16 148.07 23.33 141.51 26.84 457.68 56.63 666.26 26.84 281.30 37.59 2.37 14.33 20.57 16.08

MR-04 15.13 108.80 2.21 20.83 8.04 21.29 8.68 53.99 18.63 73.91 8.06 50.11 6.79 0.00 5.62 12.76 5.21

MR-06-1 14.47 109.09 2.03 30.87 12.70 63.78 17.11 135.29 35.46 234.24 17.22 114.09 19.86 6.52 10.45 62.20 10.74

MR-10-2 14.47 109.09 1.75 1189.85 364.75 1554.84 442.01 3505.53 1820.28 0.00 1397.29 0.00 3258.18 1108.64 6213.33 2523.80 0.00

MR-13 14.41 109.01 1.56 12.28 8.21 38.91 14.62 109.05 35.85 212.63 21.34 146.07 20.66 7.09 11.55 9.66 11.72

MR-14 14.41 109.01 2.02 122.57 71.06 477.28 146.69 1229.73 489.01 12508.68 354.04 3252.35 1392.09 327.96 2404.05 1290.37 3874.39

MR-15 13.85 109.14 2.70 0.00 0.00 25.55 0.00 65.20 21.12 380.52 0.00 374.79 44.33 0.00 49.03 19.03 45.38

MR-16 13.78 109.22 1.50 95.80 13.76 70.79 16.63 336.78 203.45 1878.64 74.86 671.47 107.89 11.54 81.86 91.49 104.60

MR-17 13.78 109.22 2.53 1917.27 194.02 1091.43 407.74 3296.90 2222.85 15844.12 870.30 5497.54 1011.49 113.12 723.31 331.67 1269.04

Red River 7W 0.05 13.70 109.22 3.01 33.33 19.93 118.81 44.68 698.80 358.50 3640.45 209.78 1065.10 180.68 56.71 242.89 116.74 352.89

RS-30 13.09 109.33 3.05 0.00 0.00 0.00 0.00 37.92 0.00 99.90 0.00 34.96 0.00 0.00 0.00 0.00 0.00

RS-32 13.09 109.33 3.68 212.11 136.13 397.63 121.83 910.25 349.28 4280.06 261.95 2450.10 355.20 137.61 517.03 335.46 826.87

RS-33-1 13.06 109.32 4.65 82.19 31.78 150.90 37.06 884.97 106.07 2562.91 72.66 962.77 194.57 38.52 277.50 159.11 362.33

RS-34 13.05 109.30 8.64 0.00 6.09 46.59 12.61 221.11 19.55 424.48 16.78 481.87 21.91 0.00 10.79 0.00 16.56

RS-35-1 12.49 109.13 4.24 16.21 15.90 44.61 22.18 122.48 49.50 345.50 26.05 161.87 48.12 26.05 69.78 47.14 144.25

Song Ba St. 1 12.25 109.20 1.72 263.74 126.85 510.34 100.56 4612.66 319.95 5038.76 267.37 2518.44 562.01 177.62 1350.75 630.91 2625.41

Song Ba St. 2 11.60 108.94 1.47 103.10 40.21 96.81 0.00 1831.18 71.24 1199.81 36.02 583.54 132.02 0.00 175.62 113.16 332.84

Song Ba St. 3a 11.24 108.73 4.95 453.27 225.47 700.19 222.50 1720.85 947.77 11911.92 464.48 3389.30 1232.61 337.23 2427.99 1227.33 3054.36

Song Ba St. 3b 11.22 108.50 9.64 28.69 0.00 200.99 0.00 1866.90 56.67 1470.03 34.95 705.36 66.24 0.00 52.62 0.00 30.90

SU-02 10.68 107.78 2.04 105.93 55.44 165.89 80.09 1637.77 381.34 3874.98 126.79 817.93 256.67 74.17 676.67 323.98 1110.41

SU-05 10.56 106.41 2.50 0.00 0.00 143.77 42.23 1457.86 318.68 4012.65 280.14 2192.35 566.23 257.17 1510.48 1070.97 3549.42

SU-09 10.42 105.41 2.82 0.00 0.00 199.43 37.63 4982.68 141.31 3390.47 111.59 1950.14 287.26 36.97 353.30 224.52 752.18

SU-11 10.41 105.62 2.11 0.00 0.00 71.81 91.23 2581.42 43.55 1297.48 65.92 725.85 104.19 0.00 108.31 42.37 365.57

SU-13 10.34 105.48 3.58 17.33 0.00 17.68 18.42 158.40 38.83 138.80 22.61 92.48 23.69 16.88 23.58 22.62 26.93
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sample no. Lat. N DD Long. E DD depth [m] weight [g] n -C10:0 n -C11:0 n-C12:0 n-C13:0 n-C14:0 n -C15:0 n-C16:0 n -C17:0 n -C18:0 n -C20:0 n -C21:0 n -C22:0 n -C23:0 n -C24:0

Thu Bon River St. 1 10.33 106.38 13.51 0.00 0.00 25.68 17.94 146.71 26.22 54.67 16.45 39.15 18.81 16.74 21.57 21.72 30.13

Thu Bon River St. 2 10.27 106.94 7.39 35.46 12.09 59.06 23.59 685.71 152.46 911.01 65.41 348.94 81.52 23.59 131.81 92.34 241.10

Thu Bon River St. 3 10.25 106.03 6.31 14.38 0.00 0.00 0.00 108.85 22.82 112.60 15.46 87.14 20.70 15.00 21.87 18.18 29.72

Thu Bon River St. 4 10.24 106.37 5.66 0.00 0.00 168.33 67.58 4024.09 285.49 2804.91 285.82 1541.42 313.71 111.23 586.43 369.83 1203.07

Tra Khuc River St. 1a 10.20 106.71 6.78 26.77 0.00 96.08 0.00 2918.93 63.21 1478.74 38.56 714.53 90.01 0.00 105.37 63.57 225.41

Tra Khuc River St. 1b 10.10 105.72 1.58 13.59 0.00 14.27 0.00 176.50 21.16 122.97 15.11 85.10 24.34 13.84 22.38 18.71 29.92

Tra Khuc River St. 2 9.74 106.07 22.32 34.77 0.00 38.64 0.00 1192.79 74.42 1263.87 152.75 697.19 124.71 49.28 243.65 350.99 395.48

VN-07110302 SED 9.69 106.74 3.06 85.55 37.10 133.17 41.83 744.50 156.61 1198.16 87.76 426.43 127.70 46.87 194.55 95.64 303.98

VN-09110301 SED 9.56 106.60 1.97 25.97 14.73 32.54 32.82 68.13 34.94 152.94 23.34 74.12 21.14 11.59 25.13 26.79 50.19

VN-10110301 SED 6.20 102.20 2.20 18.86 19.14 74.15 44.32 2100.26 116.30 2067.69 83.18 859.63 225.22 59.64 598.26 295.29 1168.62

VN-12110301 SED 5.34 103.12 2.80 20.78 0.00 76.37 0.00 1236.51 83.20 2004.88 69.23 746.35 231.23 57.05 544.23 248.17 1092.05

VN-14110301 SED 4.60 113.95 0.80 15.17 14.09 23.02 17.19 117.42 28.42 293.65 23.86 128.56 32.20 23.24 55.01 33.16 90.02

VN-15110306 SED 4.23 103.43 1.73 19.02 16.53 43.49 18.60 121.85 26.93 180.11 21.65 95.89 28.66 20.23 56.67 38.61 96.70

VN-38-1 3.51 103.44 3.71 19.45 16.07 26.81 17.46 96.33 28.64 209.73 21.07 94.08 29.02 17.66 51.76 33.93 86.38

VN-44 2.33 111.83 4.01 18.58 17.82 25.21 17.96 133.50 32.34 251.50 20.86 129.01 44.92 23.01 79.75 55.62 148.73

VN-46 2.24 111.81 4.81 15.70 14.72 18.92 0.00 206.40 28.19 122.72 15.35 67.64 26.37 14.91 25.80 18.76 38.96

VN-49 0.61 101.59 3.65 28.26 23.96 54.03 24.90 281.45 73.48 510.89 34.17 265.36 84.45 51.98 201.75 134.38 576.46

VN-53 0.39 109.96 2.97 11.48 11.55 15.75 10.96 78.03 19.88 148.83 13.10 74.68 23.60 13.07 48.84 25.30 87.72

VN-55 0.32 108.97 5.66 18.44 15.12 23.90 16.08 187.53 25.35 167.84 21.44 83.16 24.28 18.28 34.42 25.18 71.55

VN-59 -0.27 109.36 3.20 25.82 23.11 41.51 21.06 195.57 50.50 332.42 25.37 131.51 56.78 38.23 200.20 113.55 393.24

VN-63 -0.37 102.53 2.60 14.72 16.69 20.57 16.04 136.38 29.88 309.38 22.17 160.66 26.91 16.92 32.51 26.14 60.01

WK-04 -1.58 103.57 3.47 16.50 13.32 16.51 12.98 87.05 26.65 156.77 15.84 84.40 23.49 19.64 47.45 33.82 92.22

WK-07 -2.38 103.94 2.36 24.59 22.38 38.53 21.21 134.32 37.93 321.45 54.46 171.71 46.56 33.66 68.48 54.58 106.15

WK-08 -3.02 104.72 2.11 11.60 11.51 24.01 11.64 65.15 21.30 159.70 19.99 95.36 30.03 20.65 61.39 45.44 111.30

TH-01 13.54 100.25 1.09 0.00 0.00 135.02 51.85 1075.21 341.96 3398.75 172.95 1596.88 345.95 83.12 538.91 224.85 1081.87

TH-02 13.38 99.98 2.59 26.37 14.50 28.34 16.22 46.92 29.15 118.96 18.53 48.72 24.36 18.71 39.89 25.27 66.68

TH-04 13.07 99.95 2.26 16.21 15.75 17.68 15.99 168.28 26.03 264.41 20.25 105.30 25.86 18.25 42.22 36.46 68.99

TH-05 13.70 99.85 4.04 11.52 9.41 10.13 0.00 74.20 12.46 78.02 10.35 51.49 13.03 8.90 12.32 11.16 14.81

TH-07 13.95 99.64 2.26 16.60 0.00 17.34 0.00 230.93 21.59 154.83 18.49 95.39 33.62 18.04 46.75 34.78 66.79

TH-08-2 13.80 100.19 1.24 101.14 64.88 363.17 174.25 2763.59 421.08 5611.46 328.08 2370.54 738.68 248.53 1401.95 689.55 2401.54

TH-09 13.92 100.49 2.15 19.63 16.43 18.74 16.37 228.31 24.52 158.18 19.42 105.40 27.33 18.43 27.90 26.90 37.29

TH-11 14.29 100.56 3.94 9.87 0.00 11.29 9.48 58.62 13.63 79.76 10.70 46.86 15.05 10.67 19.20 15.11 30.75

TH-13 14.94 100.37 3.90 9.79 0.00 9.35 0.00 15.48 11.18 26.35 8.93 17.48 11.17 13.11 21.25 18.96 27.86

TH-15 14.56 100.72 2.39 16.64 17.94 24.80 17.13 194.81 29.72 225.32 22.41 122.60 35.17 21.62 53.15 37.72 83.11

TH-18 13.99 101.69 3.62 10.18 9.72 10.43 9.39 126.47 20.65 61.48 10.62 43.90 15.29 11.11 18.09 15.13 21.94

TH-20 13.73 101.21 1.23 57.15 57.74 229.92 130.86 2944.09 241.71 4431.78 176.26 1875.64 369.08 88.99 495.85 168.00 770.04

TH-21 13.49 101.00 2.13 18.74 18.68 27.04 22.85 172.54 54.64 302.13 44.04 155.14 74.69 56.94 96.96 65.38 119.93
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Appendix 3) Measurements of triallate tris (2-chloroethyl) phosphate (TCPP1) and tris (2-chloroethyl) phosphate (TCPP2) normalised against sample (SO-187-3-98-1) 
multiplied by a factor of ten for a better readability  

 

sample no. Lat. N DD Long. E DD depth [m] Triallate m/z  86 conc. Norm. TCPP1 m/z  277 conc.norm. TCPP2 m/z 277 conc.norm. TCPP1/TCPP2

SCS-SO-220-19-27 20.29 109.14 19.00 0.03 0.06 0.01 8.76

SCS-SO-220-22-3 20.48 108.75 43.00 0.01 0.26 0.03 8.72

SCS-SO-220-23-3 21.10 108.73 22.00 0.01 0.03 0.00 8.49

SCS-SO-220-24-1 21.11 108.71 22.00 0.01 0.26 0.03 8.92

SCS-SO-220-26-4 21.06 108.34 27.00 0.08 1.09 0.13 8.09

SCS-SO-220-27-1 21.04 108.30 27.00 0.07 1.05 0.08 12.39

SCS-SO-220-28-3 20.83 108.29 43.00 0.01 0.18 0.01 12.86

SCS-SO-220-29-3 20.40 108.38 44.00 0.01 0.49 0.05 10.51

SCS-SO-220-30-28 20.05 108.03 48.00 0.05 0.41 0.04 9.97

SCS-SO-220-31-2 20.01 108.09 27.00 0.08 0.41 0.04 10.62

SCS-SO-220-32-3 19.99 108.12 63.00 0.00 0.00 0.00 13.86

SCS-SO-220-33-3 19.99 108.34 56.00 0.10 0.21 0.03 8.53

SCS-SO-220-34-3 19.46 108.29 57.00 0.00 0.01 0.00 5.67

SCS-SO-220-35-3 19.23 108.15 44.00 0.00 0.04 0.01 7.26

SCS-SO-220-37-3 19.38 107.70 61.00 0.03 0.08 0.01 7.15

SCS-SO-220-38-3 19.42 107.57 61.00 0.02 0.32 0.03 9.76

SCS-SO-220-39-3 19.42 107.36 63.00 0.00 0.04 0.01 7.63

SCS-SO-220-40-2 19.42 107.30 58.00 0.00 0.00 0.00 12.09

SCS-SO-220-42-28 18.74 107.16 60.00 0.03 0.70 0.07 9.70

SCS-SO-220-43-2 18.79 107.17 60.00 0.00 0.22 0.02 9.86

SCS-SO-220-44-3 18.74 107.20 67.00 0.07 0.81 0.07 11.03

SCS-SO-220-45-2 18.73 107.27 66.00 0.07 1.73 0.22 8.02

SCS-SO-220-51-3 18.38 108.06 75.00 0.03 0.24 0.03 8.31

SCS-SO-220-52-1 18.37 108.06 72.00 0.11 0.50 0.07 7.66

SCS-SO-220-53-3 17.90 107.91 89.00 0.01 0.10 0.01 8.70

SCS-SO-220-54-2 17.89 107.90 90.00 0.02 0.16 0.02 8.02

SCS-SO-220-55-3 17.70 108.12 83.00 0.00 0.08 0.01 7.30

SCS-SO-220-57-3 17.64 108.40 105.00 0.01 0.20 0.03 8.02

SCS-SO-220-58-1 17.67 108.42 104.00 0.00 0.19 0.02 8.17

SCS-SO-220-60-2 16.73 109.59 546.00 0.00 0.35 0.04 8.39

SCS-SO-187-3-59-1 12.62 109.53 133.00 0.26 9.35 1.68 5.55

SCS-SO-187-3-60-1 11.08 110.01 1859.00 0.04 0.46 0.05 8.78

SCS-SO-187-3-61-1 11.43 111.28 2227.00 0.17 1.22 0.16 7.49

SCS-SO-187-3-62-1 11.05 109.47 127.00 0.03 14.33 1.12 12.81

SCS-SO-187-3-63-1 10.92 109.06 109.00 0.01 8.89 1.56 5.71

SCS-SO-187-3-64-3 10.91 109.05 107.00 0.01 1.30 0.16 8.26

SCS-SO-187-3-65-1 10.64 109.04 112.00 0.09 14.40 2.38 6.06

SCS-SO-187-3-66-1 10.26 108.91 87.00 0.00 0.10 0.01 7.63

SCS-SO-187-3-67-1 10.22 108.43 56.00 1.73 14.00 2.36 5.93

SCS-SO-187-3-68-1 10.28 108.42 60.00 0.01 5.53 0.83 6.65

SCS-SO-187-3-69-1 10.38 108.01 43.00 0.05 2.05 0.23 9.00

SCS-SO-187-3-70-1 10.37 108.01 41.50 0.00 0.81 0.09 8.70

SCS-SO-187-3-71-1 10.40 108.01 38.00 0.01 0.31 0.04 8.35

SCS-SO-187-3-72-1 10.26 107.29 26.00 0.01 0.26 0.03 7.47

SCS-SO-187-3-73-1 10.24 107.28 31.00 0.09 7.73 1.31 5.89

SCS-SO-187-3-74-1 10.23 107.28 29.00 0.08 0.65 0.07 8.75

SCS-SO-187-3-75-1 10.11 107.11 21.00 0.06 0.88 0.10 8.58
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sample no. Lat. N DD Long. E DD depth [m] Triallate m/z  86 conc. Norm. TCPP1 m/z  277 conc.norm. TCPP2 m/z 277 conc.norm. TCPP1/TCPP2

SCS-SO-187-3-76-1 9.48 106.82 24.00 0.01 0.26 0.03 7.80

SCS-SO-187-3-77-B1 9.36 106.63 25.00 0.02 0.93 0.11 8.36

SCS-SO-187-3-78-1 8.97 106.70 32.00 0.05 2.08 0.25 8.27

SCS-SO-187-3-79-1 9.14 107.07 33.00 0.00 0.29 0.04 7.16

SCS-SO-187-3-80-1 9.23 107.28 38.00 0.01 0.27 0.03 7.79

SCS-SO-187-3-81-1 9.26 107.33 38.00 0.01 0.48 0.06 8.77

SCS-SO-187-3-82-1 9.52 107.50 39.00 0.03 4.23 0.37 11.45

SCS-SO-187-3-83-1 9.90 107.50 31.00 0.01 0.40 0.05 8.56

SCS-SO-187-3-84-1 9.73 107.29 33.00 0.07 7.62 0.55 13.83

SCS-SO-187-3-85-1 9.80 107.04 27.00 0.09 13.65 1.01 13.49

SCS-SO-187-3-86-1 8.74 106.16 27.00 0.08 8.63 0.59 14.63

SCS-SO-187-3-87-2 9.04 106.08 20.00 0.04 0.22 0.03 6.74

SCS-SO-187-3-91-1 8.44 105.24 31.00 0.06 3.49 0.29 12.03

SCS-SO-187-3-92-1 8.42 105.20 30.00 0.27 12.67 0.92 13.73

SCS-SO-187-3-93-1 8.39 105.11 32.00 0.09 5.16 0.38 13.77

SCS-SO-187-3-94-1 8.37 104.63 24.00 6.87 6.10 0.45 13.53

SCS-SO-187-3-95-1 8.38 104.62 29.00 3.01 7.91 0.61 13.03

SCS-SO-187-3-96-1 8.41 104.57 31.00 8.45 3.94 0.71 5.59

SCS-SO-187-3-97-2 8.41 104.56 30.00 3.40 2.92 0.42 6.98

SCS-SO-187-3-98-1 8.46 104.47 30.00 10.00 5.40 0.42 12.74

SCS-SO-187-3-99-1 8.47 104.46 30.00 2.65 2.72 0.41 6.57

SCS-SO-187-3-100-1 8.52 104.34 28.00 3.19 2.48 0.36 6.96

SCS-SO-187-3-102-1 8.44 104.23 29.00 0.04 1.41 0.18 8.04

SCS-SO-187-3-103-1 8.43 104.21 28.00 0.00 3.44 0.50 6.85

SCS-SO-187-3-104-1 8.38 104.22 26.00 0.01 0.09 0.01 7.70

SCS-SO-187-3-105-1 8.19 104.52 25.00 0.01 0.24 0.03 7.95

SCS-SO-187-3-106-1 8.19 104.56 26.00 0.07 1.34 0.12 11.31

SCS-SO-187-3-107-1 8.16 104.57 27.50 0.01 0.17 0.02 8.19

SCS-SO-187-3-108-1 8.12 104.95 32.00 0.00 0.32 0.04 8.72

SCS-SO-187-3-109-1 8.12 105.24 33.00 0.00 0.16 0.02 8.35

SCS-SO-187-3-110-1 8.12 105.28 32.00 0.00 0.20 0.02 8.19

SCS-SO-187-3-111-1 8.12 105.38 34.00 0.01 0.30 0.04 8.21

SCS-SO-187-3-112-1 8.12 105.39 33.00 0.00 0.24 0.03 8.50

SCS-SO-187-3-113-1 8.12 105.48 32.00 0.01 0.26 0.03 9.24

SCS-SO-187-3-114-1 8.12 105.59 32.00 3.80 1.60 0.21 7.44

SCS-SO-187-3-115-1 8.12 105.60 32.00 4.65 0.77 0.10 7.64

SCS-SO-187-3-116-1 8.12 105.94 33.00 0.58 0.78 0.10 7.63

SCS-SO-187-3-117-1 8.12 105.95 32.00 1.77 1.25 0.17 7.29

SCS-SO-140-01-18373-1 6.73 107.65 73.50 0.00 0.08 0.01 7.03

SCS-SO-140-02-18374-1 6.91 107.67 74.40 3.08 1.91 0.33 5.70

SCS-SO-140-03-18375-1 7.00 107.91 86.20 1.15 0.49 0.05 8.89

SCS-SO-140-04-18376-1 7.09 108.11 89.60 0.03 1.93 0.20 9.87

SCS-SO-140-05-18377-1 7.18 108.34 98.80 0.52 0.26 0.04 7.33

SCS-SO-140-06-18378-1 7.24 108.48 107.90 0.79 0.50 28.20 0.02

SCS-SO-140-07-18379-2 7.34 108.74 119.00 1.08 20.22 3.81 5.31

SCS-SO-140-08-18380-1 7.44 108.99 149.70 0.00 3.23 0.48 6.68
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sample no. Lat. N DD Long. E DD depth [m] Triallate m/z  86 conc. Norm. TCPP1 m/z  277 conc.norm. TCPP2 m/z 277 conc.norm. TCPP1/TCPP2

SCS-SO-140-09-18381-1 7.50 109.13 213.90 2.38 4.83 9.99 0.48

SCS-SO-140-10-18382-1 7.53 109.21 283.90 1.48 0.19 14.21 0.01

SCS-SO-140-11-18383-1 7.64 109.49 710.70 0.75 2.06 0.27 7.77

SCS-SO-140-12-18384-1 7.77 109.81 829.10 0.83 3.27 0.50 6.56

SCS-SO-140-13-18385-2 7.86 110.02 73.60 0.00 0.36 0.05 6.91

SCS-SO-140-14-18386-1 7.90 110.13 380.40 0.00 0.10 0.01 9.67

SCS-SO-140-15-18387-1 8.10 110.64 381.60 0.00 0.64 0.09 7.25

SCS-SO-140-16-18388-1 9.14 108.62 108.80 1.79 2.98 0.36 8.24

SCS-SO-140-17-18389-1 9.27 108.65 109.20 0.00 0.32 0.04 7.93

SCS-SO-140-18-18390-1 9.34 108.68 101.40 0.00 0.29 0.04 7.27

SCS-SO-140-19-18391-1 9.57 108.83 122.40 0.03 0.15 0.02 7.49

SCS-SO-140-20-18392-1 9.62 108.91 116.10 2.08 7.77 1.24 6.26

SCS-SO-140-21-18393-1 9.76 109.13 155.90 1.55 3.91 0.67 5.80

SCS-SO-140-22-18394-1 9.79 109.18 183.00 1.00 1.66 0.27 6.26

SCS-SO-140-23-18395-1 9.99 109.48 280.10 2.07 6.94 1.15 6.01

SCS-SO-140-24-18396-1 15.43 108.89 60.80 0.08 0.75 0.11 6.72

SCS-SO-140-25-18397-1 12.25 109.33 45.50 0.07 0.94 0.11 8.16

SCS-SO-140-26-18398-1 12.24 109.38 59.30 1.20 6.90 1.18 5.84

SCS-SO-140-27-18399-1 12.23 109.41 92.20 1.75 1.24 0.18 6.78

SCS-SO-140-28-18400-1 12.23 109.43 103.60 1.74 7.21 1.20 5.99

SCS-SO-140-29-18401-1 12.21 109.53 134.20 0.13 1.50 0.21 7.07

SCS-SO-140-30-18402-1 13.12 109.69 224.50 0.00 0.03 0.00 7.65

SCS-SO-140-32-18404-1 13.50 109.56 169.10 0.00 0.28 0.04 7.48

SCS-SO-140-33-18405-1 13.69 109.45 129.30 0.01 0.01 0.00 9.47

SCS-SO-140-34-18406-1 14.00 109.32 50.60 2.80 5.31 0.79 6.74

SCS-SO-140-35-18407-1 14.08 109.42 134.70 2.69 6.99 0.91 7.69

SCS-SO-140-36-18408-1 14.25 109.34 116.50 4.44 7.48 1.46 5.11

SCS-SO-140-37-18409-1 15.69 108.67 40.00 2.91 8.29 1.39 5.97

SCS-SO-140-38-18410-1 15.48 108.87 57.70 2.71 11.89 0.75 15.75

SCS-SO-140-39-18411-2 15.33 108.92 56.80 0.03 0.60 0.06 9.45

SCS-SO-140-40-18412-2 15.22 109.01 58.40 2.12 3.65 0.57 6.42

SCS-SO-140-41-18413-1 15.20 109.00 52.00 0.00 0.21 0.03 8.01

SCS-SO-140-42-18414-2 15.10 108.96 20.70 0.00 0.43 0.06 7.24

SCS-SO-140-43-18415-1 15.08 109.00 34.60 5.22 27.26 2.17 12.55

SCS-SO-140-44-18416-1 15.04 109.15 62.70 0.00 0.20 0.02 8.22

SCS-SO-140-46-18418-1 14.40 109.31 100.00 2.96 8.18 1.48 5.52

SCS-SO-140-47-18419-1 14.54 109.24 80.70 2.56 13.49 2.49 5.41

SCS-SO-140-48-18420-1 14.57 109.19 61.50 5.46 17.03 1.27 13.46

SCS-SO-140-49-18421-1 15.75 108.89 82.50 0.79 0.57 0.07 8.55

SCS-SO-140-50-18422-1 15.75 108.89 84.50 0.00 0.26 0.03 7.41

SCS-SO-140-51-18423-1 16.28 108.66 96.50 0.01 0.15 0.01 9.88

SCS-SO-140-52-18424-1 16.48 108.44 91.10 0.00 0.23 0.04 6.14

SCS-SO-140-53-18425-1 16.58 108.47 94.40 0.02 0.56 0.07 8.51

SCS-SO-140-54-18426-1 16.74 108.46 92.90 0.02 9.09 0.67 13.47

SCS-SO-140-55-18427-1 16.48 109.19 114.80 0.27 10.23 0.73 13.95

SCS-SO-140-56-18428-1 16.39 109.42 196.60 0.00 0.18 0.02 9.58
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sample no. Lat. N DD Long. E DD depth [m] Triallate m/z  86 conc. Norm. TCPP1 m/z  277 conc.norm. TCPP2 m/z 277 conc.norm. TCPP1/TCPP2

SCS-SO-140-57-18429-1 16.35 109.54 756.30 0.16 1.63 0.20 8.00

SCS-SO-140-58-18430-1 11.92 110.00 1906.00 0.20 11.49 1.44 8.00

SCS-SO-115-01-18248-1 9.25 108.73 103.00 0.01 0.01 0.00 11.78

SCS-SO-115-02-18249-1 9.40 108.92 133.00 0.00 0.04 0.00 9.54

SCS-SO-115-03-18250-1 9.40 108.97 148.00 0.01 0.50 0.05 9.40

SCS-SO-115-05-18252-1 9.25 109.39 1277.00 0.10 0.22 0.03 7.73

SCS-SO-115-06-18253-1 9.40 109.50 1478.00 3.05 8.98 1.11 8.07

SCS-SO-115-07-18254-1 9.63 109.04 145.00 2.69 7.39 1.30 5.69

SCS-SO-115-08-18255-1 9.70 108.78 102.00 1.55 3.27 0.50 6.50

SCS-SO-115-09-18256-1 9.58 108.70 92.00 3.58 14.75 0.84 17.46

SCS-SO-115-10-18257-2 9.40 108.59 88.00 2.08 0.49 0.06 8.12

SCS-SO-115-11-18258-1 9.25 108.49 88.00 0.00 0.11 0.01 9.46

SCS-SO-115-12-18259-2 9.17 108.45 88.00 0.00 0.05 0.01 8.70

SCS-SO-115-14-18261-3 9.25 108.12 68.00 0.00 0.06 0.01 9.54

SCS-SO-115-15-18262-1 9.25 107.99 56.00 0.00 0.06 0.01 9.23

SCS-SO-115-17-18264-1 9.40 107.81 48.00 0.41 0.18 0.02 7.59

SCS-SO-115-17-18264-1 0 cm 9.40 107.81 48.00 0.01 0.12 0.02 8.09

SCS-SO-115-18-18265-1 9.39 107.75 47.00 0.00 0.00 n.a. n.a.

SCS-SO-115-19-18266-1 9.38 107.74 47.00 0.00 0.63 0.07 9.24

SCS-SO-115-20-18267-1 6.37 111.88 1852.00 0.01 0.03 0.00 7.46

SCS-SO-115-21-18268-1 6.65 111.87 1974.00 0.14 0.53 0.06 9.15

SCS-SO-115-22-18269-1 4.77 109.44 114.00 0.01 0.12 0.02 7.55

SCS-SO-115-22-18269-1 0 cm 4.77 109.44 114.00 8.74 61.63 5.54 11.12

SCS-SO-115-23-18270-1 4.72 109.48 106.00 1.74 4.68 0.80 5.84

SCS-SO-115-24-18271-1 4.64 109.55 116.00 0.03 2.65 0.39 6.86

SCS-SO-115-25-18272-1 4.63 109.56 121.00 5.24 2.04 0.15 13.38

SCS-SO-115-26-18273-1 4.62 109.57 127.00 0.00 0.07 0.01 8.01

SCS-SO-115-27-18274-1 4.61 109.58 117.00 0.00 0.00 0.00 10.44

SCS-SO-115-28-18275-1 4.59 109.59 109.00 0.00 0.09 0.01 7.41

SCS-SO-115-29-18276-1 4.75 109.75 120.00 0.00 0.02 0.00 9.78

SCS-SO-115-30-18277-1 4.94 109.94 134.00 3.05 4.82 0.82 5.88

SCS-SO-115-31-18278-1 5.02 110.02 137.00 0.57 0.78 0.10 8.03

SCS-SO-115-32-18279-1 5.04 110.04 139.00 0.68 2.82 0.42 6.78

SCS-SO-115-33-18280-1 5.10 110.10 144.00 1.37 2.27 0.34 6.77

SCS-SO-115-34-18281-1 5.13 110.13 145.00 1.19 3.00 0.49 6.16

SCS-SO-115-35-18282-1 5.25 110.24 152.00 0.00 0.01 0.00 11.00

SCS-SO-115-36-18283-1 5.42 110.42 166.00 1.26 3.18 0.53 5.96

SCS-SO-115-37-18284-1 5.54 110.54 226.00 1.89 0.88 0.11 8.10

SCS-SO-115-47-18294-3 6.13 111.30 846.00 1.01 0.80 0.08 9.47

SCS-SO-115-48-18295-1 4.93 109.30 117.00 0.00 0.15 0.02 8.80

SCS-SO-115-49-18296-1 5.00 109.24 118.00 0.73 5.93 0.93 6.38

SCS-SO-115-50-18297-1 4.74 109.03 112.00 2.53 13.68 2.88 4.74

SCS-SO-115-51-18298-1 4.52 108.83 103.00 3.11 2.13 0.28 7.71

SCS-SO-115-52-18299-2 4.53 108.83 102.00 0.01 0.09 0.01 7.67

SCS-SO-115-53-18300-1 4.36 108.65 94.00 1.86 3.71 0.63 5.85

SCS-SO-115-54-18301-1 4.36 108.65 92.00 3.61 1.77 0.23 7.81
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sample no. Lat. N DD Long. E DD depth [m] Triallate m/z  86 conc. Norm. TCPP1 m/z  277 conc.norm. TCPP2 m/z 277 conc.norm. TCPP1/TCPP2

SCS-SO-115-55-18302-1 4.16 108.58 83.00 2.08 0.76 0.10 7.78

SCS-SO-115-56-18303-1 4.44 108.93 107.00 0.03 0.01 0.00 9.17

SCS-SO-115-57-18304-1 4.36 109.00 104.00 4.25 3.64 0.58 6.32

SCS-SO-115-59-18306-1 3.59 108.44 88.00 1.85 0.91 0.12 7.72

SCS-SO-115-59-18306-2 3.59 108.44 88.00 0.36 0.78 0.09 8.75

SCS-SO-115-60-18307-1 3.63 108.53 100.00 2.51 5.32 0.86 6.21

SCS-SO-115-61-18308-1 3.30 108.79 80.00 0.00 0.00 0.00 1.01

SCS-SO-115-62-18309-1 3.47 108.69 84.00 0.96 0.45 0.05 8.36

SCS-SO-115-63-18310-1 3.54 108.54 101.00 0.00 0.09 0.01 7.59

SCS-SO-115-64-18311-1 3.69 108.45 60.00 0.00 0.00 0.00 15.05

SCS-SO-115-65-18312-1 3.71 108.71 101.00 0.00 0.03 0.00 7.72

SCS-SO-115-66-18313-1 3.87 108.87 99.00 0.27 1.02 0.13 7.68

SCS-SO-115-67-18314-1 3.99 108.99 100.00 0.00 0.00 n.a. n.a.

SCS-SO-115-68-18315-3 2.03 107.03 69.00 0.00 0.02 0.00 7.90

SCS-SO-115-70-18317-1 2.61 107.38 96.00 0.00 0.04 0.00 8.46

SCS-SO-115-71-18318-1 2.61 107.38 86.00 4.56 6.43 1.12 5.73

SCS-SO-115-73-18320-1 2.61 107.37 76.00 0.00 0.05 0.01 7.61

SCS-SO-115-74-18321-1 2.31 107.42 109.00 0.00 0.00 8.00 n.a.

SCS-SO-115-75-18322-1 2.31 107.63 70.00 0.84 0.59 0.08 7.80

SCS-SO-115-76-18323-1 2.78 107.89 92.00 2.95 1.44 0.19 7.55

B254 18.00 109.30 55.00 0.01 0.93 0.11 8.15

B309 18.20 110.10 91.00 0.00 0.01 0.00 11.50

C71 18.00 109.00 44.00 0.00 0.34 0.03 10.30

VA-01 14.50 111.90 1618.00 0.06 2.01 0.31 6.51

VA-02 14.80 110.80 1204.00 0.02 0.26 0.03 9.73

VA-06 12.30 111.10 2095.00 0.00 0.10 0.01 8.78

VA-11 10.20 110.00 1401.00 0.00 0.68 0.08 8.77

RS-34 20.79 106.52 0.00 0.44 0.05 9.46

BN-12 4.60 113.95 0.14 0.16 0.02 7.27

Con River St. 1 13.85 109.14 0.00 0.15 0.02 8.25

Cuu Long Grab St.11 SED 9.69 106.69 0.15 1.22 0.16 7.45

Cuu Long Grab St.20 SED 9.56  106.562 0.20 0.14 0.02 7.57

Hathan River St. 1a 13.70 109.22 0.00 0.01 0.00 8.02

Hathan River St. 1b 13.78 109.22 0.05 0.02 0.26 0.07

Hathan River St. 2 13.78 109.22 0.01 0.72 0.09 7.72

HN-02 19.90 109.68 0.00 0.38 0.04 10.58

HN-04 19.23 108.90 0.02 4.82 0.70 6.92

HN-06 18.52 110.02 0.02 3.21 0.53 6.07

HN-07 19.15 110.55 0.00 0.00 0.00 16.18

Lai Giang River St. 1a 14.41 109.01 3.31 1.19 0.16 7.38

Lai Giang River St.2a 14.47 109.09 3.24 2.03 0.29 7.04

Lai Giang Riverband St. 2b 14.47 109.09 0.00 0.00 0.00 9.30

MK-01 6.20 102.20 0.76 0.67 0.09 7.84

MK-10 3.51 103.44 1.27 0.33 0.04 8.19

MK-11 4.23 103.43 0.90 0.33 0.05 7.43

MK-14 5.34 103.12 0.00 0.01 0.00 8.14
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sample no. Lat. N DD Long. E DD depth [m] Triallate m/z  86 conc. Norm. TCPP1 m/z  277 conc.norm. TCPP2 m/z 277 conc.norm. TCPP1/TCPP2

MK-15 2.24 111.81 0.55 0.36 0.04 8.08

MK-17 2.33 111.83 0.17 0.19 0.02 8.30

MR-02 10.56 106.41 0.01 0.88 0.15 5.96

MR-03 10.33 106.38 0.84 0.38 0.05 8.30

MR-04 10.24 106.37 0.00 0.07 0.01 9.47

MR-06-1 10.20 106.71 0.01 0.83 0.09 9.06

MR-13 10.42 105.41 0.00 0.00 n.a. n.a.

MR-14 10.34 105.48 0.48 0.16 0.02 7.64

MR-15 10.10 105.72 0.64 0.41 0.05 7.95

MR-17 10.25 106.03 0.46 0.39 0.05 7.85

Red River 7W SED 20.07 106.47 2.25 0.70 0.10 7.25

Song Ba St. 3a SED 13.05 109.05 0.03 0.51 0.07 7.82

SU-02 0.61 101.59 1.10 0.54 0.07 7.23

SU-05 -0.37 102.53 1.01 0.58 0.08 7.65

SU-09 -1.58 103.57 0.43 0.47 0.05 8.98

SU-11 -2.38 103.94 0.17 0.14 0.02 7.32

SU-13 -3.02 104.72 1.17 1.00 0.14 7.30

Thu Bon River St. 2 15.85 108.28 3.57 1.29 0.19 6.86

Thu Bon River St. 3 15.87 108.39 3.36 1.08 0.14 7.87

Thu Bon River St. 4 15.87 108.39 0.00 0.12 0.01 8.63

Tra Khuc River St. 1a 15.13 108.80 1.43 1.05 0.15 7.13

Tra Khuc River St. 2 15.13 108.88 0.48 3.75 0.51 7.37

VN-09110301 SED 11.22 108.50 0.02 3.46 0.56 6.13

VN-10110301 SED 11.24 108.73 0.02 0.65 0.08 8.56

VN-12110301 SED 12.49 109.13 1.21 1.23 0.17 7.10

VN-63 19.84 105.79 0.01 1.18 0.12 9.80

WK-04 0.39 109.96 1.38 0.75 0.10 7.54

WK-07 0.32 108.97 2.36 0.50 0.06 7.74

WK-08 -0.27 109.36 0.00 0.00 0.00 23.46

TH-02 13.38 99.98 0.22 0.05 0.01 8.89

TH-04 13.07 99.95 0.58 0.22 0.03 8.55

TH-05 13.70 99.85 0.22 0.11 0.01 8.55

TH-07 13.95 99.64 0.36 0.21 0.03 8.19

TH-09 13.92 100.49 0.14 0.07 0.01 8.11

TH-11 14.29 100.56 0.60 0.38 0.04 8.60

TH-13 14.94 100.37 0.24 0.03 0.00 9.18

TH-15 14.56 100.72 0.36 0.49 0.06 8.32

TH-18 13.99 101.69 0.34 0.19 0.02 8.57

TH-21 13.49 101.00 0.42 0.18 0.02 8.19
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Appendix 4) Inverse distance weighted interpolation of the n-C10:0/n-C24:0 fatty acid methyl ester ratio. Values 
between 0-1 are characteristic for terrestrial dominance, values greater one are considered to be marine 
dominated. 


