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Abstract 

 

Marine sediments are key components of the Earth system. They represent one of the largest 

active pools of organic matter and provide long-term sink for CO2 and CH4. Thus, the 

biogeochemical processes that take place in those sediments are crucial for the global carbon 

cycle and Earth climate. Organic matter reactivity plays a key role on organic matter 

degradation and burial, and thus on biogeochemical processes. Despite of its importance, the 

environmental controls on reactivity are poorly understood on global-scale. The lack of 

comprehensive, multidisciplinary approaches investigating the controls on reactivity limits our 

ability to further understand biogeochemical processes on global and different time-scales. 

Here, this problem is tackled in coupled quantitative investigation of the relationships between 

organic matter reactivity and sources. A large-scale compilation of contrasting depositional 

environments is systematically probed through consistent model parametrization for 

quantifying reactivity and laboratory protocols for determining lipid biomarker compositions. 

On global-scale, organic matter reactivity exhibits weak correlations with single characteristics 

of depositional environments, albeit on regional-scales a few patterns emerge. Similarly, the 

organic matter compositions show a broad global pattern with a terrestrial-to-marine shift in 

sources with increase of water depth, although different lipid proxies behaved differently 

across this spectrum. The environmental controls on reactivity are complex, and lipid 

biomarker compositions only offer robust information when considered in the broad 

environmental context of each depositional regime. With this holistic view, the controls on 

organic matter reactivity are better understood on global-scale. Those findings challenge the 

classical view of simple mechanisms and single characteristics control on reactivity. Yet, those 

findings have direct impact on model parametrization since they help to identify reasonable 

intervals of reactivity parameters in different depositional regimes. Ultimately, this results in 

better predictive capability and helps to better constrain perturbations on the past, present, 

and future carbon cycle and climate. 

 

 

 

 



Acknowledgements 

 

iii 
 

Acknowledgments 

First, I want to say thanks to my supervisors Rich Pancost and Sandra Arndt for the opportunity 

they gave me to work on this challenging and exciting project. Along my studies, they 

supported me with endless encouragement, enthusiasm, and knowledge, which were crucial 

from the completion of my work. I’ve learned a lot from them. For that all, I’m greatly thankful.  

My studies were supported by a scholarship from the Science without Borders (Ciência sem 

Fronteriras) program from CAPES Foundation within Ministry of Education, Brazil (Grant 

number 99999.009541/2013-06). 

I thank the NERC Life Science Mass Spectrometry Facility in Bristol, as well as Ian Bull, Alison 

Kuhl, and Hanna Gruszczynska for keeping all instrumentation nicely running and all the 

support they provided. 

I thank Sabine Kasten (AWI, Germany), Jens Rassmann and Christophe Rabouille (LSCE, 

France), as well as Shaun Thomas and Henrik Sass (University of Cardiff, UK) for providing 

sediment samples and comprehensive porewater datasets, which were essential for the 

development of this large-scale study. 

Jens Holtvoeth provided huge support on my laboratory work and data analyses, as well great 

conversations and discussions along my studies. Thanks a lot. 

My dear friend Philip Pika offered endless help on my model analyses and thought me at lot. 

Without his support, everything would’ve been much more difficult and less fun. For all the 

times I asked him thousands of silly questions and he gladly answered me, thanks. 

I want to say thanks to JP, Gordon, and David for all the help they offered me with my lab 

work. 

I thank everyone in the Organic Geochemistry Unit for all conversations and discussions in 

the labs, tea breaks, and of course in the pub. I want to say a special thanks to Layla, Claudia, 

and Emmanuelle for the friendship and support. 

My family has always supported and encouraged me to pursue my goals since my early 

academic years. During my PhD studies that was not different. They have always been there 

encouraging me and proud of my achievements. I got this far largely because of them. I’m 

greatly thankful for everything they’ve do for me. Muitíssimo obrigado por todo apoio e por 

acreditar mim. 

I want to say a special thanks to Iain for being a great part of my life and making it better every 

day. I’m also greatly thankful to him for all the support and encouragement that kept me going 

in this very end. 

Finally, I want to thank all my friend that have been part of my life in these past four years in 

Bristol. All of them made life much more fun. Cheers! 

 

 

 



Author’s Declaration 

 

 

iv 
 

Author’s Declaration 

 

 

I declare that the work in this dissertation was carried out in accordance with the requirements 

of the University’s Regulations and Code of Practice for Research Degree Programmes and 

that it has not been submitted for any other academic award. Except where indicated by 

specific reference in the text, the work is the candidate’s own work. Work done in collaboration 

with, or with the assistance of, others, is indicated as such. Any views expressed in the 

dissertation are those of the author. 

 

  

Signed       Date: _________________ 

 



Table of Contents 

 

 

v 
 

Table of Contents 

Abstract ................................................................................................................................................... ii 

Acknowledgments ...................................................................................................................................iii 

Author’s Declaration ............................................................................................................................... iv 

List of Tables ......................................................................................................................................... viii 

List of Figures .......................................................................................................................................... x 

List of Abbreviations .............................................................................................................................. xv 

Chapter 1 – Introduction .......................................................................................................................... 1 

1.1 Organic Matter in Marine Sediments ............................................................................................ 2 

1.1.1 Carbon Cycle and Marine Sediments .................................................................................... 3 

1.1.2 Sources of Organic Matter ..................................................................................................... 5 

1.2 Sediment Redox Conditions ......................................................................................................... 6 

1.3 Organic Matter Reactivity .............................................................................................................. 7 

1.4 Characterization of Organic Matter Sources ............................................................................... 10 

1.4.1 Lipid Biomarkers as Reactivity Indicators ............................................................................ 13 

1.4.2 Controlling Factors on Lipid Biomarkers Reactivity ............................................................. 16 

1.4.3 Implications of Lipid Biomarkers Differential Degradation ................................................... 17 

1.5 Research objectives .................................................................................................................... 18 

Chapter 2 – The Impact of Alkenone Degradation on U37
K′

 Paleothemometry: a model-derived 

assessment ........................................................................................................................................... 21 

2.1 Introduction ................................................................................................................................. 22 

2.2 Model Description ....................................................................................................................... 25 

2.2.1 Solution ................................................................................................................................ 31 

2.2.2 Model Parameter and Boundary Conditions ........................................................................ 35 

2.2.2.1 Sensitivity to Depositional Environment ........................................................................ 36 

2.2.2.2 Sensitivity to Uncertainty in Degradation Rate Parameters .......................................... 36 

2.2.3 Model Output ........................................................................................................................ 38 

2.3 Results ........................................................................................................................................ 39 

2.4 Discussion ................................................................................................................................... 50 

2.4.1 Disentangling the Controls on SST Bias During Burial ........................................................ 50 

2.4.1.1 Extent of Degradation ................................................................................................... 50 

2.4.1.2 The Initial U37
K′  Value ..................................................................................................... 54 

2.4.1.3 Preferential Degradation Factor .................................................................................... 55 

2.4.2 Implications for the U37
K′  Paleothermometry ......................................................................... 58 

2.4.2.1 Assessing Potential Degradation Bias in Recent Sedimentary Records ...................... 60 

2.4.2.2 Assessing Potential Degradation Bias in Older Sedimentary Records ........................ 61 

2.5 Conclusions ................................................................................................................................. 63 

Chapter 3 – Characteristics of depositional environments ................................................................... 64 

3.1 Introduction ................................................................................................................................. 65 



Table of Contents 

 

 

vi 
 

3.2 Sites description .......................................................................................................................... 66 

3.2.1 Severn estuary ..................................................................................................................... 67 

3.2.2 Rhone delta .......................................................................................................................... 68 

3.2.3 Northern European margin................................................................................................... 69 

3.2.4 Arabian Sea ......................................................................................................................... 71 

3.2.5 Bering Sea ........................................................................................................................... 72 

3.2.6 Argentine Basin .................................................................................................................... 73 

3.3 Sediment and porewater datasets .............................................................................................. 74 

Chapter 4 – Quantifying organic matter diagenetic processes in marine sediments............................ 77 

4.1 Introduction ................................................................................................................................. 78 

4.2 Model Description ....................................................................................................................... 80 

4.2.1 Model Formulation ............................................................................................................... 80 

4.2.1.1 Transport Processes ..................................................................................................... 81 

4.2.1.2 Reaction Network .......................................................................................................... 82 

4.2.1.2 Multi-G Approximation of the RCM in the Bioturbated Layer ........................................ 89 

4.2.2 Model Parameters ................................................................................................................ 92 

4.2.2.1 Transport Parameters ................................................................................................... 93 

4.2.2.2 Reaction Parameters .................................................................................................... 95 

4.2.3 Boundary Conditions ............................................................................................................ 96 

4.2.4 Model Solution ..................................................................................................................... 98 

4.2.5 Inverse Modelling ................................................................................................................. 99 

4.2.5.1 Fitting RCM Parameters................................................................................................ 99 

4.2.5.2 Organic Matter Reactivity Quantification ..................................................................... 102 

4.2.5.3 Rates of Organic Matter Degradation ......................................................................... 103 

4.3 Results and Discussion ............................................................................................................. 103 

4.3.1 Quantifying Organic Matter Reactivity Parameters ............................................................ 103 

4.3.2 Model-Derived Organic Matter Reactivity Parameters ...................................................... 108 

4.3.3 Distribution of Organic Matter Reactivity ............................................................................ 117 

4.3.4 Rates of Organic Matter Degradation ................................................................................ 121 

4.4 Conclusions ............................................................................................................................... 123 

Chapter 5 – Characterization of sources of sedimentary organic matter using lipid biomarkers ....... 125 

5.1 Introduction ............................................................................................................................... 126 

5.2 Material and methods ................................................................................................................ 128 

5.2.1 Lipid biomarker analyses ................................................................................................... 130 

5.2.1.1 Laboratory glassware and reagents ............................................................................ 130 

5.2.1.2 Sample preparation and lipid biomarkers extraction and clean up ............................. 131 

5.2.1.3 TLE derivatization for GC and GC-MS analyses ........................................................ 132 

5.2.1.4 TLE filtration for LC-MS analysis ................................................................................ 132 

5.2.1.5 Gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) 

analyses .................................................................................................................................. 133 



Table of Contents 

 

 

vii 
 

5.2.1.6 Liquid chromatography-mass spectrometry ................................................................ 134 

5.2.2 Lipid biomarker analyses adopted for METROL samples ................................................. 135 

5.2.2.1 Samples extraction, fractionation, and GC and GC-MS analyses .............................. 135 

5.2.2.3 TLE filtration and LC-MS analyses ............................................................................. 136 

5.2.3 Identification of organic matter sources ............................................................................. 137 

5.3 Site-Specific Results and Discussion of Biomarker Distributions ............................................. 139 

5.3.1 Shallow systems ................................................................................................................ 140 

5.3.2 Intermediate systems ......................................................................................................... 147 

5.3.3 Deep systems .................................................................................................................... 152 

5.4 Controls on and relationships between terrestrial vs. aquatic biomarkers ............................... 158 

5.4.1 Sources of sedimentary organic matter ............................................................................. 158 

5.4.1.1. Decoupling of n-alkyl lipid classes ............................................................................. 162 

5.4.1.2. Comparison of GDGTs to n-alkyl lipids ...................................................................... 166 

5.4.1.3. Other sources of sedimentary organic matter ............................................................ 170 

5.4.2 Depositional environment................................................................................................... 171 

5.5 Conclusions ............................................................................................................................... 176 

Chapter 6 – Developing a quantitative link between reactivity and sources of organic matter in marine 

sediments ............................................................................................................................................ 178 

6.1 Introduction ............................................................................................................................... 179 

6.2 Material and Methods ................................................................................................................ 183 

6.2.1 Model Description .............................................................................................................. 183 

6.2.2 Lipids Analyses .................................................................................................................. 185 

6.3 Results and Discussion ............................................................................................................. 187 

6.3.1 Quantity Control: Fluxes and Sources of Organic Matter .................................................. 188 

6.3.2 Quality Control: Reactivity and Sources of Organic Matter ............................................... 193 

6.3.2.1 The 𝑣-parameter ......................................................................................................... 193 

6.3.2.2 The α-parameter ......................................................................................................... 196 

6.3.2.3 Apparent Organic Matter Reactivity 𝑘 ......................................................................... 198 

6.4 Conclusions ............................................................................................................................... 206 

7 – Conclusions ................................................................................................................................... 210 

7.1 Implications, Applicability, and Transferability .......................................................................... 211 

7.2 Future Work .............................................................................................................................. 212 

7.2.1 Global-scale Datasets ........................................................................................................ 212 

7.2.2 Comprehensive Site-specific Datasets .............................................................................. 213 

7.2.3 Biomarkers ......................................................................................................................... 214 

7.2.4 Radiocarbon Measurements .............................................................................................. 214 

7.2.5 Microbial Ecology Data ...................................................................................................... 215 

Appendix ............................................................................................................................................. 216 

References .......................................................................................................................................... 237 

 



List of Tables 

 

 

viii 
 

List of Tables 

Table 2. 1. Selective degradation alkenones RTM components .......................................................... 35 

Table 2. 2 Sea surface temperature biases and total alkenone preservation in sediments from 50 and 

250 mbsf, based on different 1G RTM scenarios. ................................................................................ 39 

Table 2. 3. Published experimental and field derived alkenones degradation data summarizing the main 

preferential degradation parameters. .................................................................................................... 58 

 

Table 3. 1. Study sites geographic location and depositional environments characteristics. .............. 67 

Table 3. 2. Geographical location of study sites and available solid-phase and porewater information 

used to constrain the Reaction-Transport model. ................................................................................. 76 

 

Table 4. 1. Metabolic pathways implemented in the BRNS formulation for heterotrophic degradation of 

organic matter in marine sediments (adapted from Aguilera et al., 2005; Thullner et al., 2009; Wehrmann 

et al., 2013). .......................................................................................................................................... 83 

Table 4. 2. Reaction network and reaction rates implemented in the BRNS formulation for heterotrophic 

degradation of organic matter in marine sediments (adapted from Aguilera et al., 2005; Thullner et al., 

2009; Wehrmann et al., 2013). ............................................................................................................. 84 

Table 4. 3. Kinetic rate laws controlling the reaction network (adapted from Jourabchi et al., 2005). . 88 

Table 4. 4. General transport parameter implemented in the BRNS. .................................................. 93 

Table 4. 5. Site-specific transport parameter implemented in the BRNS. ............................................ 95 

Table 4. 6. Reaction parameter implemented in the BRNS. ................................................................ 96 

Table 4. 7. Site-specific boundary conditions implemented in the BRNS. ........................................... 97 

Table 4. 8. Model-derived organic matter reactivity parameters and main site-specific driving factors.

 ............................................................................................................................................................ 104 

 

Table 5. 1. Depositional environments characteristics and description of samples analysed in each 

study site. ............................................................................................................................................ 129 

Table 5. 2. Diagnostic ratios employed in the characterization of sedimentary organic matter. ........ 138 

Table 5. 3. Lipid biomarker compositions of TLEs determined by GC-MS and LC-MS in sediments from 

shallow systems. Diagnostic ratios of major classes and relative contributions of minor alkanoic acids 

to the TLEs are presented as average, minimum, and maximum values of total samples analysed in 

each site*............................................................................................................................................. 146 

Table 5. 4. Lipid biomarker compositions of TLEs determined by GC-MS and LC-MS in sediments from 

intermediate systems. Diagnostic ratios of major classes and relative contributions of minor alkanoic 

acids to the TLEs are presented as average, minimum, and maximum values of total samples analysed 

in each site*. ........................................................................................................................................ 151 

Table 5. 5. Lipid biomarker compositions of TLEs determined by GC-MS and LC-MS in sediments from 

deep systems. Diagnostic ratios of major classes and relative contributions of minor alkanoic acids to 

the TLEs are presented as average, minimum, and maximum values of total samples analysed*. .. 157 

 

Table 6. 1. Model-derived parameters and lipid biomarker ratios (average values) that serve as proxies 

for sedimentary organic matter characteristics. .................................................................................. 188 



List of Tables 

 

 

ix 
 

 

Table A. 1. Individual samples n-alkanoic acid relative distributions: Severn estuary and Rhone delta.

 ............................................................................................................................................................ 217 

Table A. 2. Individual samples n-alkanoic acid relative distributions: Aarhus Bay, Arkona Basin, and 

Helgoland. ........................................................................................................................................... 218 

Table A. 3. Individual samples n-alkanoic acid relative distributions: Skagerrak transect. ................ 219 

Table A. 4. Individual samples n-alkanoic acid relative distributions: Arabian Sea, Bering Sea, and 

Argentine Basin. .................................................................................................................................. 220 

Table A. 5. Individual samples n-alkanol relative distributions: Severn estuary and Rhone delta. .... 221 

Table A. 6. Individual samples n-alkanol relative distributions: Aarhus Bay, Arkona Basin, and 

Helgoland. ........................................................................................................................................... 222 

Table A. 7. Individual samples n-alkanol relative distributions: Skagerrak transect. ......................... 223 

Table A. 8. Individual samples n-alkanol relative distributions: Arabian Sea, Bering Sea, and Argentine 

Basin. .................................................................................................................................................. 224 

Table A. 9. Individual samples n-alkane relative distributions: Severn estuary and Rhone delta...... 225 

Table A. 10. Individual samples n-alkane relative distributions: Aarhus Bay, Arkona Basin, and 

Helgoland. ........................................................................................................................................... 226 

Table A. 11. Individual samples n-alkane relative distributions: Skagerrak transect. ........................ 227 

Table A. 12. Individual samples n-alkane relative distributions: Arabian Sea, Bering Sea, and Argentine 

Basin. .................................................................................................................................................. 228 

Table A. 13. Individual samples GDGT relative distributions: Severn estuary and Rhone delta. ...... 229 

Table A. 14. Individual samples GDGT relative distributions: Aarhus Bay, Arkona Basin, and Helgoland.

 ............................................................................................................................................................ 230 

Table A. 15. Individual samples GDGT relative distributions: Skagerrak transect. ............................ 231 

Table A. 16. Individual samples GDGT relative distributions: Arabian Sea, Bering Sea, and Argentine 

Basin. .................................................................................................................................................. 232 

Table A. 17. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 

of alteration (CPI): Severn estuary and Rhone delta. ......................................................................... 233 

Table A. 18. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 

of alteration (CPI): Aarhus Bay, Arkona Basin, and Helgoland. ......................................................... 234 

Table A. 19. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 

of alteration (CPI): Skagerrak transect. ............................................................................................... 235 

Table A. 20. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 

of alteration (CPI): Arabian Sea, Bering Sea, and Argentine Basin.................................................... 236 

 

 



List of Figures 

 

 

x 
 

List of Figures 

Figure 1. 1. Simplified conceptual illustration of carbon cycle and active pools of organic carbon. Arrows 

denote fluvial (green), aeolian (black), living marine biota (red and orange), marine DOC (yellow), and 

marine POC (brown) fluxes. Modified after Hedges and Oades (1997). ................................................ 4 

Figure 1. 2. Simplified diagram of the typical redox zonation in marine sediments. Only the most 

relevant TEA (oxygen and sulphate) and reduced species (methane and hydrogen sulphide) are shown. 

Modified after Jørgensen and Kasten (2006).......................................................................................... 6 

Figure 1. 3. Model-derived apparent organic matter reactivity (k) distribution and geographical patterns 

across ocean basins. Modified after Arndt et al. (2013). ........................................................................ 8 

Figure 1. 4. Lipid biomarkers commonly found in marine sediments and employed for distinguishing 

terrestrial (green box) and aquatic sources. Upper row shows n-alkyl lipids derived from plant waxes (a 

– c) and algal and bacterial (d – f) origins. Lower row shows branched GDGTs derived from soil bacteria 

(g – h) and isoprenoid GDGTs derived from pelagic archaea (I – j). (a) C26 n-alkanoic acid; (b) C26 n-

alkanol; (c) C29 n-alkane; (d) C16 n-alkanoic acid; (e) C16 n-alkanol; (f) C17 n-alkane; (g) GDGT-I; (h) 

GDGT-Ib; (i) GDGT-0; (j) Crenarchaeol. ............................................................................................... 11 

 

Figure 2. 1 Chemical structure of C37 alkenones. (I) Heptatriaconta-8,15-dien-2-one – C37:2; (II) 

Heptatriaconta-8,15,22-trien-2-one – C37:3; (III) Heptatriaconta-8,15,22,29-tetraen-2-one – C37:4. ...... 23 

Figure 2. 2 Schematic representation of one-dimensional alkenone degradation in marine sediments 

with main model elements. (a) Hypothetical downcore evolution of C37 alkenone concentrations (C37:i) 

as a result of transport and reaction processes during burial in the sediment; the blue line represents 

C37:2 alkenone concentrations, whereas the red line represents C37:3 concentrations. The green arrow 

indicates the preferential degradation factor, fC37:3, of C37:3 over C37:2 during selective degradation. (b) 

Conceptual representation of C37 alkenone burial and degradation as a modelled sediment column; the 

green hexagons represent C37 alkenone concentrations and the red line marks the limit of bioturbated 

zone (zbio). Dbio denotes the bioturbation diffusion coefficient. SWI represents the sediment water 

interface................................................................................................................................................. 28 

Figure 2. 3 Interpolated SST positive bias and total alkenones preserved in sediment resulting from 

selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) of 1.0.10-5    

yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water 

depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) 

Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST 

at sediment-water interface (SWI) – SST at depth; U37
K' (0) denotes U37

K'  initial values at SWI; fC37:3 

denotes differential degradation factor between C37:3 and C37:2 alkenones. ......................................... 40 

Figure 2. 4. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 

selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) of 2.5.10-5    

yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water 

depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) 

Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST 

at sediment-water interface (SWI) – SST at depth; U37
K' (0) denotes U37

K'  initial values at SWI; fC37:3 

denotes differential degradation factor between C37:3 and C37:2 alkenones. ......................................... 42 

Figure 2. 5. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 

selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) of 5.0.10-5    

yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water 

depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) 

Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST 

at sediment-water interface (SWI) – SST at depth; U37
K' (0) denotes U37

K'  initial values at SWI; fC37:3 

denotes differential degradation factor between C37:3 and C37:2 alkenones. ......................................... 44 



List of Figures 

 

 

xi 
 

Figure 2. 6. Interpolated SST positive bias interpolated plots and total alkenones preserved in sediment 

resulting from selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) 

of 1.0.10-4 yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 

meters water depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water 

depth; (d) Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST 

denotes SST at sediment-water interface (SWI) – SST at depth; U37
K' (0) denotes U37

K'  initial values at 

SWI; fC37:3 denotes differential degradation factor between C37:3 and C37:2 alkenones. ........................ 46 

Figure 2. 7. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 

selective degradation of alkenones in a RCM simulation assuming pi = 10-1 and ai = 100 years. (a) 

Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water depth; 

(c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) Downcore total 

alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST at sediment-

water interface (SWI) – SST at depth; U37
K'  denotes U37

K'  initial values at SWI; fC37:3 denotes differential 

degradation factor between C37:3 and C37:2 alkenones.......................................................................... 48 

Figure 2. 8. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 

selective degradation of alkenones in a RCM simulation assuming pi = 10-1 and ai = 103 years. (a) 

Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water depth; 

(c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) Downcore total 

alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST at sediment-

water interface (SWI) – SST at depth; U37
K' (0) denotes U37

K'  initial values at SWI; fC37:3 denotes differential 

degradation factor between C37:3 and C37:2 alkenones.......................................................................... 49 

Figure 2. 9. Simulated downcore changes in degradation rate constant kC37:3(z) assuming: pi = 0.1; 

U37
K' (0) = 0.5. (a) ai = 100 years r; (b) ai = 103 years; fC37:3 ranges from 1.1 to 1.5 (colour lines); water 

depth = 1,000 meters. Note the break in scale at y-axis: top layers represent the top 50 cmbsf where 

the most significant changes in kC37:3(z) and ΔSST take place; below the break, bottom layers represent 

the deeper sediment layers > 50 mbsf. The discontinuity in the lines is due to the break in y-axis scale.

 .............................................................................................................................................................. 52 

Figure 2. 10. Simulated downcore changes in degradation rate constant kC37:i(z) (C37:2 black line; C37:3 

grey line) (a) and ΔSST (b) applying a power model scenario assuming: pi = 0.1; ai = 100 years for C37:2 

(less labile pool of alkenones); ai = 0.1 yearsr for C37:3 (more labile pool of alkenones); U37
K' (0) ranging 

from 0.1 to 0.9 (colour lines in B); water depth = 1,000 meters. Note the break in scale at y-axis: top 

layers represent the top 50 cmbsf where the most significant changes in kC37:i(z) and ΔSST take place; 

below the break, bottom layers represent the deeper sediment layers > 50 mbsf. The discontinuity in 

the lines is due to the break in y-axis scale. ......................................................................................... 53 

Figure 2. 11. Increases in ΔSST with an increase in the extent of C37 alkenone degradation. Simulations 

assume: (a) fC37:3 = 1.1; (b) fC37:3 = 1.3. Line colours represent U37
K' (0): black = 0.1; red = 0.3; blue = 0.5; 

yellow = 0.7; red = 0.9. .......................................................................................................................... 55 

Figure 2. 12. Increases in ΔSST with burial depth, assuming ki = 5.10-5 yr-1 and 1,000 meters water 

depth. (a) fC37:3 = 1.1; (b) fC37:3 = 1.2; (c) fC37:3 = 1.3. Line colours represent U37
K' (0): black = 0.3; red = 

0.5; blue = 0.7. ...................................................................................................................................... 57 

Figure 3. 1. Large-scale depositional environments geographic locations. Red dots denote study sites. 

For further details see Table 3.1. The map was produced on the open-source software Ocean Data 

View (Schlitzer, 2016). .......................................................................................................................... 66 

Figure 3. 2. Sediment depth horizons (brown columns) where lipid biomarker analyses were performed 

and porewater sulphate concentration depth profiles (black lines) for each study sites (a – q). .......... 75 

 

Figure 4. 1. First-order rate constant k depth profiles changes as a function of (a) apparent initial age 

α; and (b) dimensionless scaling parameter v. Sediment depth profiles are calculated assuming 

sedimentation rate ω = 0.5 cm yr-1. ....................................................................................................... 86 



List of Figures 

 

 

xii 
 

Figure 4. 2. 200-G approximation of the RCM at the sediment-water interface: (a) Initial probability 

distribution of organic matter apparent reactivity k; (b) Distribution of organic matter fractions Gi with 

reactivity ki. Distributions are calculated assuming Gi = 200; α = 1 year; v = 0.155; TOCSWI = 5%; ω = 

0.074 cm yr-1. ........................................................................................................................................ 92 

Figure 4. 3. Model-derived (black line) and measure TOC (red circles) depth profiles. A – N denote the 

sites location defined in Table 4.8. ...................................................................................................... 105 

Figure 4. 4. Model-derived (black line) and measure sulphate (red circles) depth profiles. A – N denote 

the sites location defined in Table 4.8. ................................................................................................ 105 

Figure 4. 5. Present-day – model-derived best-fit for sulphate Taylor diagrams. A – N denote the sites 

location defined in Table 4.8. .............................................................................................................. 107 

Figure 4. 6. Distributions of the RCM free parameters: (a) Apparent initial age α of organic matter 

distribution; (b) Shaping parameter of organic matter distribution v. .................................................. 108 

Figure 4. 7. Apparent initial age α of organic matter distribution versus: (a) the shaping parameter of 

organic matter distribution v; (b) fluxes of organic matter FOM at the SWI; (c) water depth h; (d) 

sedimentation rate ω. A – N denote the sites location defined in Table 4.8. ...................................... 113 

Figure 4. 8. Organic matter initial reactivity k (k = v/α) versus: (a) water depth h; (b) sedimentation 

rates ω; (c) fluxes of organic matter FOM. A – N denote the sites location defined in Table 4.8. ........ 115 

Figure 4. 9. Initial probability distribution of organic matter apparent reactivity k. The α (year) and v are 

the RCM free parameters, and ω (cm yr-1) is the sedimentation rate at each site. A – N denote the sites 

location defined in Table 4.8. .............................................................................................................. 119 

Figure 4. 10. Model-derived rates of organic matter degradation. (a) Depth-integrated rates of organic 

matter heterotrophic degradation. (b) Relative contribution of degradation pathways to total rates of 

organic matter degradation. A – N denote the sites location defined in Table 4.8. ............................ 121 

 

Figure 5. 1. Lipid biomarkers analytical protocols. (a) METROL project samples (Aquilina et al., 2010; 

Hunter-Choat, 2010). (b) All remainder samples analysed in the present work. For further detail see 

Table 5.1 and sections 5.2.1 and 5.2.2. .............................................................................................. 130 

Figure 5. 2. GC-MS total ion count (TIC – m/z 50 – 650) of a sediment sample (Helgoland – 200 cmbsf) 

with the most common lipids identified in the TLEs. ........................................................................... 134 

Figure 5. 3. LC-MS trace (SIM mode) of a sediment sample (Rhone pro-delta – 1–1.5 cmbsf) with most 

common lipids identified in the TLEs. (a – e) i-GDGTs; (f – h) br-GDGTs. ........................................ 135 

Figure 5. 4. Relative abundances of lipid biomarkers in the TLEs determined by GC-MS in sediments 

from the shallow systems. (a) Severn estuary; (b) Rhone pro-delta; (c) Rhone shelf; (d) Helgoland; (e) 

Aarhus Bay; (f) Arkona Basin. Relative abundances in each site are calculated as average values of 

total samples analysed in each site. See Table 5.1 for details. .......................................................... 141 

Figure 5. 5.  Relative distributions of individual compound classes determined by (a – d) GC-MS and 

(e) LC-MS in shallow system sediments: (a) n-alkanoic acids; (b) ω-hydroxy alkanoic acids; (c) n-

alkanols; (d) n-alkanes; (e) GDGTs. The x-axis denotes (a – d) individual alkyl compounds’ carbon 

chain length and (e) GDGTs structures (i-GDGT 0 – 3, C – crenarchaeol, C’ crenarchaeol isomer; br-

GDGTs I – III; after De Jonge et al., 2014)). Numbers 1 – 6 denote each site: (1) Severn estuary; (2) 

Rhone pro-delta; (3) Rhone shelf; (4) Helgoland; (5) Aarhus Bay; (6) Arkona Basin. Relative 

distributions in each site are calculated as average values of total samples analysed in each site. See 

Table 5.1 for details. GDGTs were not determined for Aarhus Bay sediments. ................................. 143 

 

 



List of Figures 

 

 

xiii 
 

Figure 5. 6. Relative abundances of lipid biomarkers in the TLEs determined by GC-MS in sediments 

from the intermediate systems. (a) Skagerrak – S11; (b) Skagerrak – S12; (c) Skagerrak – S13. Relative 

abundances in each site are calculated as average values of total samples analysed in each site. See 

Table 5.1 for details. Relative abundances for Skagerrak – S10 are not compiled here, since alkanoic 

acids were not determined for this site. .............................................................................................. 148 

Figure 5. 7. Relative distributions of individual compound classes determined by (a – d) GC-MS and 

(e) LC-MS in intermediate system sediments: (a) n-alkanoic acids; (b) ω-hydroxy alkanoic acids; (c) n-

alkanols; (d) n-alkanes; (e) GDGTs. The x-axis denotes (a – d) individual alkyl compounds’ carbon 

chain length and (e) GDGTs structures (i-GDGT 0 – 3, C – crenarchaeol, C’ crenarchaeol isomer; br-

GDGTs I – III; after De Jonge et al., 2014). Numbers 1 – 4 denote each site: (1) Skagerrak – S10; (2) 

Skagerrak – S11; (3) Skagerrak – S12; (4) Skagerrak – S13. Relative distributions in each site are 

calculated as average values of total samples analysed in each site. See Table 5.1 for details. The ω-

hydroxy and n-alkanoic acids were not determined for Skagerrak – S10 sediments. ........................ 149 

Figure 5. 8. Relative abundances of lipid biomarkers in the TLEs determined by GC-MS in sediments 

from the deep systems. (a) Arabian Sea - anoxic; (b) Arabian Sea - transition; (c) Arabian Sea - oxic; 

(d) Bering Sea; (e) Argentine Basin. Relative abundances in each site are calculated as average values 

of total samples analysed in each site. See Table 5.1 for details. ...................................................... 152 

Figure 5. 9. Relative distributions of individual compound classes determined by (a – d) GC-MS and 

(e) LC-MS in deep system sediments: (a) n-alkanoic acids; (b) ω-hydroxy alkanoic acids; (c) n-alkanols; 

(d) n-alkanes; (e) GDGTs. The x-axis denotes (a – d) individual alkyl compounds’ carbon chain length 

and (e) GDGTs structures (i-GDGT 0 – 3, C – crenarchaeol, C’ crenarchaeol isomer; br-GDGTs I – III; 

after De Jonge et al., 2014). Numbers 1 – 5 denote each site: (1) Arabian Sea - anoxic; (2) Arabian Sea 

- transition; (3) Arabian Sea - oxic; (4) Bering Sea; (5) Argentine Basin. Relative distributions in each 

site are calculated as average values of total samples analysed in each site. ................................... 154 

Figure 5. 10. Lipid biomarker-based source parameters: (a) Relative contributions of terrestrial-derived 

(ΣHMW) and aquatic-derived (ΣLMW) combined n-alkyl lipids; (b) n-alkanoic acid TAR; (c) n-alkanol 

TAR; (d) n-alkane TAR; (e) BIT index.  Indices (b – e) are presented as average, minimum and 

maximum values for the number of samples analysed in each site. For details see Table 5.1. Skagerrak 

– S10 not compiled because n-alkanoic acids were not determined. GDGTs not determined for Aarhus 

Bay sediments. .................................................................................................................................... 160 

Figure 5. 11. Deconvoluting the sources of n-alkyl lipids in all individual sediments analysed in this 

study in shallow systems (green squares), intermediate systems (red triangles), and deep systems 

(black circles). (a)  n-alkanoic acids vs. n-alkanols; (b) n-alkanoic acids vs. n-alkanes. Dashed line 

represents 1:1 ratio. ............................................................................................................................ 164 

Figure 5. 12. Deconvoluting the sources of n-alkyl and tetraether lipids in all individual sediment 

samples analysed in shallow system (green squares), intermediate systems (red triangles), and deep 

systems (black circles). (a) BIT vs. n-alkanoic acid TAR (b) BIT vs. n-alkanol TAR; (c) BIT vs. n-alkane 

TAR. Dashed line represents 1:1 ratio. ............................................................................................... 168 

Figure 5. 13. Water depths plotted against biomarker source parameters (a – d) and indicators of 

alteration (CPIs, e – g) for all individual sediment samples. (a) n-alkanoic acid TAR; (b) n-alkanol TAR; 

(c) n-alkane TAR; (d) BIT index; (e) n-alkanoic acid CPI; (f) n-alkanol CPI; (g) n-alkane CPI. The y-axis 

denotes depth of water column overlying sediment surface (in logarithmical-scale) of each depositional 

environment. ....................................................................................................................................... 172 

Figure 5. 14. Sedimentation rate distributions across depositional environments and the relationships 

with (a – c) degree of diagenetic alteration and (d – g) sources of lipid biomarkers determined in all 

individual sediment samples. (a) n-alkanoic acid CPI; (b) n-alkanol CPI; (c) n-alkane CPI; (d) n-alkanoic 

acid TAR; (e) n-alkanol TAR; (f) n-alkane TAR; (g) BIT index. The x-axis denotes sedimentation rates 

(in logarithmical-scale) of each depositional environment. ................................................................. 175 

 



List of Figures 

 

 

xiv 
 

Figure 6. 1. First-order rate constant k depth profiles changes as a function of (a) apparent initial age 

α; and (b) dimensionless scaling parameter v. Sediment depth profiles are calculated assuming 

sedimentation rate ω = 0.5 cm yr-1. ..................................................................................................... 185 

Figure 6. 2. Model-derived fluxes of organic matter at the sediment-water interface vs.: (a) model-

derived depth-integrated rates of organic matter degradation; (b) model-derived apparent organic 

matter reactivity k. Letters A – N refer to sites on Table 6.1. .............................................................. 190 

Figure 6. 3. Model-derived fluxes of organic matter at the sediment-water interface vs. lipid biomarker 

diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanol TAR; (d) n-alkane TAR; (e) n-

alkanoic acid CPI; (f) n-alkane CPI. Letters A – N refer to sites on Table 6.1. ................................... 192 

Figure 6. 4. Model-derived shaping parameter v of organic matter distribution vs. lipid biomarker 

diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanoic acid CPI; (d) n-alkane CPI. 

Letters A – N refer to sites on Table 6.1. ............................................................................................ 195 

Figure 6. 5. Model-derived apparent initial age α of organic matter distributions vs. lipid biomarker 

diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanoic acid CPI; (d) n-alkane CPI. 

Letters A – N refer to sites on Table 6.1. ............................................................................................ 197 

Figure 6. 6. Model-derived organic matter reactivity k (k = v/α) at the sediment-water interface vs. lipid 

biomarker diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanoic acid CPI; (d) n-alkane 

CPI. Letters A – N refer to sites on Table 6.1. .................................................................................... 199 

 

 

 

 

 



List of Abbreviations 

 

 

xv 
 

List of Abbreviations 

AOM Anaerobic Oxidation of Methane 

BIT Branched-Isoprenoid Tetraether Index 

BRNS Biogeochemical Reaction Network Simulator 

BSTFA/TMCS N,O-bis(trimethylsilyl)-trifluoroacetamide/trimethylchlorosilane 

CPI Carbon Preference Index 

DCM Dichloromethane 

DOC Dissolved Organic Carbon 

GDGT Glycerol Dialkyl Glycerol Tetraether 

GC Gas Chromatography 

GC-MS Gas Chromatography-Mass Spectrometry 

HMW High Molecular Weight 

HPLC-MS High Performance Liquid Chromatography-Mass Spectrometry 

LMW Low Molecular Weight 

MeOH Methanol 

OC:SA Organic carbon mineral surface area ratio 

OMZ Oxygen Minimum Zone 

RCM Reaction Continuum Model 

RMS Root Mean Square 

RTM Reaction-Transport Model 

SMTZ Sulphate-Methane Transition Zone 

SST Sea Surface Temperature 

SWI Sediment-Water Interface 

TAR Terrestrial-Aquatic Ratio 

POC Particulate Organic Carbon 

TEA Terminal Electron Acceptor 

TLE Total Lipid Extract 

TOC Total Organic Carbon 

 



Chapter 1 Introduction  

 

 

1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 – Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 Introduction  

 

 

2 
 

1.1 Organic Matter in Marine Sediments 

The fate of organic matter in marine sediments has been the target of intense investigation in 

the past decades. Several studies (Burdige, 2005; Emerson et al., 1985; Emerson and 

Hedges, 1988; Hedges, 1992; Hedges et al., 1997; Hedges and Keil, 1995; Hedges and 

Oades, 1997; Henrichs, 1992; Hülse et al., 2017; Keil et al., 1997) have investigated the 

sources, fluxes, and burial of organic matter in marine sediments. Yet, some of those studies 

have focused on the diagenetic alterations that take place in the sediment-water interface 

(SWI) and the understanding of kinetics of organic matter degradation. For example, an early 

compilation of degradation rate constants derived from marine sediments and laboratory 

experiments (Emerson and Hedges, 1988) revealed that kinetics of organic matter 

degradation spans several orders of magnitude (10-5 – 101 yr-1) and is associated with organic 

matter ageing. A recent comprehensive, global-scale reanalysis of organic matter degradation 

rate constants in marine sediments for a variety of distinct environments (Arndt et al., 2013) 

revealed an even larger variability (10-9 – 101 yr-1), although with poor correlations with single 

characteristics of depositional environments. 

Despite of a clear advance in the capability of quantifying organic matter degradation 

kinetics, it becomes evident that further advance is necessary to understand the geographical 

and environmental controls on organic matter reactivity in marine sediments. In particular, the 

sources of organic matter, i.e. terrestrial vs. marine, have often been invoked as a driver of 

organic matter reactivity in marine sediments (e.g., Burdige, 2005; Henrichs, 1992). 

Nevertheless, to date such relationship has not yet been systematically tested on global-scale 

and in the general environmental context. Such an assessment could produce valuable 

insights on the environmental controls of organic matter reactivity and its impact on 

biogeochemical cycles. 

The absence of such a holistic view motivated the idea that organic matter descriptors 

of sources, e.g. lipid biomarkers, could reveal or help to disentangle the controls on organic 
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matter reactivity on global-scale. Thus, a quantitative, large-scale assessment of organic 

matter reactivity coupled to organic matter molecular descriptors of source is developed here. 

A comprehensive range of depositional environments is investigated here adopting consistent 

model set-ups and analytical protocols throughout the entire dataset, thus assuring the 

comparability and transferability of results in a broad context. 

 

1.1.1 Carbon Cycle and Marine Sediments 

Marine sediments are one of the largest active pools of organic carbon on Earth and act as 

key components of the global carbon cycle, connecting the short-term and the geological long-

term cycles (Hedges, 1992). Yet, marine sediments are tightly linked to the terrestrial carbon 

cycle, due to significant carbon flow from land to oceans (Hedges et al., 1997; Hedges and 

Oades, 1997). Figure 1.1 shows a simplified conceptual illustration of active pools and transfer 

of organic carbon to marine sediments. 

Approximately, 1% of total terrestrial primary productivity is delivered to oceans as 

equivalent amounts of particulate (POC) and dissolved organic carbon (DOC), although only 

less than 0.5% of this material escapes degradation and is ultimately buried. This net transfer 

represents the main modern mechanism for preservation of terrestrial organic matter 

(Emerson and Hedges, 1988; Hedges and Keil, 1995). About 90% of fluvially-transported 

terrestrial organic carbon is buried in the continental margin, of which nearly half of this 

material is trapped in deltaic systems (Burdige, 2005; Keil et al., 1997). A small fraction of 

terrestrial organic matter also enters oceans via aeolian transport, although estimates are 

difficult to constrain, and thus uncertain (Hedges, 1992). Nevertheless, there is evidence that 

terrestrially-derived organic matter is transported through long distances from land to open 

oceans (Schreuder et al., 2018; Simoneit, 1977). 

Marine primary productivity in the photic zone represents the predominant source of 

autochthonous organic matter to marine sediments (Hedges and Keil, 1995). The biological 
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pump is the main sink mechanism for atmospheric CO2, since it exports both inorganic and 

organic carbon from surface waters to sediments (Hülse et al., 2017). Despite the high global 

marine primary production, the vertical transport efficiency decreases with depth, resulting in 

an global organic carbon burial of less than 0.1% (Emerson and Hedges, 1988). 

 

Figure 1. 1. Simplified conceptual illustration of carbon cycle and active pools of organic carbon. Arrows 
denote fluvial (green), aeolian (black), living marine biota (red and orange), marine DOC (yellow), and 
marine POC (brown) fluxes. Modified after Hedges and Oades (1997). 

 

 

 

Overall, organic matter is more efficiently buried in shallow sediments and along 

continental margins, where POC broadly ranges from 0.5 – 2 wt%. Deep-sea sediments 

normally exhibit low organic contents (< 0.5 wt%). Exceptions are high-productive, upwelling 

regions, e.g. Peru and Namibia margins, where POC contents can reach up to 10 wt% 

(Premuzic et al., 1982). This overall organic matter distribution pattern results from the 

combination of terrigenous input and high marine productivity in shallow areas, and efficient 

remineralization in deep waters (Hedges and Oades, 1997). 
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1.1.2 Sources of Organic Matter 

The sources of organic matter to marine sediments can be broadly divided into allochthonous 

terrestrial-derived and autochthonous marine-derived material (Hedges et al., 1997; Hedges 

and Oades, 1997; Meyers, 1997). Estimates suggest that one third of all organic carbon buried 

in marine sediments is of terrestrial origin, whereas the remainder is autochthonous organic 

matter (Burdige, 2005). 

 Sedimentary organic matter is characterized by a complex mixture of compound 

classes of different origins and that have experienced distinct degrees of diagenetic alteration 

prior to burial in those sediments. As such, bulk organic matter exhibits different degrees of 

reactivity and degradability (Henrichs, 1992; Zonneveld et al., 2010). Bulk material is often 

composed of highly altered, pre-aged, and recalcitrant terrigenous organic matter (De Leeuw 

and Largeau, 1993), and fresh, labile autochthonous material (Hedges and Oades, 1997). 

This is the classical view of source control on reactivity, which has recently been challenged 

with evidence that terrigenous organic matter can be as labile as marine sources (Marín-

Spiotta et al., 2014). In fact, fresh and labile sources of terrestrial-derived organic matter can 

contribute to significant proportions of buried material in shallow and coastal environments 

(Alkhatib et al., 2012; Cathalot et al., 2013; Pruski et al., 2015; Veuger et al., 2012). 

The fact that nearly two thirds of bulk organic matter buried in marine sediments cannot 

be characterized to a molecular level complicates the accurate source discrimination, and thus 

its reactivity. The remainder of bulk material is mostly composed of labile carbohydrates and 

amino acids, and a minor fraction of recalcitrant terrestrially-derived lignin. Between those two 

ends, lipids exhibit intermediate reactivity and represent ca. < 10% of bulk material (Arndt et 

al., 2013; Hedges and Oades, 1997; Henrichs, 1992). 
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1.2 Sediment Redox Conditions 

Marine sediments are characterized by a typical redox zonation, which in turns is intimately 

related to organic matter degradation (Figure 1.2). Organic matter is the electron donor and 

its degradation is thus associated with the availability of terminal electron acceptors (TEA). 

Underlying typically well-oxygenated water columns, organic matter degradation proceeds by 

sequentially consuming the most energetic yielding TEA, e.g. 𝑂2 > 𝑁𝑂3
− > 𝑀𝑛2𝑂 > 𝐹𝑒(𝑂𝐻)3 > 

𝑆𝑂4
2− (Froelich et al., 1979). 

 

 

Figure 1. 2. Simplified diagram of the typical redox zonation in marine sediments. Only the most 
relevant TEA (oxygen and sulphate) and reduced species (methane and hydrogen sulphide) are shown. 
Modified after Jørgensen and Kasten (2006). 

 

 

Oxygen is the most favourable TEA but the supply from overlying waters is limited, and 

thus oxygen is only available in upper sediment layers (Jørgensen and Kasten, 2006). When 

oxygen is completely depleted by aerobic respiration, anaerobic metabolism initiates the 

sequential utilization of other TEA, which is thermodynamically driven (Burdige, 2006). 

Although nitrate and metal oxides are thermodynamically more favourable, they usually are 

less important than sulphate (Thullner et al., 2009) due to larger availability of the later 

(Jørgensen and Kasten, 2006). Additionally, organic matter oxidation produces a series of 
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reduced species (ammonium, manganese (II), iron (II), hydrogen sulphide) that are re-

oxidised, and thus compete with organic matter for TEA (Middelburg and Levin, 2009). 

After all TEA are consumed, organic matter degradation proceeds via fermentation, 

which is independent of TEA, and in turn produces methane, i.e. methanogenesis. Methane 

accumulates in deep sediments layers and then diffuses upwards. When methane reaches 

the sulphate zone, anaerobic oxidation of methane (AOM) coupled to sulphate reduction takes 

place. The narrow zone where sulphate and methane overlap is defined as sulphate-methane 

transition zone (SMTZ) (Jørgensen and Kasten, 2006; Regnier et al., 2011). 

In anoxic sediments typically found in coastal, high sedimentation, and high 

productivity systems, organic matter is degraded anaerobically (Jørgensen and Kasten, 2006). 

Sulphate reduction and methanogenesis are the main metabolic pathways mediating 

degradation processes (Regnier et al., 2011). Overall, in both anoxic and oxic environments 

the depth zonation, and thus the SMTZ depth can significantly fluctuate from one depositional 

setting to another (Dale et al., 2008a; 2008b; Henkel et al., 2011; Hensen et al., 2003; Knab 

et al., 2008; Mogollón et al., 2012). Those fluctuations are related to input and quality of 

organic matter, and thus reactivity (e.g., Meister et al., 2013). Importantly, AOM acts as a 

major sink for methane and prevent that it reaches the surface, however in settings that exhibit 

a shallow SMTZ methane can escape AOM and diffuses out of the sediment (Dale et al., 2009; 

Regnier et al., 2011). 

 

1.3 Organic Matter Reactivity 

Organic matter reactivity spans several orders of magnitude and is highly variable across 

depositional environments (Arndt et al., 2013; Emerson and Hedges, 1988). Figure 1.3 shows 

a simplified diagram with the current knowledge about the ranges of apparent organic matter 

reactivity (𝑘) at SWI and its geographical patterns across distinct ocean basins (Arndt et al., 

2013). 
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Figure 1. 3. Model-derived apparent organic matter reactivity (𝑘) distribution and geographical patterns 
across ocean basins. Modified after Arndt et al. (2013). 

 

Overall, there is no clear pattern with apparent organic matter reactivity spanning the 

entire range in most regions. The exceptions are highly productive upwelling regions, e.g. the 

Arabian Sea. Here, the high rates of primary productivity induced by the monsoon regime and 

well-developed oxygen minimum zone (OMZ) results in efficient export of fresh, labile organic 

matter, thus resulting in burial of high reactivity organic matter (Cowie, 2005; Koho et al., 2013; 

Luff et al., 2000; Vandewiele et al., 2009). The high variability in coastal settings and 

continental margins results from variable input of terrestrial and marine materials with complex 

degrees of alteration prior to burial (Hedges et al., 1997). In open oceans and Equatorial 

upwelling regions, the large span in reactivity spectra is the combined effect of efficient 

degradation during settling (Emerson and Hedges, 1988; Hülse et al., 2017) and overall 

ageing at great water depths (Griffith et al., 2010). 

 The analysis of geographical patterns of apparent organic matter reactivity (Figure 1.3) 

also revealed that 𝑘 is poorly correlated with single characteristics of depositional 
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environments, e.g. water depth, sedimentation rates and fluxes of organic matter, as 

previously invoked (Boudreau, 1997; Müller and Suess, 1979; Tromp et al., 1995). In fact, 

organic matter reactivity results from the interplay of several environmental factors, e.g. 

sources of deposited material (Burdige, 2005; Hedges et al., 1997; Meyers, 1997), oxygen 

exposure time during settling and deposition (Hartnett et al., 1998; Hoefs et al., 2002; Huguet 

et al., 2008; Sinninghe Damsté et al., 2002a; Wakeham et al., 1997), TEA availability (Aller, 

1994; Aller and Aller, 1998), and ageing associated to transport mechanisms (Cathalot et al., 

2013; Griffith et al., 2010; Mollenhauer et al., 2007, 2003; Ohkouchi, 2002). 

 Collectively, environmental factors drive the patterns of organic matter reactivity (Arndt 

et al., 2013). However, quantifying organic matter reactivity in its broad context demands the 

adoption of robust tools that also captures the environmental forcing. Reaction-Transport 

Models (RTM) (Berner, 1980; Boudreau, 1997) are ideal tools, since they describe the 

dynamics of organic matter heterotrophic degradation accounting for transport (advection, 

molecular diffusion, bioturbation, and bioirrigation) and reaction (production and consumption) 

mechanisms. Nevertheless, RTMs are often limited in power and broad environmental 

significance due to the local and regional-scale of most studies (Arndt et al., 2013). Yet, the 

lack of comprehensive and consistent datasets limits model parametrization in a global context 

(Hülse et al., 2018). 

 RTMs have experienced significant evolution since early formulations, e.g. 1-G models 

that consider organic matter as one single pool and have a single apparent reactivity 𝑘 (Berner, 

1980). The multi-G models (Jorgensen, 1978; Westrich and Berner, 1984) evolved such 

approach by discerning organic matter into multiple discreet pools, each with distinct reactivity, 

i.e. labile (𝑘0), refractory (𝑘1), and non-reactive (𝑘𝑛𝑟) pools. A significant advance in the 

description of organic matter degradation kinetics happened with the development of 

continuous models, e.g. Power Model (PM) (Middelburg, 1989) and Reactive Continuum 

Model (RCM) (Boudreau and Ruddick, 1991). Those models capture more realistically organic 

matter degradation dynamics by assuming a continuous distribution of organic matter and a 
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decrease of apparent reactivity with time/depth/age (𝑘(𝑧)) as the most labile fraction are 

preferentially degraded (Boudreau and Ruddick, 1991). 

 When coupled to generic models that account for the full complexity of diagenetic 

processes involved in organic matter heterotrophic degradation, e.g. the Biogeochemical 

Reaction Network Simulator (BRNS) (Aguilera et al., 2005; Regnier et al., 2002), RTMs are 

robust tools for investigating global-scale organic matter degradation dynamics, and thus 

quantify apparent reactivity in a broad environmental context. In fact, such RTM approaches 

have been extensively applied to quantify benthic dynamics for a vast number of depositional 

environments and time-scales (Arndt et al., 2009; Dale et al., 2008a; 2008b; 2009; Mogollón 

et al., 2012; Wehrmann et al., 2013). However, in most cases model formulations are not 

directly comparable, thus results have low transferability in the global-scale. Therefore, there 

is a current demand for global-scales, comprehensive and consistent investigations that allow 

a great degree of transferability and have global scale significance. Yet, if coupled to additional 

organic matter descriptors, e.g. organic matter characterization to a molecular level (e.g. lipid 

biomarkers), RTMs have the potential to produce significant insights to the global controls of 

organic matter reactivity. 

 

1.4 Characterization of Organic Matter Sources 

Sedimentary organic matter characterization comprises a broad range of techniques, from 

bulk parameters determination, e.g. 𝐶/𝑁 ratios, 𝛿13𝐶 and 𝛿15𝑁, and 𝛥14𝐶, to molecular 

characterization of a plethora of biochemicals (Hedges and Oades, 1997; Meyers, 1997). 

Overall, given organic matter complex compositions (Henrichs, 1992; Zonneveld et al., 2010), 

a full characterization is often challenging and likely unfeasible for large datasets. Thus, 

specific compound classes or groups are often targeted according to their suitability as 

biomarkers. Of those, lipids are considered good biomarkers, since they are source-specific, 
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retain information about their sources and environmental context they were synthetized and 

buried, and are usually well preserved in the sedimentary archive (Meyers, 1997). 

 Lipid biomarker compositions are robust tools for distinguishing sedimentary organic 

matter from terrestrial-derived and marine-derived sources (e.g., Meyers, 1997; Schouten et 

al., 2013). Figure 1.4 shows ubiquitous lipids in marine sediments of both terrestrial (green 

box) and aquatic (blue box) origins. 

 

 

Figure 1. 4. Lipid biomarkers commonly found in marine sediments and employed for distinguishing 
terrestrial (green box) and aquatic sources. Upper row shows n-alkyl lipids derived from plant waxes (a 
– c) and algal and bacterial (d – f) origins. Lower row shows branched GDGTs derived from soil bacteria 
(g – h) and isoprenoid GDGTs derived from pelagic archaea (I – j). (a) C26 n-alkanoic acid; (b) C26 n-
alkanol; (c) C29 n-alkane; (d) C16 n-alkanoic acid; (e) C16 n-alkanol; (f) C17 n-alkane; (g) GDGT-I; (h) 
GDGT-Ib; (i) GDGT-0; (j) Crenarchaeol. 

 

 

The identification of terrestrial-derived plant material based on n-alkyl lipids relies on 

the predominance of high molecular weight (HMW) compounds, since those lipids are 

abundant constituents of plant waxes compared to aquatic sources. The n-alkanoic acids and 

n-alkanols of plant waxes origin exhibit an even-over-odd predominance, whereas n-alkanes 

have a typical odd-over-even predominance (Eglinton et al., 1962; Eglinton and Hamilton, 
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1967). In contrast, aquatic and bacterial sources produce predominantly low molecular weight 

(LMW) n-alkyl lipids, albeit with similar even-over-odd predominance for n-alkanoic acids and 

n-alkanols and odd-over-even for n-alkanes (Perry et al., 1979; Volkman et al., 1998, 1989; 

Zhukova and Aizdaicher, 1995). Thus, terrestrial and aquatic sources can be identified based 

on the relative distributions of LMW and HMW n-alkyl lipids preserved in sediments. 

Additionally, the relative contribution of terrestrial and aquatic organic matter sources can be 

estimated based on the Terrestrial-Aquatic Ratio (TAR) (Bourbonniere and Meyers, 1996; 

Meyers, 1997). Yet, the degree of alteration of terrestrial-derived HMW n-alkyl lipids, and thus 

ageing of organic matter can be estimated based on the Carbon Preference Index (CPI) (Bray 

and Evans, 1961; Cooper and Bray, 1963; Madureira et al., 1995; Matsuda and Koyama, 

1977). 

 Likewise, terrestrial sources in marine sediments can be recognized based on br-

GDGT distributions, which are predominantly produced by soil bacteria (Hopmans et al., 2004; 

Weijers et al., 2007, 2006). In contrast, aquatic sources are characterized by the i-GDGT 

distributions, which exhibit predominant sources in pelagic archaea (Hopmans et al., 2004; 

Sinninghe Damsté et al., 2002b). Yet, the relative contribution of soil material input is 

estimated based on the Branched-Isoprenoid Tetraether (BIT) index (Hopmans et al., 2016, 

2004). 

 Lipid biomarker characterizations for identification of organic matter sources have 

been largely applied in the water column (Hernandez et al., 2008; Hernández-Sánchez et al., 

2014; Meyers and Eadie, 1993; Venkatesan et al., 1987; Wakeham et al., 1997), deep-sea 

sediments (Hoefs et al., 2002; Madureira et al., 1995; Santos et al., 1994; Sinninghe Damsté 

et al., 2002a), and land-to-ocean transects (Hu et al., 2009, 2006; Kim et al., 2010, 2006; 

Sparkes et al., 2015; Strong et al., 2012; van Dongen et al., 2008; Vonk et al., 2010; 

Zimmerman and Canuel, 2001). Those studies have not only showed substantial variations in 

the sources of organic matter based on lipid biomarker distributions, they also indicated or 

inferred that lipid biomarkers experience differential degrees of diagenetic alteration during 
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settling and burial. As such, lipid biomarker distributions offer means for investigating organic 

matter reactivity buried in marine sediments. However, despite of the variety of lipid biomarker 

studies in distinct depositional environments, the available data is not consistent throughout 

the vast range of investigations. That largely precludes global-scale assessments and the 

robust comparisons with additional environmental parameters. 

 

1.4.1 Lipid Biomarkers as Reactivity Indicators 

The different components of bulk organic matter have different susceptibilities to heterotrophic 

degradation. Thus, from source to final sink, those components experience differential and 

progressive degrees of alteration, which results in a highly altered record and overall 

compositional changes of bulk organic matter buried in marine sediments (Zonneveld et al., 

2010). 

Lipid biomarker abundances and distributions experience extensive alteration during 

transport and deposition. Overall, lipid biomarkers degrees of alteration are often higher than 

that experienced by bulk organic matter. Previous studies show that during settling lipid 

biomarkers are selectively degraded compared to bulk organic matter contents (Meyers and 

Eadie, 1993; Venkatesan et al., 1987; Wakeham et al., 1997). Likewise, during deposition and 

burial lipid biomarkers are continuously and selectively degraded (Canuel and Martens, 1996; 

Farrington et al., 1977; Haddad et al., 1992; Hoefs et al., 2002; Santos et al., 1994; Sinninghe 

Damsté et al., 2002a). Therefore, this is compelling evidence of enhanced lability of lipid 

biomarkers compared to overall bulk organic matter recalcitrance. Nevertheless, there is 

evidence of terrestrially-derived HMW n-alkanes exhibiting lower degradability than bulk 

material (Prahl et al., 2003; Sinninghe Damsté et al., 2002a). 

Lipid biomarkers susceptibility to heterotrophic degradation shows marked variability 

within and among compound classes. Overall, marine-derived lipids are expected to exhibit 

enhanced lability in comparison to lipids of terrestrial origin. The rationale behind such pattern 
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is that allochthonous lipids will experience more extensive alteration and ageing processes 

during transport than those of autochthonous origins (Burdige, 2005; Hoefs et al., 2002; 

Huguet et al., 2008; Sinninghe Damsté et al., 2002a). Nevertheless, terrestrial-derived organic 

matter can be as reactive as marine-derived material (Marín-Spiotta et al., 2014). In fact, there 

is evidence that terrestrial-derived n-alkanoic acids have enhanced reactivity in shallow 

depositional environments (Pruski et al., 2015) in comparison to marine counterparts in deep-

sea (Sun and Wakeham, 1994). Therefore, lipid biomarkers reactivity patterns are not solely 

related to their sources but also to the overall distance from sources, transport mechanisms 

and characteristics of each depositional setting. 

Lipid biomarkers exhibit general widely recognizable patterns regarding susceptibility 

to heterotrophic degradation, and thus reactivity. Of the most common lipids found in marine 

sediments, alkanoic acids have one of the highest apparent reactivity. In contrast, n-alkanes 

are within the least reactive lipids (Canuel and Martens, 1996; Farrington et al., 1977; Haddad 

et al., 1992; Hoefs et al., 2002; Meyers and Eadie, 1993; Sinninghe Damsté et al., 2002a; Sun 

and Wakeham, 1994; Wakeham et al., 1997). Within those two apparent reactivity end-

members, there is a wide spectra of compound classes. Importantly, those relationships are 

not steady and can be variable according to characteristics of depositional environment and 

organic matter sources and input.  

Within alkanoic acids, the chemical structure seems to exert a first-order control on the 

reactivity of those lipids. Overall, long-chain saturated n-alkanoic acids are the least reactive 

lipids within this class. In contrast, polyunsaturated counterparts are the most susceptible to 

heterotrophic degradation. The increase in recalcitrance order can be broadly summarised as: 

polyunsaturated alkanoic acids < monounsaturated alkanoic acids < br-alkanoic acids < short-

chain n-alkanoic acids < mid-chain n-alkanoic acids < long-chain n-alkanoic acids (Canuel and 

Martens, 1996; Farrington et al., 1977; Haddad et al., 1992; Meyers and Eadie, 1993; Sun and 

Wakeham, 1994; Wakeham et al., 1997). However, there is evidence which show lower 
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apparent reactivity of LMW n-alkanoic acids in comparison with HMW counterparts (Hoefs et 

al., 2002; Sun and Wakeham, 1994). 

The n-alkanols exhibit intermediate apparent reactivity between n-alkanoic acids and 

n-alkanes. Overall, LMW n-alkanols exhibit enhanced reactivity, whereas HMW homologues 

are less susceptible to degradation (Hoefs et al., 2002; Santos et al., 1994; Sun and 

Wakeham, 1994).  

The n-alkanes are amongst the least reactive lipid biomarkers, resulting in enhanced 

resistance to heterotrophic degradation. The absence of unsaturation and functionalisation 

make n-alkanes less susceptible to microbial attack, thus resulting in lower reactivity (Meyers 

and Eadie, 1993). Like other n-alkyl lipids, LMW n-alkanes are more reactive than HMW 

counterparts (Hoefs et al., 2002; Prahl et al., 2003; Santos et al., 1994; Sinninghe Damsté et 

al., 2002a; Wakeham et al., 1997). 

 GDGTs do not show clear patterns of reactivity within class, especially among 

isoprenoid GDGTs ( Sinninghe Damsté et al., 2002a). However, there is an apparent higher 

reactivity among i-GDGTs than br-GDGTs associated with extended oxygen exposure times 

(Huguet et al., 2009, 2008). 

 Alkenones are considered relatively recalcitrant lipids (Rechka and Maxwell, 1988), 

although alkenones experience intense degradation during settling and burial (Gong and 

Hollander, 1999; Hoefs et al., 1998; Huguet et al., 2009; Rontani et al., 2008). Most 

importantly, there is controversial evidence regarding the selective degradation (Gong and 

Hollander, 1999; Hoefs et al., 1998; Huguet et al., 2009; Rontani et al., 2008, 2005) or not 

(Prahl et al., 1989; Rontani et al., 1997; Teece et al., 1998) of the most unsaturated 

components. The possible implications of alkenone selective degradation are discussed later 

on (Section 1.4.3 and Chapter 2). 

Overall, the wide spectra of lipid biomarkers reactivity offer possibilities for 

investigating bulk apparent organic matter reactivity in the context of their sources. However, 
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an objective scale of reactivity within compound classes is difficult to constrain, since not all 

lipid classes are quantitatively assessed throughout investigations. Yet, lipid biomarkers 

differential reactivity must always be examined within the environmental context of each 

depositional setting. 

 

1.4.2 Controlling Factors on Lipid Biomarkers Reactivity 

Chemical structures (Figure 1.4) certainly exert a significant influence on lipid biomarkers 

heterotrophic degradation, and thus reactivity (Hedges and Oades, 1997; Sun and Wakeham, 

1994). However, reactivity controls are beyond single drivers and environmental factors play 

an important role during organic compounds degradation and reactivity. 

 Oxygen exposure time has a significant impact on lipid biomarkers abundances and 

distributions. The effects on short time-scales (settling and deposition) are less intense than 

long time-scales exposure during burial (e.g. Madeira Abyssal Plain turbidites) (Hoefs et al., 

2002; Sinninghe Damsté et al., 2002). Overall, prolonged exposure to oxygen yields significant 

diagenetic alteration of both bulk organic matter and lipid biomarkers, albeit in different scales 

(Huguet et al., 2009, 2008; Prahl et al., 2003). 

 Physical protection by mineral matrix association and packing on large organic 

aggregates attenuates degradation, especially for terrestrial-derived organic matter. The 

effects of physical protection are widely observed in a variety of depositional environments 

(Hoefs et al., 2002; Santos et al., 1994; Sinninghe Damsté et al., 2002a; Sun and Wakeham, 

1994; Wakeham et al., 1997). 

 Organic matter reworking during transport, burial, and post-burial results in significant 

ageing of organic matter and redistribution of fractions or compound classes. Such processes 

result in overall decrease in bulk organic matter reactivity (Griffith et al., 2010) and in co-
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occurring components with distinct degrees of ageing (Mollenhauer et al., 2007, 2003; 

Ohkouchi, 2002). 

 Overall, those factors show the complexity of controls on organic matter reactivity of 

both bulk material and specific lipid biomarkers. Thus, a comprehensive understanding of 

reactivity controlling factors must consider the alterations during transport and the 

environmental context where organic matter is buried. 

 

1.4.3 Implications of Lipid Biomarkers Differential Degradation 

The differential degradation among and within compound classes offers opportunities to 

further understand organic matter reactivity dynamics in the context of its sources. However, 

in certain cases selective degradation may compromise the applicability of lipid biomarkers as 

environmental proxies. Selective degradation can result in biased results and erroneous 

interpretation of proxies, e.g. 𝑈37
𝐾′ and 𝑇𝐸𝑋86 paleothermometry, if preferential degradation is 

intense. 

 GDGT-based proxies have shown to be affected by selective degradation under 

intensive oxygen exposure times during burial at the Madeira Abyssal Plain turbidites. The 

𝑇𝐸𝑋86 paleotermometer (Schouten et al., 2002) experienced variable degrees of bias due to 

selective degradation of i-GDGTs (Huguet et al., 2009). The BIT index (Hopmans et al., 2004) 

experienced even stronger biases due to selective degradation of Crenarchaeol by up to an 

order of magnitude faster than co-occurring br-GDGTs, resulting in a strongly biased soil-

derived character of buried organic matter (Huguet et al., 2008). 

 The alkenone-based 𝑈37
𝐾′ paleothermometer (Brassell et al., 1986; Prahl and 

Wakeham, 1987) is a common example of potentially biased proxy due to selective 

degradation of the most unsaturated C37:3 alkenone compared to C37:2 counterpart (e.g., Gong 

and Hollander, 1999; Hoefs et al., 1998). A large debate took place in the past two decades 
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on the occurrence or not of alkenones selective degradation and the significance of impact on 

the paleothermometer. However, little advance was made in quantitatively and systematically 

investigate the extent and relevance of such bias. Thus, here (Chapter 2) a comprehensive 

model-derived sensitivity study is developed in order to assess the range of possible factors 

controlling alkenone selective degradation, as well as the extent of bias and its significance in 

the context of sea surface temperature paleoreconstructions. 

 

1.5 Research objectives 

The global-scale controls on organic matter reactivity are highly complex and cannot be 

explained by simple relationships. Constraining such complexity demands the identification of 

multiple factors acting upon organic matter during transport, deposition and burial. Thus, 

global-scale multidisciplinary approaches are crucial for advancing our understanding on 

organic matter reactivity and its ramifications for biogeochemical processes (Arndt et al., 

2013). 

 Currently, there is a general lack of global-scale studies that integrate the complexity 

of parameters for a comprehensive understanding of organic matter reactivity. Model 

investigations are often limited in transferability due to their local and regional-scale nature. 

Additionally, the availability of datasets to constrain model parameters for global-scale 

investigations is largely limited. Similarly, the availability of global datasets on additional 

organic matter characteristics, e.g. compositions and degrees of alteration and ageing, is also 

limited. Altogether, those factors preclude the development of a global-scale framework 

capable of disentangle the controls on organic matter reactivity. 

 Here, those problems are tackled on a large-scale, combined investigation of organic 

matter reactivity and its relationships with organic matter sources and compositions. A variety 

of depositional environments, ranging from shallow and marginal to deep-sea settings with 

distinct depositional regimes, are systematically probed using consistent model parameters 
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and laboratory protocols. Thus, the overall aim of this work is to quantitatively establish a 

relationship between organic matter reactivity and organic matter compositions and degrees 

of alteration. Yet, investigate such relationships in the broad context of each depositional 

environment. The specific objectives are: 

(i) Quantify organic matter reactivity throughout the entire range of depositional 

environments using a consistent model structure that will allow comparability of 

results within settings and transferability in global-scale. Additionally, explore the 

range of reactivity (and its underlying parameters) in the context of single 

characteristics of depositional environments and test their ability as predictors of 

reactivity. Those objectives are addressed on Chapter 4 alongside a detailed 

description of the model approach. 

(ii) Characterize the sources of sedimentary organic matter for the same range of 

depositional environments using lipid biomarkers. In detail, determine the relative 

abundances and distributions of lipid biomarkers (e.g. n-alkyl lipids and GDGTs) 

and distinguish the sources of organic matter (e.g., terrestrial-derived vs. marine-

derived) to those sediments. Additionally, use lipid biomarker compositions to 

assess the degrees of organic matter alteration and ageing. Those objectives are 

addressed on Chapter 5. 

(iii) Explore the links between model-derived organic matter reactivity and organic 

matter compositions and degrees of alteration based on lipid biomarkers. In detail, 

systematically probe reactivity and its underlying parameters alongside lipid 

biomarker compositions to identify the relationships between reactivity and sources 

of organic matter. Additionally, explore those relationships in the broad context of 

each depositional regime for a comprehensive and robust analysis. Those 

objectives are explored on Chapter 6. 
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The characteristics of each depositional environment are briefly introduced in Chapter 

3. Similarly, the sampling sites and site-specific characteristics are addressed on Chapter 3. 

In short, the depositional environments are: Severn estuary; Helgoland (North Sea); 

Skagerrak; Aarhus Bay; Arkona Basin (Western Baltic); Rhone delta; Arabian Sea OMZ; 

Bering Sea; and Argentine Basin. Altogether, those settings cover a broad range of 

depositional regimes and characteristics, thus allowing a detailed investigation of the large-

scale patterns of organic matter reactivity. 

Additionally, a detailed sensitivity study on the effects of alkenone degradation and its 

impacts on the 𝑈37
𝐾′ paleothermometry are discussed on Chapter 2. This study has significant 

implications for the 𝑈37
𝐾′ paleothermometer and explores the potential bias of sea surface 

temperature estimates. Yet, it illustrates the successful application of RTM to evaluate 

reactivity alongside lipid biomarkers and offers an introductory view of model parameter 

adopted in later chapters. 
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Paleothemometry: a model-derived assessment 
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The following chapter has been fully published as Freitas et al. (2017) in Paleoceanography – 

32(6) 648-672, doi: 10.1002/2016PA003043. The candidate’s contributions as lead author 

were design the model experiment with S. Arndt, run all model experiments, compile and 

interpret model results, and write the manuscript. R.D. Pancost and S. Arndt contributed with 

the interpretation and discussion of model results. 

 

2.1 Introduction 

Alkenones are long chain unsaturated ketones (C36-C39; di-, tri-, or tetra-unsaturated) that were 

first detected in marine sediments by Boon et al. (1978) and then systematically identified by 

de Leeuw et al. (1980) and Volkman et al. (1980b). In the present day ocean, the modern 

biological precursor of these compounds are reticulofenestrid haptophytes, such as Emiliania 

huxleyi and Gephyrocapsa oceanica (Conte and Eglinton, 1993; Marlowe et al., 1990; 

Volkman, 2000; Volkman et al., 1995, 1980a, 1980b). Although the occurrence of alkenones 

extends to the Cretaceous period (Brassell and Dumitrescu, 2004; Farrimond et al., 1986), the 

presence of alkenones in Cretaceous sediments is uncommon and restricted to di-unsaturated 

alkenones, possibly because the C37:3 metabolic pathway only developed in response to long-

term global cooling (Brassell, 2014). The oldest observed tri-unsaturated alkenones occur in 

early Eocene sediments, but even then they are relatively uncommon (Brassell, 2014; 

Marlowe et al., 1984; Weller and Stein, 2008).  

Crucially, numerous studies have revealed a relationship between the degree of 

unsaturation of C37 alkenones (C37:2, C37:3, and C37:4; Figure 2.1) and algae growth 

temperature, resulting in the development of the U37
K  index as a proxy for sea surface 

temperature (Brassell et al., 1986). However, because C37:4 alkenone concentrations are 

typically low (or zero) (Grimalt et al., 2000) and display a high variability in relative abundance 

and geographic distribution across ocean basins, as well as a poor correlation with SST 

(Bendle and Rosell-Melé, 2004; Rosell-Melé et al., 1994; Sikes et al., 1997; Sikes and Sicre, 
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2002), Prahl and Wakeham (1987) and Prahl et al. (1988) proposed the now more widely used 

U37
K′ (Eq. 2.1) index based on the concentrations of C37:3 and C37:2 alkenones: 

U37
K′  =

[𝐶37:2]

[𝐶37:2] + [𝐶37:3]
 (2.1). 

 

The quantitative relationship between the U37
K′ index and ambient growth temperature has been 

calibrated on the basis of laboratory cultures, as well as on suspended particulate organic 

matter and sediment coretops (Müller et al., 1998; Prahl and Wakeham, 1987).  

 

 

Figure 2. 1 Chemical structure of C37 alkenones. (I) Heptatriaconta-8,15-dien-2-one – C37:2; (II) 
Heptatriaconta-8,15,22-trien-2-one – C37:3; (III) Heptatriaconta-8,15,22,29-tetraen-2-one – C37:4. 

 

Alkenones are usually well preserved in the sedimentary record (Prahl et al., 2000; 

Sikes et al., 1991). As such, the U37
K′ paleothermometer is considered diagenetically robust 

(i.e. resistant and/or little altered during diagenesis) and is extensively used to reconstruct 

past ocean and lake surface temperature (Brassell, 2014; Ho et al., 2013; Prahl et al., 2000, 

2003). Consequently, the validity of the proxy relies on the assumptions that alkenones are 

relatively recalcitrant and, more importantly, that all C37 alkenones degrade at similar rates. 

However, several studies have shown that alkenones can be rapidly degraded in the water 

column, in marine sediments, and under laboratory conditions (Conte et al., 1992; Freeman 

and Wakeham, 1992; Gong and Hollander, 1999; Hoefs et al., 1998; Huguet et al., 2009; 

Rontani et al., 2008, 2005; Rontani and Wakeham, 2008; Teece et al., 1998). In addition, 
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unsaturated lipids are generally considered more easily degradable than saturated 

compounds (Cranwell et al., 1987; Grimalt et al., 2000; Volkman et al., 1983), and different 

alkenones might thus be degraded at different rates.  

However, there is conflicting evidence regarding the question whether there is a 

preferential degradation of C37:3 over C37:2 alkenones. Several studies found no evidence for 

preferential degradation (e.g., Prahl et al., 2000, 2003, 1989; Sikes et al., 1991; Conte et al., 

1992; Rontani et al., 1997;  Teece et al., 1998;  Grimalt et al., 2000; Herbert, 2001), whereas 

others directly observed or inferred a higher degradation of the C37:3 alkenone (Freeman and 

Wakeham, 1992; Gong and Hollander, 1999; Hoefs et al., 1998; Huguet et al., 2009; Rontani 

et al., 2013, 2008, 2005). Their observations indicate that the potential bias in reconstructed 

SST induced by such a preferential degradation ranges from 0 to up to +5.9 ºC under both 

oxic and anoxic conditions and in both in the water column and sediments (Rontani et al., 

2013).  

Regardless of the main drivers of preferential degradation, a potential diagenetic 

modification of the primary signal could have important implications for paleoreconstructions 

and could result in erroneous conclusions. For instance, many Paleogene sediments only 

contain the C37:2 alkenone (e.g., Lyle et al., 2006; Marlowe et al., 1984; Mercer and Zhao, 

2004; Pagani et al., 2000, 1999). These observations could be interpreted as a high SST 

during the Paleogene or could be the result of preferential degradation of the C37:3 alkenone. 

Much of the scientific debate has revolved around the existence of preferential degradation 

and its potential controls, whereas little attention has been devoted to quantitatively assessing 

the potential influence of preferential degradation on the downcore profiles of C37:2 and C37:3 

and thus, the evolution of the U37
K′ ratio during burial. Such an assessment would not only 

advance our understanding of the possible impacts of preferential degradation on the U37
K′ 

derived paleoreconstructions but could also help identify the range of conditions (e.g. 

sedimentation rate, concentrations, degradation rate constants) under which preferential 
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degradation could compromise the applicability of the U37
K′ paleothermometer.  Furthermore, it 

could help disentangle the interplay between preferential degradation and additional 

processes that can induce SST biases, such as resuspension and lateral transport (e.g., 

Benthien and Müller, 2000; Mollenhauer et al., 2003; Ohkouchi et al., 2002). 

However, alkenone degradation rate constants are poorly constrained, making it 

difficult to quantitatively assess the influence of preferential degradation on U37
K′ derived 

paleoreconstructions. In addition, extrapolating experimental results of alkenone degradation 

to geological timescales, especially over a large range of environmental conditions, is not 

straightforward. Therefore, here we use a reaction-transport model (RTM) approach (Berner, 

1980; Boudreau, 1997) to quantitatively assess the potential impact of preferential degradation 

on the U37
K′ paleothermometer during burial in marine sediments. The specific aims of this work 

are to: (1) quantitatively assess the impact of preferential degradation on 𝑈37
𝐾′ 

paleothermometry; (2) identify the main factors that control SST biases and quantify their 

relative significance; and (3) based on the model results, evaluate the impact of preferential 

degradation on the application of the U37
K′ paleothermometer. With respect to the latter, we 

revisit previously published data, but our goal is not to recalculate published SSTs; rather it is 

to explore the implications of our sensitivity experiment for such records and provide a guide 

for critical assessment of the 𝑈37
𝐾′ proxy in future studies. 

 

2.2 Model Description 

The RTM approach allows the simultaneous tracking of alkenone concentrations and the 

sedimentary 𝑈37
𝐾′ indices in a given sediment layer during burial in marine sediments. 

Additionally, model simulations enable an evaluation and comparison of short- and long-term 

impacts. Here, we first provide a detailed description of the modelling approach. The model is 

then used to explore the evolution of the 𝑈37
𝐾′ ratio during burial for different environmental 

conditions (depositional environments with distinct sediment accumulation rates and 
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bioturbation coefficients), U37
K′ initial values, and alkenone degradation parameters 

(degradation rate constant and differential degradation factor between alkenones). We 

develop a comprehensive sensitivity study that allows us to explore the full range of these 

parameters, given their poorly constrained nature, in order to establish a quantitative 

framework for understanding the conditions under which 𝑈37
𝐾′ indices could have been biased. 

The model developed here is based on the vertically-resolved mass conservation equation for 

alkenones in marine sediments  (Eq. 2.2) (e.g., Berner, 1980): 

𝜕𝐶37:𝑖
𝜕𝑡

 = − 
𝜕𝐹𝑖
𝜕𝑧
 + ∑𝑅𝑖

𝑗

𝑗

 (2.2), 

where 𝐶37:𝑖 is the concentration of alkenone i, z is the sediment depth, t denotes the time, Fi 

summarizes the advective and dispersive flux divergence of alkenone i and ∑ 𝑅𝑖
𝑗

𝑗  represents 

the sum of production/consumption rates j that affect alkenone i. This approach allows the 

evolution of alkenone concentration to be explored with both burial time and burial depths. 

Burial depth and time are directly linked via the characteristic timescales of transport 

processes Fi (i.e. in a non-compacting sediment, burial time t=z/w). Figure 2.2 shows a 

conceptual illustration of the alkenone degradation model applied here and the following 

sections provide a detailed model description. 

The model accounts for the advective burial flux of alkenones, as well as the random 

displacement of sediments caused by the activity of infaunal organisms in the bioturbated 

zone of the sediment (z < zbio), which is described as a dispersive process (Boudreau, 1986) 

with a constant bioturbation coefficient Dbio. The bioturbation coefficient is set to zero below 

the bioturbated zone. In addition, alkenones are consumed by heterotrophic degradation 

during burial. The degradation of organic compounds is a multi-step process. However, the 

initial hydrolysis step is considered to be the rate limiting step and the degradation process is 

thus generally described as a single step reaction following first order kinetics (e.g., Arnosti, 

2011). Traditionally, organic matter reactivity and thus, the reaction rate constant or reactivity, 
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k, of the kinetic rate law is assumed to be controlled by the molecular structure of the organic 

compound (e.g., Rechka and Maxwell, 1988; Sun and Wakeham, 1994). In this case, the 

susceptibility of alkenone C37:i towards microbial degradation would not change during burial 

and its degradation can thus be described by a constant reactivity ki. The resulting rate law is 

equivalent to the so-called 1G Model (e.g., Boudreau, 1997). However, some empirically 

determined ki values from pelagic environments and shallow oxic sediments are extremely 

high. For instance, Gong and Hollander (1999) determined  rate constants of  ki ≈ 10-3 yr-1 for 

sediments from the Santa Monica Basin, and Freeman and Wakeham (1992) and Sun and 

Wakeham (1994) measured a value of ki = 9.0 . 10-3 yr-1 in sediments from the Black Sea. If 

applied in a 1G Model, such high rate constants would result in a complete alkenone 

consumption within the upper sediment layer and thus, contradict the observed persistence of 

alkenones in marine sediments, suggesting that these rate constants are not representative 

or that alkenone reactivity might decrease with depth/time. Indeed, observations have shown 

that the reactivity of organic matter is not only controlled by its chemical structure. Organic 

matter reactivity results from the interplay between the organic matter and its environment, 

and consequently is not a characteristic attributed solely to organic matter itself (Mayer, 1995). 

Therefore, the reactivity of the C37 alkenones could, in addition to their molecular structures, 

also be controlled by factors such as the macromolecular structure in which the compounds 

are incorporated, oxygen exposure time and terminal electron acceptor availability, microbial 

community structure, physical protection, and priming (e.g., Aller, 1994; Arndt et al., 2013; 

Burdige, 2006; Keil et al., 2004; Zonneveld et al., 2010). In fact, observational evidence 

indicates that the degradation of lipids, amino acids, carbohydrates, as well as of bulk organic 

carbon is more similar within a depositional setting than the degradation of individual 

compounds across sites (e.g., Burdige, 2006). This suggests that alkenones degrade similarly 

as bulk organic matter and that additional environmental controls could cause a decrease in 

apparent alkenone reactivity during burial. Several studies support this hypothesis. They show 

that additional factors, such as oxygen exposure times  (e.g., Gong and Hollander, 1999) and 
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microbial community dynamics (e.g., Rontani et al., 2008), can exert an influence on the 

apparent reactivity of alkenones, causing k to decrease during burial. Such a decrease in 

reactivity can be mathematically described by a power law, equivalent to the widely used 

reactive continuum (RCM) and power models of organic matter degradation (Boudreau and 

Ruddick, 1991; Middelburg, 1989). Here, we developed two reactivity scenarios to test the 

influence of preferential degradation on changes in SST assuming (1) a constant alkenone 

reactivity with burial depth (1G Model), based on the classical view of a chemical structure 

controlled degradation, and (2) a decreasing alkenone reactivity with burial depth (power 

model/reactive continuum model), based on observational evidence for additional controls on 

apparent alkenone reactivity. 

 

Figure 2. 2 Schematic representation of one-dimensional alkenone degradation in marine sediments 
with main model elements. (a) Hypothetical downcore evolution of C37 alkenone concentrations (C37:i) 
as a result of transport and reaction processes during burial in the sediment; the blue line represents 
C37:2 alkenone concentrations, whereas the red line represents C37:3 concentrations. The green arrow 
indicates the preferential degradation factor, fC37:3, of C37:3 over C37:2 during selective degradation. (b) 
Conceptual representation of C37 alkenone burial and degradation as a modelled sediment column; the 
green hexagons represent C37 alkenone concentrations and the red line marks the limit of bioturbated 
zone (zbio). Dbio denotes the bioturbation diffusion coefficient. SWI represents the sediment water 
interface. 
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Scenario 1: Constant reactivity ki, during burial (1G Model) (Eq. 2.3 – 2.4) 

Assuming a constant reactivity, ki, the vertically-resolved mass conservation equation for 

alkenone concentrations, C37:i, in marine sediments can be formulated as: 

 

𝜕𝐶37:𝑖

𝜕𝑡
 = 𝐷𝑏𝑖𝑜

𝜕2𝐶37:𝑖

𝜕𝑧²
 + 𝜔

𝜕𝐶37:𝑖

𝜕𝑧
 – 𝑘𝑖𝐶37:𝑖 for 𝑧 <  𝑧𝑏𝑖𝑜 (2.3) 

   

𝜕𝐶37:𝑖

𝜕𝑡
 =  𝜔

𝜕𝐶37:𝑖

𝜕𝑧
 – 𝑘𝑖𝐶37:𝑖 for 𝑧 ≥  𝑧𝑏𝑖𝑜 (2.4), 

 

where C37:i represents the alkenone (C37:2 or C37:3) concentration at depth, Dbio denotes the 

bioturbation diffusion coefficient, ω is the burial velocity, and ki is the first order degradation 

rate constant for alkenone C37:i. A preferential degradation factor fC37:3 relates the degradation 

rate constants ki of C37:3 and C37:2 alkenones and thus, serves as a quantitative measure of 

the extent of preferential degradation: 

 

𝑘37:3  =  𝑓𝐶37:3. 𝑘37:2 (2.5). 

 

Scenario 2: Decreasing reactivity ki (z), during burial (Reactive Continuum Scenario) (Eq. 2.6 

– 2.7): 

A decrease in alkenone reactivity during burial can be mathematically described by a power 

law and is equivalent to the widely used reactive continuum (RCM) and power models of 

organic matter degradation (Boudreau and Ruddick, 1991; Middelburg, 1989). Assuming a 

decreasing reactivity, ki(z), the vertically-resolved mass conservation equation for alkenone 

concentrations, C37:i, in marine sediments is then given by: 
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𝜕𝐶37:𝑖

𝜕𝑡
 = 𝐷𝑏𝑖𝑜

𝜕2𝐶37:𝑖

𝜕𝑧²
 + 𝜔

𝜕𝐶37:𝑖

𝜕𝑧
 – 𝑘𝑖(𝑧)𝐶37:𝑖 for 𝑧 <  𝑧𝑏𝑖𝑜 (2.6) 

   

𝜕𝐶37:𝑖

𝜕𝑡
 =  𝜔

𝜕𝐶37:𝑖

𝜕𝑧
 – 𝑘𝑖(𝑧)𝐶37:𝑖    for 𝑧 ≥  𝑧𝑏𝑖𝑜 (2.7), 

 

where the decrease in ki(z) with sediment burial age, burial time(z), is described in the form 

of the power law relationship (Boudreau and Ruddick, 1991; Middelburg, 1989): 

 

𝑘𝑖(𝑧) =  
𝑝𝑖

𝑎𝑖 + 𝑏𝑢𝑟𝑖𝑎𝑙 𝑡𝑖𝑚𝑒(𝑧)
 (2.8), 

 

where pi and ai are parameters that determine the depth profile of ki. The ai parameter denotes 

the apparent initial age of the alkenone mixture in the sediment and can be seen as a shape 

parameter, whereas the pi parameter scales the initial distribution of alkenones (Boudreau and 

Ruddick, 1991). Low ai and high pi represent a dominance of more bioavailable alkenones, 

whereas high ai and low pi represent a dominance of less bioavailable alkenones. Therefore, 

the apparent alkenone reactivity in the upper sediment layers will be higher for low ai values 

(more bioavailable alkenones), which results in a rapid loss of alkenones at surface sediments, 

but also a rapid decrease in ki(z) with depth.  Alternatively, high ai values will yield lower 

apparent alkenone reactivity close to the sediment-water interface (less bioavailable 

alkenones); consequently, alkenones will have lower degradability at surface sediments and 

the downcore decrease in ki(z) will be slower (for details, see Arndt et al., 2013). In the case 

of the RCM, the preferential degradation factor fC37:3 could in theory be applied to both the ai 

and pi parameter. The parameter pi merely scales the reactivity of alkenones. The application 

of the preferential degradation factor fC37:3 to pi according to: 
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𝑝37:3  =  𝑓𝐶37:3 . 𝑝37:2 (2.9), 

 

results in a shift of the entire reactivity profile ki(z) for tri-unsaturated alkenones to higher 

reactivity and is identical to its use in Scenario 1. It is important to note that, in this case, the 

1G Model represents an end-member RCM scenario, i.e. no decrease of alkenone reactivity 

with burial time/depth and therefore, can be considered as a ‘worst case’ scenario for a 

preferential degradation bias. 

We can further assume a different decrease in reactivity with burial between the two 

alkenones. In this case, a preferential degradation arises from a difference in ai values (C37:3 

more labile than C37:2, i.e. a37:3 << a37:2) and, thus, the preferential degradation factor would be 

applied to ai. Such assumption, however, would suggest that the two alkenones have distinct 

sources, undergo different transport mechanisms, and/or are differently affected by mineral 

protection, microbial community dynamics or terminal electron acceptor availability 

before/during burial. Those assumptions seem unlikely, and if true, would prevent the 

application of 𝑈37
𝐾′ as a SST proxy. Therefore, we generally assume that the parameter ai, 

which controls the shape of the reactivity decrease with depth, is identical for both alkenones. 

Nonetheless, we also tested this hypothesis to assess the potential SST biases that could 

arise from such conditions. 

 

2.2.1 Solution 

Equations 2.3 – 2.4 and 2.6 – 2.7 can be used to trace the evolution of alkenone 

concentrations in a given sediment layer during burial by assuming steady state conditions 

(
𝜕𝐶

𝜕𝑡
 = 0) and a constant porosity, thus neglecting sediment compaction.  In addition, we also 

assume that benthic activity efficiently mixes material in the bioturbated layer, resulting in a 

constant age. Burial time (i.e. the age of a given sediment layer) and burial depth, z, are then 

related by: 
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𝑏𝑢𝑟𝑖𝑎𝑙 𝑡𝑖𝑚𝑒(𝑧) = 0 for 𝑧 <  𝑧𝑏𝑖𝑜 (2.10) 

   

𝑏𝑢𝑟𝑖𝑎𝑙 𝑡𝑖𝑚𝑒(𝑧) =  
𝑧 − 𝑧𝑏𝑖𝑜

𝜔
 for 𝑧 ≥  𝑧𝑏𝑖𝑜 (2.11). 

 

The integration of Eqs. 2.3 – 2.4 and 2.6 – 2.7 can then be solved analytically and yield the 

following general solutions representing the evolution of alkenone concentrations with burial 

depth/time: 

 

Scenario 1: Constant reactivity ki, during burial (1G Scenario) (Eq. 2.3 – 2.4): 

𝐶37:𝑖(𝑧) = 𝐴1𝑒
𝑎1.𝑧  + 𝐵1𝑒

𝑏1.𝑧 for 𝑧 <  𝑧𝑏𝑖𝑜 (2.12) 

   

𝐶37:𝑖(𝑧) = 𝐴2𝑒
𝑎2.𝑧 for 𝑧 ≥  𝑧𝑏𝑖𝑜 (2.13) 

 

where: 

 

𝑎1  =  
𝜔 − √𝜔2  + 4 ∙  𝐷𝑏𝑖𝑜  ∙  𝑘𝑖

2 ∙  𝐷𝑏𝑖𝑜
 (2.14) 

  

𝑏1  =  
𝜔 + √𝜔2  + 4 ∙  𝐷𝑏𝑖𝑜  ∙  𝑘𝑖

2 ∙  𝐷𝑏𝑖𝑜
 (2.15) 

  

𝑎2  =  
−𝑘𝑖

𝜔
 (2.16) 

 



Chapter 2 Alkenones Degradation and Impact on 𝑈37
𝐾′ Paleothemometry 

  

 

 

33 
 

Determining the integration constants A1, B1 and A2 requires the definition of boundary 

conditions. Here, we assume:  

 

(1) a known concentration of the alkenones at the sediment water interface 

 

𝐶37:𝑖(0) =  𝐶37:𝑖,0 (2.17) 

 

and (2 and 3) continuity between the bioturbated and non-bioturbated zone:  

 

(2) 𝐶37:𝑖,1(𝑧𝑏𝑖𝑜)  =  𝐶37:𝑖,2(𝑧𝑏𝑖𝑜) (2.18) 

   

(3) 𝐷𝑏𝑖𝑜  ∙  
𝜕𝐶𝑧𝑏𝑖𝑜
𝜕𝑧

|𝑧𝑏𝑖𝑜 = 0 (2.19). 

 

 

Scenario 2: Decreasing reactivity, ki (z), during burial (Eq. 2.6 – 2.7; RCM Scenario): 

 

𝐶37:𝑖(𝑧) = 𝐴1𝑒
𝑎1.𝑧  + 𝐵1𝑒

𝑏1.𝑧 for 𝑧 <  𝑧𝑏𝑖𝑜 (2.20) 

   

𝐶37:𝑖(𝑧) = 𝐶37:𝑖(𝑧𝑏𝑖𝑜). (
𝑎𝑖

𝑎𝑖 +  𝑏𝑢𝑟𝑖𝑎𝑙 𝑡𝑖𝑚𝑒(𝑧)
)
−𝑝𝑖

 for 𝑧 ≥  𝑧𝑏𝑖𝑜 (2.21) 

 

where: 
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𝑎1  =  
𝜔 − √𝜔2  + 4 ∙  𝐷𝑏𝑖𝑜  ∙  𝑝𝑖/𝑎𝑖

2 ∙  𝐷𝑏𝑖𝑜
 (2.22) 

  

𝑏1  =  
𝜔 + √𝜔2  + 4 ∙  𝐷𝑏𝑖𝑜  ∙  𝑝𝑖/𝑎𝑖

2 ∙  𝐷𝑏𝑖𝑜
 (2.23) 

 

Eq. 2.6 is thus mathematically equivalent to Eq. 2.3 with reactivity 

 

𝑘𝑖(𝑧) =  
𝑝𝑖
𝑎𝑖

 (2.24), 

 

within the bioturbated layer. 

Determining the integration constants A1, B1 requires the definition of boundary conditions. 

Here, we assume:  

(1) a known alkenone concentration at the sediment water interface  

 

𝐶37:𝑖(0) =  𝐶37:𝑖,0 (2.25), 

 

(2) continuity between the bioturbated and non-bioturbated zone 

 

𝐷𝑏𝑖𝑜  ∙  
𝜕𝐶𝑧𝑏𝑖𝑜
𝜕𝑧

|𝑧𝑏𝑖𝑜 = 0 (2.26). 
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2.2.2 Model Parameter and Boundary Conditions 

Model parameters and boundary conditions place the model in its environmental context. 

Table 2.1 provides an overview of the respective model parameters and boundary conditions, 

their units and their values. Model parameters can be divided into those that define the general 

depositional environment and are generally well constrained, and those that control alkenone 

degradation and are generally variable and/or poorly constrained. Therefore, a two-step 

sensitivity study is conducted here. Model simulations are carried out for two different 

depositional environments (coastal sediments – water depth 200 meters; and upper slope 

sediments – water depth 1000 meters) to explore their potential impact on preferential 

degradation and the 𝑈37
𝐾′ paleothermometer. In addition, for each depositional setting, a 

sensitivity study is conducted over the entire range of plausible degradation parameters to 

account for the parameter uncertainty of degradation parameters. 

 

Table 2. 1. Selective degradation alkenones RTM components 

Parameter Description Value/Range Unit 

C C37:2 or C37:3 concentration at depth  µg cm-3 
C0 C37:2 or C37:3 concentration at SWI 0.5 – 4.5 µg g-1 
ki Degradation rate constant 10-5 – 10-3 year-1 
ai Apparent initial age 10-1 – 104 year 
pi Scalling parameter of alkenones distribution 10-2 – 100  
Dbio Diffusion bioturbation coefficient 12.05; 25.06 cm² year-1 
ω Burial velocity 0.16; 0.36 cm year-1 
ρ Sediment density 2.5 g cm-3 
z Sediment depth 0 – 25.000 cm 
zbio Bioturbation depth 10 cm 
 Water depth 200; 1.000 m 

𝑈37
𝐾′(0) 𝑈37

𝐾′ initial fractionation at SWI  0.1 – 0.9  

fC37:3 C37:3 preferential degradation factor 1.1 – 1.5  
SST Sea surface temperature* 𝑈37

𝐾′ = 0.033·SST + 0.044 ºC 

ΔSST SST excursion or bias from SWI to depth SSTSWI - SSTDepth ºC 

*(Müller et al., 1998); 
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2.2.2.1 Sensitivity to Depositional Environment 

In marine sediments, burial depth and time are directly linked via the characteristic timescales 

of transport processes (Eq. 2.10 – 2.11) and, thus, the bioturbation coefficient, bioturbation 

depth and burial velocity.  The model calculates the alkenone concentration depth profiles for 

both a typical coastal sediment, as well as an upper slope sediment up to a maximum sediment 

column depth of 250 meters.  

Based on a compilation of mixing layer depths (Boudreau, 1998, 1994), the depth of 

the bioturbated zone is set to 10 cm for both water depth scenarios. Bioturbation coefficients 

and burial velocities are determined based on a water depth dependent relationship proposed 

by Middelburg et al. (1997). This approach aims at providing a general framework for potential 

alkenone bias with burial time/depth for contrasting depositional environments rather than 

simulating any specific setting. Note that, since the model traces the evolution of alkenone 

layers during burial, (likely) changes in sedimentation rate over burial time would merely have 

an impact on the calculation of burial depth (Eq. 2.11). For instance, a decrease in 

sedimentation rate would simply reduce burial depth for a given burial time but would not have 

an impact on the simulated SST bias and, thus, the overall results.  Although C37 alkenone 

concentrations at the sediment water interface (SWI) can be highly variable depending on 

local primary production rates and vertical transport in the water column, sediment trap and 

surface sediment studies (Gong and Hollander, 1999; Müller and Fischer, 2001; Prahl et al., 

2001; Rodrigo-Gámiz et al., 2016) indicate that alkenone concentrations in settling suspended 

matter and surface sediments typically range from approx. 4 – 77 µg g -1. Thus, the total C37 

alkenone (C37:2 + C37:3) concentration at the SWI was set to 5 µg g-1. 

 

2.2.2.2 Sensitivity to Uncertainty in Degradation Rate Parameters 

Most of the parameters that control the potential degree of preferential degradation (such as 

the initial 𝑈37
𝐾′ of the material that has been deposited at SWI, 𝑈37

𝐾′(0); the degradation rate 
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constant, ki; and the differential degradation factor between di- and tri-unsaturated C37 

alkenones, fC37:3) are either variable and/or difficult to constrain. Therefore, we designed a 

comprehensive parameter sensitivity study in order to assess the response of alkenone 

concentration depth profiles and thus, the 𝑈37
𝐾′ ratio to different degrees of preferential 

degradation. The evolution of alkenone concentrations with burial time/depth is thus simulated 

over the entire plausible parameter range of: (i) the initial 𝑈37
𝐾′, 𝑈37

𝐾′(0); (ii) the degradation rate 

constant ki; and (iii) the differential degradation factor between di- and tri-unsaturated C37 

alkenones, fC37:3.  

The 𝑈37
𝐾′(0) was varied over the entire range of 0.1 to 0.9 𝑈37

𝐾′ units only excluding 𝑈37
𝐾′ 

= 0 and 𝑈37
𝐾′ = 1, reflecting the absence of C37:2 and C37:3, respectively. Degradation rate 

constants, ki, are notoriously difficult to constrain.  First order rate constants derived from 

laboratory experiments (Teece et al., 1998) are often not directly transferable to marine 

sediments characterized by low or no oxygen exposure, low temperature and high pressure 

(Schouten et al., 2010) and estimates from the field are highly variable (e.g., Gong and 

Hollander, 1999; Sun and Wakeham, 1994). Therefore, we do not rely on these rate constant 

values; instead, we explore the entire range of potential values. However, we do interpret the 

model results in the context of these experimental and field estimates (see Section 2.4.1).  

Model-derived first-order degradation rate constants of bulk organic matter typically vary by 

several orders of magnitude, from as high as 101 yr-1 to as low as 10-9 yr-1 (Arndt et al., 2013). 

Therefore, we vary the first order degradation rate constant ki from 10-5 to 10-3 yr-1 (1G model). 

The lower limit is set to 10-5 yr-1, because lower degradation rate constants result in a negligible 

effect of preferential degradation on 𝑈37
𝐾′; as such, this study represents a ‘worst case scenario’ 

for 𝑈37
𝐾′ bias. The upper limit is defined as 10-3 yr-1, because levels higher than that seem 

unrealistic, since they result in complete consumption of alkenones in the sediment surface 

layer.  
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Similar to constant first order degradation rate constants, the free parameters p and a 

that control the shape of the ki(z) depth profile are also difficult to constrain.  Model-derived 

parameters from a wide range of different environments indicate that p generally falls within 

the range between 10-2 and 100, while the parameter a may vary over several orders of 

magnitude from 10-1 to 106 years (Arndt et al., 2013). Here, the free parameter ai varies from 

10-1 to 104 yrs, whereas pi varies from 10-2 to 100. We, therefore, explore the entire range of 

plausible degradation rate constants for both the 1G model and the RCM scenario. 

To simulate the preferential degradation of tri-unsaturated alkenones, a ratio between 

the C37:3 degradation rate constant and the C37:2 degradation rate constant – a preferential 

degradation factor fC37:3 – is defined and varied from 1.1 to 1.5 (i.e. C37:3 degradation is 10% 

to 50% faster than the degradation of C37:2). This range has been informed by observed 

differences of preferential alkenones degradation in field and laboratory experiments (e.g., 

Gong and Hollander, 1999; Hoefs et al., 1998; Rontani et al., 2008, 2005). 

 

2.2.3 Model Output 

The model calculates the evolution of individual alkenone concentrations over burial 

time/depth (Eq. 2.3 – 2.4 and 2.6 – 2.7). Based on these simulated concentrations, 𝑈37
𝐾′ 

ratios are calculated according to Eq. 2.1. SSTs are estimated based on the calculated 𝑈37
𝐾′ 

ratios using the global core-top calibration of Müller et al. (1998) (Table 1). SST is calculated 

from the SWI down to 250 meters below sea floor (mbsf) for the parameter combinations 

described in Table 1. The deviation of the estimated SST from the original SST recorded by 

the material deposited at the sediment-water interface or, in other words, the SST bias due to 

preferential degradation (ΔSST; Table 2.1) is calculated for typical burial depths 50, 100, 150, 

200, and 250 mbsf. For the hypothetical coastal sediments (200 meters depth), those depths 

represent burial times of approximately 14 kyr, 28 kyr, 42 kyr, 55 kyr, and 70 kyr, respectively. 
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For the hypothetical upper slope sediments (1000 meters depth), those depths correspond to 

31 kyr, 62 kyr, 94 kyr, 125 kyr, and 156 kyr, respectively. 

 

2.3 Results 

In the following sections, we mainly focus on the findings derived from the 1G approach 

(Figures 2.3 – 2.6; Table 2.2) or, in other words, the ‘worst case’ endmember RCM scenario 

(negligible decrease in ki with depth/time) described in Section 2.2.2. We do so because that 

approach results in the most extensive degradation and, thus, SST bias. As such, simulation 

results will help to delineate a conservative range of conditions that favor preferential 

degradation and potentially result in SST bias. The discussion of the 1G – ‘worst case’ RCM 

– simulation results are supplemented with simulation results from Scenario 2 (Figures 2.7 – 

2.10), in which we test a broad range of ai and pi values. 

 

Table 2. 2 Sea surface temperature biases and total alkenone preservation in sediments from 50 and 
250 mbsf, based on different 1G RTM scenarios. 

ki (year-1) 

Minimum 

ΔSST (ºC)a 

Maximum 

ΔSST (ºC)b Fraction of alkenone preserved (%)b 

200c 1000c 200c 1000c 200c 1000c 

1.0 · 10-5 0.03 0.08 2.6 5.7 48.1 20.1 

2.5 · 10-5 0.09 0.20 6.4 13.5 16.6 1.9 

5.0 · 10-5 0.18 0.39 12.3 22.4 2.8 0.4 

1.0 · 10-4 0.35 0.74 20.8 27.1 < 0.1 < 0.1 

1.0 · 10-3 2.21 2.8 27.2 27.2 <<0.1 <<0.1 

aat 50 mbsf; bat 250 mbsf; cwater depth; 
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Figure 2. 3 Interpolated SST positive bias and total alkenones preserved in sediment resulting from 
selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) of 1.0.10-5    
yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water 
depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) 
Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST 

at sediment-water interface (SWI) – SST at depth; 𝑈37
𝐾′(0) denotes 𝑈37

𝐾′ initial values at SWI; fC37:3 
denotes differential degradation factor between C37:3 and C37:2 alkenones. 
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Figures 2.3 to 2.6 summarize changes in the 𝑈37
𝐾′ derived SSTs and alkenone 

concentrations as a function of all parameters explored in the Scenario 1. To illustrate the 

effect of preferential degradation on ΔSST (i.e. the deviation from the real SST) for a wide 

range of degradation scenarios and environmental conditions, interpolated plots of simulated 

ΔSST over the simulated 𝑈37
𝐾′(0) and fC37:3 space are produced for each water depth (Figures 

2.3 – 2.6 a and b, two columns: 200 m and 1000 m), different burial depths/times (Figures 2.3 

– 2.6 a and b, 5 panels per column: 50 mbsf, 100 mbsf, 150 mbsf, 200 mbsf and 250 mbsf), 

and degradation rate constants (Figures 2.3 – 2.6).  The simulated burial depths represent 

sediment ages ranging from 14 kyr to 70 kyr and from 31 kyr to 156 kyr for the shallow and 

deep site, respectively. In addition, vertical profiles of the preserved fraction of the original 

deposited total alkenone (C37:2+C37:3) concentration over burial depth/time are plotted to 

visualize the decrease in total alkenone concentrations (Figures 2.3 – 2.6 c and d). 

Furthermore, Table 2.2 summarizes the range of ΔSST values and C37 alkenone extent of 

degradation throughout all scenarios explored in Scenario 1. 

The 1G simulations (Figures 2.3 – 2.6) show that the impact of preferential degradation 

on 𝑈37
𝐾′ ratios and, thus, the positive bias in reconstructed SST ranges from less than 0.1 ºC in 

the least reactive and/or least selective degradation scenario (k37:2 = 1.0.10-5 yr-1; fC37:3 = 1.1; 

𝑈37
𝐾′(0) = 0.1 and 0.9) up to 27 ºC in the most extreme (k37:2 > 1.0.10-4 yr-1; fC37:3 > 1.4; 𝑈37

𝐾′(0) 

= 0.1), albeit unrealistic (see below), scenario (Table 2.2; Figures 2.3 to 2.6).  In general, the 

influence of preferential degradation on the bias in reconstructed SST is controlled by a 

combination of factors. The most important factors are the degradation rate constants ki, the 

initial 𝑈37
𝐾′(0) value and the preferential degradation factor fC37:3, while water depth (and thus, 

the general depositional environment) exerts an important but subordinate impact. In addition, 

the lower panels c and d (Figures 2.3 – 2.6) illustrate the dramatic influence of increasing 

degradation rate constants, ki, on alkenone concentrations and their downcore preservation. 
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For example, when ki is assumed to be 1.0.10-4 yr-1, then less than 1% of the originally 

deposited alkenones are preserved at a burial depth of 50 mbsf. 

 

Figure 2. 4. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 
selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) of 2.5.10-5    
yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water 
depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) 
Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST 

at sediment-water interface (SWI) – SST at depth; 𝑈37
𝐾′(0) denotes 𝑈37

𝐾′ initial values at SWI; fC37:3 
denotes differential degradation factor between C37:3 and C37:2 alkenones. 
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In general, ΔSST increases with an increase in alkenone degradation rate constants, 

ki, and preferential degradation factor fC37:3.  An extremely high ki (1.0.10-3 yr-1) yields a large 

ΔSST (~ 27 ºC) and extensive loss of C37 alkenone (>> 99.9%, results not shown). Yet, such 

an extreme distortion of the 𝑈37
𝐾′ seems unlikely, given the fact that alkenones are generally 

well preserved, even in highly oxidising sediments (e.g., Prahl et al., 2003, 1989). Lower ki 

values (ki < 2.5.10-5 year-1) result in lower alkenone degradation rates (fraction degraded at 

250 mbsf is < 99%) and, thus, represent more plausible scenarios. In addition, Figures 2.3 – 

2.6 show that maximum ΔSST is generally observed for mid-range 𝑈37
𝐾′(0), and ΔSST is 

smaller when initial 𝑈37
𝐾′(0) values are low or high (Figure 2.3). This is especially true for high 

indices (𝑈37
𝐾′(0) > 0.8), which, of course, have a limited capacity to increase further. Even low 

initial 𝑈37
𝐾′(0) values are relatively robust under low degradation scenarios (Figure 2.3). 

However, an increase in alkenone degradation, due to higher degradation rate constants 

(Figures 2.5 – 2.6) and/or water and burial depths (a – b), shifts the ΔSST maximum from mid 

𝑈37
𝐾′(0) values towards lower  𝑈37

𝐾′(0) values (𝑈37
𝐾′(0) < 0.2) (Figure 2.6). 

Similar to Scenario 1 (constant reactivity, ki), Scenario 2 simulations (RCM approach, 

decreasing reactivity with burial time/depth, ki(z)) can be assessed in the context of all 

parameters summarized in Table 2.1. Figures 2.7 and 2.8 illustrate changes in the 𝑈37
𝐾′ derived 

SSTs and alkenone concentrations for each depositional environment and assuming ai = 100 

years and ai = 103 years, respectively, and pi = 10-1 (see above for figure details). 
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Figure 2. 5. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 
selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) of 5.0.10-5    
yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water 
depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) 
Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST 

at sediment-water interface (SWI) – SST at depth; 𝑈37
𝐾′(0) denotes 𝑈37

𝐾′ initial values at SWI; fC37:3 
denotes differential degradation factor between C37:3 and C37:2 alkenones. 

 

As already pointed out in section 2.2, a decrease in degradation rate constant ki results 

in generally lower SST biases over the considered burial times. For higher initial alkenone 



Chapter 2 Alkenones Degradation and Impact on 𝑈37
𝐾′ Paleothemometry 

  

 

 

45 
 

reactivity (ai = 100 years), ΔSST does not exceed 6 ºC (Figure 2.7), and ΔSST < 2 ºC for less 

reactive, but slowly decreasing alkenone reactivity (ai = 103 years; Figure 2.8). Similar to 

Scenario 1, SST bias increases with an increase in preferential degradation factor (fC37:3), and 

the maximum ΔSST is generally observed for the mid-range 𝑈37
𝐾′(0) values and decreases 

when 𝑈37
𝐾′(0) values are either low or high. Unlike Scenario 1 (constant reactivity), the most 

significant changes occur in the upper sediment layers and ΔSST, as well as the degree of 

loss of alkenones (Figures 2.7 – 2.8, c – d) becomes attenuated with burial time/depth, due to 

the decrease in reactivity (ki(z)). Figure 2.9 illustrates the decrease in ki(z) with burial 

time/depth, assuming pi = 10-1 for ai = 100 years (Figure 2.9a) and ai = 103 years (Figure 2.9b).  

The lower ai value results in a higher reactivity (ki(0) ≈ 10-1 yr-1) close to the sediment-water 

interface. However, ki(z) decreases quickly in the upper sediment layers to ki(z) < 10-5 yr-1 at 

50 mbsf and only decreases very slowly with increasing burial time/depth. The higher ai value 

results in a lower reactivity (ki(0) ≈ 10-4 yr-1) close to the sediment-water interface, but 

decreases very slowly with burial time/depth. However, at greater burial depth, where burial 

time t >> ai, alkenone reactivity approaches similar values as for lower ai values (ki(z) < 10-5 

yr-1) because Eq. 2.8 becomes dominated by burial time instead of ai. Thus, even with distinct 

ki(0), increasing burial time/depth yields similar ki(z)-values and these change much slowly 

than those of upper sediment layers. The rapid decrease in ki(z) means that the degradation 

induced bias in SST is small and generally does not exceed the 𝑈37
𝐾′ calibration error.  In detail, 

high ai values (Figure 2.9b) reflect an overall low reactivity and yield a slow downcore decrease 

in ki(z), resulting in minor changes in SST (Figure 2.8). The largest ΔSST (~ 6 ºC) are generally 

associated with low ai value (ai = 10-1 years) and high preferential degradation factors fC37:3 = 

1.5 (Figure 2.7). Such low ai values produce the most dramatic decrease in ki(z) with depth 

(Figure 2.9a) and, thus, represent the most heterogeneous distribution of alkenone reactivity.  
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Figure 2. 6. Interpolated SST positive bias interpolated plots and total alkenones preserved in sediment 
resulting from selective degradation of alkenones in a 1G-RTM simulation assuming a rate constant (ki) 
of 1.0.10-4 yr-1. (a) Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 
meters water depth; (c) Downcore total alkenones preserved (%) in sediment at 200 meters water 
depth; (d) Downcore total alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST 

denotes SST at sediment-water interface (SWI) – SST at depth; 𝑈37
𝐾′(0) denotes 𝑈37

𝐾′ initial values at 
SWI; fC37:3 denotes differential degradation factor between C37:3 and C37:2 alkenones. 
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Although unlikely, we can also explore the impact of differential evolution of alkenone 

reactivity with burial time, i.e. assuming different ai values for the di- and tri-unsaturated 

alkenone pools (C37:3 more labile than C37:2). Figure 2.10 presents the simulated evolution of 

ki(z) and SST with burial time/depth, assuming an initially high but rapidly decreasing reactivity 

for the C37:3 pool (aC37:3 = 0.1 year) and an initially low but slowly decreasing reactivity for the 

C37:2 pool (aC37:2 = 100 years). This represents an extreme case scenario, since it assumes a 

large difference in the evolution of the reactivity with burial depth/time (Figure 2.10a). The 

degradation rate constant kC37:3 is three orders of magnitude higher than kC37:2 in the surface 

sediments. The rate constants then decrease at different rates with burial depth, before 

reaching similar magnitudes in deeper sediment layers (> 50 mbsf). Figure 2.10b shows that 

the largest SST changes occur in the shallowest sediment layers, with the most pronounced 

ΔSST (> 10 ºC) for  𝑈37
𝐾′(0) < 0.5. Deeper in the sediment, degradation rates and SST biases 

significantly slow down. 

Overall, the decrease in ki(z) with burial time/depth (Scenario 2) could explain the 

discrepancy between the fast degradation rates observed in laboratory experiments (Rontani 

et al., 2008, 2005; Teece et al., 1998), as well as field observations (Gong and Hollander, 

1999; Sun and Wakeham, 1994) and the long-term persistence of alkenones in the geological 

record (Brassell, 2014). In addition, simulation results indicate that Scenario 2 (decrease in 

ki(z) with burial time/depth) generally results in limited SST biases often below the detection 

limit. In contrast, Scenario 1 (constant ki) results in more pronounced SST bias and thus, 

serves as ‘worst case’ endmember scenario and provides a conservative framework to further 

investigate SST bias. The following sections assess the role of different controls on 

preferential alkenone degradation in altering 𝑈37
𝐾′  during burial and thus, inducing biases in 

reconstructed SSTs. 
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Figure 2. 7. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 
selective degradation of alkenones in a RCM simulation assuming pi = 10-1 and ai = 100 years. (a) 
Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water depth; 
(c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) Downcore total 
alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST at sediment-

water interface (SWI) – SST at depth; 𝑈37
𝐾′(0) denotes 𝑈37𝐾′ initial values at SWI; fC37:3 denotes differential 

degradation factor between C37:3 and C37:2 alkenones. 
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Figure 2. 8. Interpolated SST positive bias and total alkenones preserved in sediment resulting from 
selective degradation of alkenones in a RCM simulation assuming pi = 10-1 and ai = 103 years. (a) 
Downcore SST bias at 200 meters water depth; (b) Downcore SST bias at 1,000 meters water depth; 
(c) Downcore total alkenones preserved (%) in sediment at 200 meters water depth; (d) Downcore total 
alkenones preserved (%) in sediment at 1,000 meters water depth. ΔSST denotes SST at sediment-

water interface (SWI) – SST at depth; 𝑈37
𝐾′(0) denotes 𝑈37𝐾′ initial values at SWI; fC37:3 denotes differential 

degradation factor between C37:3 and C37:2 alkenones. 
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2.4 Discussion 

2.4.1 Disentangling the Controls on SST Bias During Burial 

Overall, both 1G (Scenario 1) and RCM (Scenario 2) simulations indicate that the following 

three factors control the magnitude of diagenetic modification on 𝑈37
𝐾′ indices: (1) the extent of 

alkenone degradation, which, in turn, is controlled by the degradation rate constant, ki, the 

burial depth, z, and the water depth; (2) the initial 𝑈37
𝐾′ value, 𝑈37

𝐾′(0); and (3) the preferential 

degradation factor, fC37:3.  It is important to note that the influence of these three factors on 

ΔSST is tightly linked. For instance, the extent of degradation exerts no impact on ΔSST if 

there is no preferential degradation and vice versa. We also note that our simulations include 

scenarios in which intense alkenone degradation results in concentrations below the detection 

limit (< 5 ng g-1), i.e. situations where 𝑈37
𝐾′ could not be determined.  Therefore, for the 

remainder of the discussion we only consider model results in which > 0.1% of the original 

alkenone concentration is preserved. 

 

2.4.1.1 Extent of Degradation 

Scenarios 1 and 2 reveal that the extent of degradation – as a cumulative effect of ki, as well 

as water and burial depths/time – is the major control on ΔSST. The positive bias in 𝑈37
𝐾′ 

generally increases with an increasing extent of degradation during burial (Figures 2.3 – 2.8).  

The alkenone degradation rate constant ki, exerts an important control on the extent 

of degradation. The reconstructed ΔSST increases from < 0.1 ºC to up to 27 ºC with an 

increase in degradation rate from 1.0.10-5 yr-1 to 1.0.10-4 yr-1 (Figures 2.3 – 2.6). This is 

particularly critical as alkenone degradation rate constants are difficult to constrain and also 

implicitly account for factors that control alkenone degradation during burial, but are not 

explicitly accounted for in the model (Arndt et al., 2013). Of all ki values assessed in the 

present RTM study, ki < 1.0.10-5 yr-1 seems to best represent the reactivity of alkenones in the 
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sedimentary archive. This refers not only to SST biases (ΔSST < 6.0 ºC), but also to the 

amounts of alkenones degraded. The adoption of faster, and constant, ki (e.g. ki > 5.0.10-5     

yr-1) results in an almost complete degradation of alkenones (>> 99.9%), which is inconsistent 

with their apparent persistence in the sedimentary record (Brassell, 2014). However, 

experimentally derived ki values obtained by Teece et al. (1998) for C37:3 are four orders of 

magnitude higher than what we infer to be our most realistic values, if those values are 

assumed to be constant with burial time/depth. Similarly, Rontani et al. (2008, 2005) also 

report ki values in the order of 10-1 yr-1 for alkenones in degradation laboratory experiments. 

However, these rate constants were derived from fresh alkenone material in laboratory 

incubations, where conditions were optimized to investigate alkenone degradation. This 

experimental setting could result in a ‘priming effect’ and enhance the degradation of more 

recalcitrant material (Aller, 1994; Aller and Blair, 2006). Therefore, they do not account for the 

complexity of natural conditions (Schouten et al., 2010), and it seems likely that these 

experiments represent unrealistically high degradation rates compared to natural settings. 

Environmental conditions that likely account for the lower degradation rates include changes 

in terminal electrons availability (TEA) (e.g. O2 availability) and/or packing in macromolecular 

complexes or mineral particles, which would slow down or prevent microbial attack (Arndt et 

al., 2013). 
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Figure 2. 9. Simulated downcore changes in degradation rate constant kC37:3(z) assuming: pi = 0.1; 

𝑈37
𝐾′(0) = 0.5. (a) ai = 100 years r; (b) ai = 103 years; fC37:3 ranges from 1.1 to 1.5 (colour lines); water 

depth = 1,000 meters. Note the break in scale at y-axis: top layers represent the top 50 cmbsf where 
the most significant changes in kC37:3(z) and ΔSST take place; below the break, bottom layers represent 
the deeper sediment layers > 50 mbsf. The discontinuity in the lines is due to the break in y-axis scale. 

 

 

The extent of alkenone degradation in sediments also depends on water and burial 

depths/times and thus, the physical depositional environment, which exerts a positive, albeit 

secondary control. Alkenones deposited in deeper waters experience a greater degree of 

degradation at similar burial depths, due to slower burial rates or in other words longer burial 

times (Middelburg et al., 1997). This effect is consistent with observational data. Conte et al. 

(1992) observed a rapid and significant (by 1-2 orders of magnitude) degradation of alkenones 

in deep North Pacific waters. In particular, burial depth and, thus, burial time controls the extent 

of degradation. Longer burial time (i.e. deeper depths in the sediment) allows for a longer 

exposure of alkenones to heterotrophic degradation, therefore resulting in more intensive 
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degradation and ultimately a stronger bias in SST. This becomes evident in Figures 2.3 – 2.6 

(Scenario 1). Assuming the least dramatic condition (Figure 2.3), the maximum perturbation 

in SST increases from < 2 ºC at 50 mbsf to up to 6 ºC at 250 mbsf. Alternatively, scenarios 

with higher ki values (Figure 2.6), yield ΔSST of 10 ºC at 50 mbsf and 27 ºC at 250 m. Although 

unrealistic, the latter illustrates how burial depth, as a component of extent of degradation, 

controls SST biases. However, in Scenario 2, burial time/depth becomes less important with 

time/depth (Figure 2.7 – 2.8), due to the decrease of ki(z) (Figure 2.9). In fact, under such 

conditions, ki(z) and SST bias become attenuated at greater depths.  

 

 

Figure 2. 10. Simulated downcore changes in degradation rate constant kC37:i(z) (C37:2 black line; C37:3 
grey line) (a) and ΔSST (b) applying a power model scenario assuming: pi = 0.1; ai = 100 years for C37:2 

(less labile pool of alkenones); ai = 0.1 years r for C37:3 (more labile pool of alkenones); 𝑈37
𝐾′(0) ranging 

from 0.1 to 0.9 (colour lines in B); water depth = 1,000 meters. Note the break in scale at y-axis: top 
layers represent the top 50 cmbsf where the most significant changes in kC37:i(z) and ΔSST take place; 
below the break, bottom layers represent the deeper sediment layers > 50 mbsf. The discontinuity in 
the lines is due to the break in y-axis scale. 
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2.4.1.2 The Initial 𝑼𝟑𝟕
𝑲′  Value 

Initial 𝑈37
𝐾′ values at the SWI (𝑈37

𝐾′(0)) exert a non-linear effect on ΔSST during burial and mid-

range values (𝑈37
𝐾′𝑖 ≈ 0.5) generally exhibit the most pronounced SST bias (Figures 2.3 – 2.4 

and 2.7 – 2.8). As Hoefs et al. (1998) previously pointed out, such a result is mathematically 

expected and is the likely explanation for the disagreement between experimental alkenone 

degradation studies. Under similar conditions, Rontani et al. (1997) and Teece et al. (1998) 

found no significant degradation-induced changes in 𝑈37
𝐾′, whereas Rontani et al. (2005) later 

observed a positive degradation-induced bias of 0.1 𝑈37
𝐾′ units.  Rontani et al. (2005) argued 

that the different outcome of these degradation experiments can be explained by different 

initial 𝑈37
𝐾′  values: 0.49 in Rontani et al. (2005); 0.75 in Teece et al. (1998); and 0.85 in  Rontani 

et al. (1997). Model results confirm that 𝑈37
𝐾′ values are relatively robust towards preferential 

degradation for both high and low 𝑈37
𝐾′(0) when the extent of degradation is low (low ki, shallow 

sediment depth/short burial times; Figures 2.3 – 2.4 and 2.7 – 2.8). However, low 𝑈37
𝐾′(0) initial 

conditions become more sensitive to diagenetic alteration under intense degradation 

scenarios (high ki, low sedimentation rate, deep burial depth/ long burial times), and maximum 

ΔSST shifts to low 𝑈37
𝐾′(0) under such conditions (Figures 2.5 – 2.6).  

The combined effects of degradation extent and 𝑈37
𝐾′(0) are illustrated in Figure 2.11.  

This shows how the extent of degradation exerts a first order control on ΔSST, with 𝑈37
𝐾′(0) 

exerting a lesser and non-linear SST bias. Moreover,  𝑈37
𝐾′(0) = 0.5 is most prone to SST 

biases when degradation is low and lower values of 𝑈37
𝐾′(0) are more prone to SST biases 

when degradation is extensive. 
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Figure 2. 11. Increases in ΔSST with an increase in the extent of C37 alkenone degradation. Simulations 

assume: (a) fC37:3 = 1.1; (b) fC37:3 = 1.3. Line colours represent 𝑈37
𝐾′(0): black = 0.1; red = 0.3; blue = 0.5; 

yellow = 0.7; red = 0.9. 

 

2.4.1.3 Preferential Degradation Factor 

The preferential degradation factor fC37:3 is the parameter that ultimately controls the difference 

between the degradation rates of the di- and tri-unsaturated C37 alkenones. Regardless of the 

environmental triggers for C37 selective degradation (see Introduction), RTM results show that 

an increase in fC37:3 and thus, a more pronounced preferential degradation of C37:3 generally 

leads to a pronounced increase in ΔSST (Figures 2.3 – 2.8). However, the sensitivity of 𝑈37
𝐾′ 

and ΔSST to an increase in fC37:3 depends on the extent of degradation and thus, the 

degradation rate constant ki. Even high fC37:3 values of 1.5 only induce small ΔSSTs unless 

the degradation rate constant is large.  

Additionally, the impact of fC37:3 on ΔSST is also dependent on the 𝑈37
𝐾′(0). As 

previously pointed out, ΔSST is mostly affected when 𝑈37
𝐾′(0) = 0.5 and the extent of 

degradation is low. Thus, the preferential degradation factor fC37:3 most impacts mid-range 

values of 𝑈37
𝐾′(0). Figure 2.12, assuming a constant degradation rate (e.g. ki = 5·10-5 yr-1), 

allows us to explore the effects of fC37:3 and 𝑈37
𝐾′(0) on ΔSST. For the lowest fC37:3 = 1.1 (Figure 
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2.12a), the change in SST shows a linear downcore trend; the 𝑈37
𝐾′(0) = 0.5 yields the largest 

SST perturbation, whereas the high-end 𝑈37
𝐾′(0) value is the least altered. Increasing the 

preferential degradation factor to fC37:3 = 1.2 (Figure 2.12b) and fC37:3 =1.3 (Figure 2.12c) results 

in a non-linear ΔSST, as well as a shift towards maximum ΔSST occurring at lower 𝑈37
𝐾′(0) 

values. These results arise because increasing fC37:3 values result in preferential loss of C37:3 

alkenone and therefore, stronger biases at the lower-end of 𝑈37
𝐾′(0). Overall and as expected, 

it is clear that fC37:3 exerts a direct control on SST biases. However, only high fC37:3 values in 

combination with intense degradation rates (i.e. high ki) induce ΔSST larger than the 𝑈37
𝐾′ 

calibration error.  

Model results emphasize the need to better constrain fC37:3 values in natural settings 

and to identify the factors that control the preferential degradation of C37:3. Laboratory 

incubation experiments performed by Teece et al. (1998) found negligible differences in C37:2 

and C37:3 alkenone degradation rates, yielding fC37:3 ≈ 1.0. Later experiments conducted by 

Rontani et al. (2008) were able to produce up to 3 ºC positive SST biases; given that 𝑈37
𝐾′(0) 

> 0.7 in that study, a 3 ºC ΔSST yields fC37:3 ~ 1.2. Similar analyses can be conducted for field 

studies (Table 2.3) and explain apparently contradictory behavior. For example, at the 

Peruvian Margin, McCaffrey et al. (1990) found an alkenone loss of 30% in the top 1 cm of 

sediments underlying anoxic waters, but 𝑈37
𝐾′ was largely unaffected. Our model results show 

that when fC37:3 < 1.5, the extent of degradation must exceed 50% to yield measurable ΔSST.  

Prahl et al. (2003, 1989) observed extensive loss of alkenones in the Madeira Abyssal Plain 

(MAP) turbidites (86 – 99%), but only minor changes in 𝑈37
𝐾′ indices (ΔSST < 1.3 ºC for 𝑈37

𝐾′(0) 

≥ 0.7). Model results indicate that this requires a preferential degradation factor fC37:3 between 

1.1 and 1.2 for the MAP turbidites. Hoefs et al. (1998) reported a > 99% extent of degradation 

associated with a +0.17 increase in 𝑈37
𝐾′ indices (i.e. ΔSST ~ 5ºC), which yields an fC37:3 ~ 1.3 

in our simulations.   
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There is also evidence that fC37:3 differs between oxic and anoxic settings. In the Santa 

Monica Basin sediments, Gong and Hollander (1999) compared 𝑈37
𝐾′ records from two adjacent 

areas and observed a difference in reconstructed SST of up to 4 ºC, with oxic settings 

recording higher temperatures than anoxic ones. However, the extent of degradation was 60% 

for both settings, indicating that fC37:3 differed between the two, being ~1.3 and ~1.0 in the oxic 

and anoxic settings (assuming no preferential degradation at the anoxic setting), respectively. 

 

 

Figure 2. 12. Increases in ΔSST with burial depth, assuming ki = 5.10-5 yr-1 and 1,000 meters water 

depth. (a) fC37:3 = 1.1; (b) fC37:3 = 1.2; (c) fC37:3 = 1.3. Line colours represent 𝑈37
𝐾′(0): black = 0.3; red = 

0.5; blue = 0.7. 

 

Preferential degradation under aerobic conditions (Gong and Hollander, 1999; Hoefs 

et al., 1998) has been attributed to preferential degradation of the tri-unsaturated C37:3 

alkenone via double bond epoxidation (Rontani et al., 2008). This process occurs more 

effectively at position ω29, only present on the C37:3 alkenone, rather than positions ω15 and 

ω22 which occur on both C37 alkenones, and is suggested to be mediated by the bacterial 

strain Dietzia maris sp. S1 (Rontani and Wakeham, 2008; Zabeti et al., 2010). Despite this, it 

appears that aerobic microbially-mediated selective degradation occurs in a non-systematic 

way (Rontani et al., 2008, 2005; Rontani and Wakeham, 2008), which compromises our ability 
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to quantify and predict its controls on preferential degradation in marine sediments. Moreover, 

as discussed above, fC37:3 appears to be consistently greater than 1 in a variety of settings 

such that it cannot be solely dependent on oxic/anoxic conditions (Rontani and Wakeham, 

2008).  

 
Table 2. 3. Published experimental and field derived alkenones degradation data summarizing the main 
preferential degradation parameters. 

Study Setting 𝑈37
𝐾′(0) ΔSST 

Extent of 

degradation 

Teece et al., 1998 
Experimental1 0.74 < 1.0 85 

Experimental2 0.59 <0.1 40 

Rontani et al., 2005 
Experimental1 0.49 ~ 3.0 93 

Experimental3 0.49 <0.1 95 

Rontani et al., 2008 Experimental1 0.77 ~ 3.0 78 

McCaffrey et al., 1990 Peruvian Margin 0.7 < 0.5 30 

Prahl et al., 2003 

MAP - 140 ky 0.71 <0.5 86 

MAP - Late Pliocene 0.91 <0.5 95 

MAP - Early Pliocene 0.91 <0.5 98 

MAP - Late Micene 0.94 <0.5 99 

Hoefs et al., 1998 

MAP - Late Pliocene 0.77 0.5 >99 

MAP - Early Pliocene 0.86 2.0 >99 

MAP - Late Miocene 0.87 0.6 >99 

MAP - Middle-late Miocene 0.92 2.5 >99 

Gong and Hollander, 1999 Santa Monica Basin4 0.54 2.5 - 4 60 

1Oxic; 2Sulphate reduction; 3Denitrification; 4Oxic/Anoxic; MAP – Madeira Abyssal Plain; 

2.4.2 Implications for the 𝑼𝟑𝟕
𝑲′  Paleothermometry 

Our model exploration of alkenone degradation provides a quantitative framework for 

assessing SST reconstructions. Here, we illustrate how model results can be used to explore 

or offer alternative explanations for SST mismatches in the sedimentary archive.   

First, the magnitude of SST bias will depend on the initial 𝑈37
𝐾′ value. As previously 

discussed (Section 2.4.1.2), high 𝑈37
𝐾′ values are least affected, implying that the alkenone-
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derived SST records from relatively warm settings will have been less affected than those from 

colder settings (e.g., Rodrigo-Gámiz et al., 2016).  

Second, the extent of degradation exerts a very strong control on SST reconstructions.  

The Müller et al. (1998) SST calibration is characterized by a standard error of ±1.5 ºC, and 

preferential C37:3 degradation that produces biases > 1.5 ºC are thus of particular concern. 

Although previous studies argued that ΔSST > 1.5 ºC warm biases do occur (Gong and 

Hollander, 1999; Hoefs et al., 1998; Madureira et al., 1995; Pagani et al., 1999), model results 

show that if the extent of alkenone degradation is low (< 50%), such biases require a high 

preferential degradation factor, i.e. fC37:3 ≥ 1.5 (Figure 2.11). This scenario seems unrealistic 

since it assumes a C37:3 degradation rate that is at least 50% faster than C37:2. It is also 

inconsistent with most experimental and field investigations (see above). Yet, if the extent of 

degradation is high (50 to 99.9%), SST biases > 1.5 ºC are simulated for fC37:3 values ranging 

from 1.1 to 1.4. In the most extreme degradation scenario (> 99.9%), any fC37:3 > 1.0 can 

produce SST biases above 1.5 ºC (Figure 2.11). However, as already pointed out, such high 

degradation rates significantly reduce alkenone concentrations, rendering the analytical 

determination of 𝑈37
𝐾′ ratios challenging. In fact, SST biases can also arise from instrumental 

errors when concentrations are extremely low (Grimalt et al., 2001, 2000).  

Overall and holding other factors equal, reconstructed SSTs are most biased in older 

sediments, where the extent of degradation will be most severe for a given depositional 

setting. Although this is valid for both scenarios, in Scenario 2 (decrease in ki(z) with burial 

time/depth), degradation rapidly slows down in very old/deeply buried sediments and 

differences in SST bias thus become negligible when comparing sediment layers/burial times 

t >> ai.  Model results reveal how several mathematical factors mitigate and exacerbate that 

effect. Assuming steady state, degradation is most rapid in shallow sediments and slows with 

depth, an effect exacerbated in Scenario 2. In contrast, the impact of degradation on 𝑈37
𝐾′ 

increases as degradation approaches its mathematical limit (i.e. 100%).  These two factors 
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work in tandem. Therefore, we would expect ΔSST biases to occur throughout the burial time 

and from the entire sediment column rather than solely in deep sediments. Therefore, it is 

useful to evaluate 𝑈37
𝐾′-derived SST records against those based on other proxies in both 

recent and older sediment records. 

 

2.4.2.1 Assessing Potential Degradation Bias in Recent Sedimentary Records 

In general, alkenone-derived SST estimates agree well with other SST reconstructions for 

shallow geological time periods (< 500 kyrs), indicating that diagenetic alterations of the 𝑈37
𝐾′ 

paleothermometer are negligible. For example, 𝑈37
𝐾′ and Mg/Ca (Globigerinoides sacculifer) 

SSTs estimates from the Western Equatorial Pacific (WEP) are of a similar magnitude over 

the past 30 kyr (de Garidel-Thoron et al., 2007). This was observed despite relatively low 

alkenone concentrations and possibly extensive degradation, suggesting that preferential 

degradation had only a minor impact (i.e. fC37:3 ≈ 1.0). The glycerol dialkyl glycerol tetraether 

(GDGT)-based TEX86 (tetraether index of tetraethers consisting of 86 carbons) proxy 

(Schouten et al., 2002) is a widely used organic paleothermometer (e.g., Schouten et al., 

2013) which also exhibits a close agreement with  𝑈37
𝐾′-derived SSTs over shallow timescales. 

For example, 𝑈37
𝐾′  and TEX86 SST estimates obtained from core tops within the Arabian Sea 

(NIOP905 and 74KL) match modern mean annual SST values for that area (Huguet et al., 

2006). In the Eastern Mediterranean (GeoB7702-3), 𝑈37
𝐾′ and TEX86 also record similar trends 

and absolute SST values over the past 27 kyr (Castañeda et al., 2010). 𝑈37
𝐾′ and TEX86-based 

reconstructions agreed well even in depth intervals where alkenone concentrations were low, 

indicating that even a high extent of degradation did not alter the 𝑈37
𝐾′ signal at these sites. In 

the Western Mediterranean, Huguet et al. (2011) reported similar temperature trends between 

𝑈37
𝐾′ and TEX86 for the last 244 – 130 kyrs. Although, TEX86 absolute SST were higher than 

𝑈37
𝐾′ SST, the difference rarely exceeded < 3 ºC, which is within both proxy calibration errors 

(and inconsistent with the latter being biased to warm temperatures).   In fact, in many cases 
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where TEX86 and 𝑈37
𝐾′ -derived SSTs differ, it is due to the latter being colder rather than 

warmer (Castañeda et al., 2010; Grauel et al., 2013; Huguet et al., 2006); and in the few 

settings where the opposite is observed (Li et al., 2013; Lopes dos Santos et al., 2010; 

McClymont et al., 2012; Seki et al., 2012), it is often attributed to the depth of GDGT 

production. 

 

2.4.2.2 Assessing Potential Degradation Bias in Older Sedimentary Records 

In general, inferred degradation biases have been largely limited to deep time (Miocene and 

older) settings.  For instance, the absence of tri-unsaturated alkenones in many Miocene 

sediments from DSDP (Deep Sea Drilling Program) sites 588, 608 and 730 results in 𝑈37
𝐾′ 

values of 1 and therefore, SST > 28 ºC (Pagani et al., 1999).  RTM results suggest that these 

observations might indicate long-term preferential consumption of C37:3 – and indeed alkenone 

concentrations are low in these sediments. However, such a scenario would require extensive 

degradation and, although mathematically possible, remains inconsistent with the lack of such 

extensive degradation in younger settings. Therefore, we suggest, based on insights gained 

through the model investigation, that at the DSDP sites 588, 608 and 730 Miocene SST 

records have not been extensively affected by selective degradation and that SSTs were 

indeed relatively high. It is worth noting that one rationale for those suggestions was the much 

higher temperatures recorded by alkenones than by planktonic foraminifera δ18O. However, 

those isotopic records have almost certainly been biased by diagenetic recrystallization (e.g.,  

Pearson et al., 2007, 2001), and these records have now been discarded (Pagani et al., 2010). 

This illustrates some of the challenges associated with multi-proxy SST reconstructions and 

the pitfalls of interpreting proxies with preconceived notions of relative fidelity.  

In Paleogene sediments, more complex temperature relationships have been 

observed, with offsets between 𝑈37
𝐾′ and foraminiferal δ18O-derived SSTs ranging from 0 to 10 

ºC (Liu et al., 2009; Pagani et al., 2005). Again, this could be due to a long-term selective 
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degradation of alkenones or diagenetic alteration of foraminifera δ18O values (Pagani et al., 

2010; Pearson et al., 2007, 2001). Our RTM results support the latter, because such significant 

SST bias at such high 𝑈37
𝐾′  indices is difficult to achieve without nearly complete degradative 

loss of the alkenones.  

Nonetheless, we do acknowledge that in some settings large SST off-sets between 

alkenones and other proxies are observed and more difficult to explain. For example, Weller 

and Stein (2008) observed that 𝑈37
𝐾′-derived SSTs in the Eocene Arctic Ocean were up to 10 

ºC higher than the TEX86-derived SSTs reported by Brinkhuis et al. (2006). A recent re-

analysis of TEX86
H-derived temperatures suggests that the offset between TEX86

H and 𝑈37
𝐾′ in 

deep-time settings could result from a calibration bias (Ho and Laepple, 2016); however, if this 

assumption is valid that would yield higher TEX86
H  SSTs. Weller and Stein (2008) argued that 

the observed offset arises from the distinct ecological characteristics of alkenone and GDGT 

producers, as they likely occupy different habitats in the water column. This seems likely 

because model results, although showing that preferential degradation of C37:3 can yield 10 ºC 

offsets, show that this can only happen under extreme degradation conditions.  

The RTM approach applied here illustrates how such interpretations can be tested in 

more than simply an ad hoc manner when reconstructed SSTs are perceived to be too high, 

particularly when looking at absolute SST values, since SST differences (relative values) are 

expected to be less biased.  In particular, reconstructed SSTs should be interpreted in the 

context of the most important factors that could potentially drive putative SST biases: the 

presumed initial 𝑈37
𝐾′(0) value and the extent of alkenone degradation. RTM results allow 

exploring the robustness of relative temperature changes resulting from contrasting 𝑈37
𝐾′(0) by 

shifting temperature changes (higher SST shifted minimally, whereas lower SST shifted more 

strongly). 



Chapter 2 Alkenones Degradation and Impact on 𝑈37
𝐾′ Paleothemometry 

  

 

 

63 
 

2.5 Conclusions 

RTM simulations show that preferential degradation of tri- over di-unsaturated C37 alkenone 

can potentially alter the original signal of the 𝑈37
𝐾′ paleothermometry and consequently produce 

positively biased SST records. Results from a plethora of environmental and degradation 

scenarios indicate that a combination of factors can results in a large range of possible SST 

biases, but the greatest changes require extensive alkenone degradation. Positively biased 

SST records are also governed by the differential degradation factor between C37 alkenones 

(fC37:3), which based on various modern studies appears to vary between 1 and 1.5; however, 

these extreme values seem limited to only some settings. Initial 𝑈37
𝐾′(0) plays a secondary role 

on the SST changes.  

Not all of the simulated scenarios are realistic; those that yield maximum SST biases 

would require that alkenones be effectively removed from the sedimentary record – a direct 

consequence of the major control exerted by the degree of degradation.  However, modest 

SST biases are associated with realistic assumptions about degradation rates, consistent with 

environmental studies (i.e. in oxidised turbidites). Consequently, we caution against the 

interpretation of 𝑈37
𝐾′ indices when alkenone concentrations are low, especially if low 

concentrations are a direct result of extensive degradation. 

RTM results offer a possible complementary explanation for SST off-sets between 𝑈37
𝐾′ 

and other paleotemperature proxies found in the geological record and help elucidate 

mismatches between proxies. Additionally, it can be useful to avoid erroneous 

paleoreconstructions and interpretations derived from 𝑈37
𝐾′ diagenetically altered signals. 

Nevertheless, comparisons between our RTM results and the alkenone sedimentary record 

suggest that, in general, 𝑈37
𝐾′-SST records have not been as extensively altered as sometimes 

assumed. 
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Chapter 3 – Characteristics of depositional environments 
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3.1 Introduction 

Large-scale studies allow the recognition of global patterns of biogeochemical processes. In 

the past decades, several proxies have been developed based on global-scale comparisons 

and calibrations, e.g. sea surface temperature (e.g., Brassell et al., 1986; Müller et al., 1998; 

Prahl et al., 1988; Prahl and Wakeham, 1987; Schouten et al., 2002) and soil and peat pH and 

mean air temperature (e.g., Hopmans et al., 2016; Naafs et al., 2017; Weijers et al., 2007) 

organic proxies. Likewise, a recent compilation of model-derived studies (Arndt et al., 2013) 

allowed the regionalisation of patterns on organic matter reactivity in marine sediments, albeit 

the authors did not find strong significant correlations between reactivity and single 

characteristics of depositional environments, e.g. water depth and sediment accumulation 

rates (Arndt et al., 2013). Nevertheless, such analyses demonstrated that further advances 

are necessary for understanding the additional controls on organic matter reactivity. Yet, the 

efforts in constraining the drivers of organic matter reactivity should be developed on global-

scale. However, global-scale studies, especially those of multidisciplinary nature, are usually 

limited by the absence of consistent information in such scales, biases and patchiness in the 

choices of sample locations, and limited exchange among disciplines. 

 Aiming to further understand the controls on organic matter reactivity, especially those 

related to the sources of organic matter, a large-scale compilation of depositional 

environments is developed here (Figure 3.1). A variety of contrasting depositional settings 

comprises this study, ranging from shallow and marginal environments to deep-sea sites, and 

from high to low sedimentation rates environments (Table 3.1). As mentioned above, the 

spatial distribution is limited to the availability of consistent datasets that allow robust 

comparisons among the depositional settings. Inevitably, there is a patchiness of study sites 

(e.g. Northern European margin), as well as bias in the choice of sites with particular features 

(e.g. Arabian Sea). Nevertheless, such factors also allow the recognition of regional and short-

scales behaviours. 
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Figure 3. 1. Large-scale depositional environments geographic locations. Red dots denote study sites. 
For further details see Table 3.1. The map was produced on the open-source software Ocean Data 
View (Schlitzer, 2016). 

 

 

 

3.2 Sites description 

In the following subsections, the main characteristics of each depositional environment are 

briefly introduced. Additionally, further details on the available datasets are addressed later. 

Table 3.1 shows the geographical location and key characteristics (water depth, sedimentary 

organic matter content, and sedimentation rates) of each study site. 
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Table 3. 1. Study sites geographic location and depositional environments characteristics. 

Site 
Latitude Longitude Depth* TOC** Sed. rate*** 

º º m % cm yr-1 

Severn estuary 51.50 N 3.07 W 8 3.0 4.3·10-1 (a) 

Rhone pro-delta 43.31 N 4.85 E 19 2.0 1.0·101 (b) 

Rhone shelf 43.27 N 4.77 E 74 1.3 5.0·10-1 (b) 

Aarhus Bay 56.11 N 10.34 E 15 3.5 3.2·10-1 (c) 

Arkona Basin 54.80 N 13.78 E 43 5.0 7.4·10-3 (d) 

Helgoland 54.08 N 7.97 E 29 1.1 1.3·100 (e) 

Skagerrak - S10 57.92 N 9.75 E 86 1.3 5.0·10-1 (f) 

Skagerrak - S11 57.95 N 9.70 E 150 0.5 5.0·10-1 (f) 

Skagerrak - S13 58.05 N 9.60 E 386 1.8 5.0·10-1 (f) 

Arabian Sea - anoxic 24.88 N 63.02 E 654 5.0 5.0·10-2 (g) 

Arabian Sea - transition 24.81 N 62.99 E 957 4.4 5.0·10-2 (g) 

Arabian Sea - oxic 24.71 N 62.99 E 1586 4.3 5.0·10-2 (g) 

Bering Sea 54.57 N 168.81 W 1476 1.3 1.6·10-3 (h) 

Argentine Basin 39.31 S 53.95 W 3687 1.0 8.0·10-3 (i) 

* Depth of water column overlaying sea floor; 
** TOC – total organic carbon; 
***Sedimentation rates: (a) derived from water depth empirical relationship after Middelburg et al. 
(1997); (b) Pastor et al. (2011); (c) Thamdrup et al. (1994); (d); (e) Hebbeln et al. (2003); (f) (Dale et al., 
2008a); (g) Bard et al. (2013); (h) Gersonde (2009); (i) (Henkel et al., 2011); 

 

 

3.2.1 Severn estuary 

The Severn estuary constitutes a large, partially enclosed, shallow estuary in the Southwest 

of the UK (Dyer, 1984; Henderson and Bird, 2010; Manning et al., 2010; Uncles, 2010). The 

physical dynamic is extreme due to the hyper tidal semi-diurnal regime, what results in the the 

second largest tidal range in the world, reaching up to 12 meters (Dyer, 1984; Jonas and 

Millward, 2010; Uncles, 2010). The Severn estuary receives large amounts of freshwater 

riverine input (375 m³ s-1) from several tributaries draining a catchment area of 25,000 km², 

with an estimated sediment deliver of 1.63·106 tonnes yr-1 (Jonas and Millward, 2010; Murdoch 

et al., 2010). 



Chapter 3 Depositional Environments  

 

 

68 
 

The high tidal dynamic, associated with riverine discharge, results in high turbidity in 

the water column due to high speed currents. During tidal cycle, sediments are continuously 

re-suspended from the estuary floor, resulting in high turbidity and increasing the residence 

time in the water column prior to settling and burial. (Manning et al., 2010). As a consequence 

of high turbidity, there is a strong limitation of primary productivity within the estuary (Langston 

et al., 2010). Phytoplankton-derived chlorophyll-a is low within the estuary but slightly 

increases seaward. Microphytobenthos are important sources of organic matter in the Severn 

estuary, albeit they are limited by high turbidity and sediment instability (Underwood, 2010). 

Dissolved organic carbon exhibits a conservative behaviour with riverine fluxes representing 

the main sources (Mantoura and Woodward, 1983). 

 

3.2.2 Rhone delta 

The Rhone delta is a microtidal, wave-dominated deltaic system located in the north-western 

portion of Mediterranean Sea shelf, the Gulf of Lions. The Rhone river is the main source of 

fresh water, nutrients, and terrigenous material to the Mediterranean Sea, with a drainage 

area of 97,800 km² (Sempéré et al., 2000). With a mean annual discharge of 7.6·106 tonnes 

yr-1, the riverine fluxes represent 80% of the input to the Gulf of Lions. Most of the discharged 

material accumulates in the shallow pro-delta (< 20 meters) as thick mud deposits, where 

intense sediment reworking takes place. The transfer of sediment from the pro-delta to the 

shelf area (> 60 meters) normally occurs in benthic nepheloid layers, and the sediment 

accumulation rates in the shelf are low (Cathalot et al., 2010; Lansard et al., 2009; Miralles et 

al., 2005; Pruski et al., 2015). 

 The characteristics of sedimentary organic matter exhibits a marked shift from shallow 

to deep waters across the Rhone delta. The pro-delta sediments are characterized by a strong 

and fresh terrestrially-derived organic matter due to the intense accumulation rates in that 

area. Towards deeper areas, the attenuation of sedimentation rates results in the dilution of 
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terrestrial signal by marine-derived organic matter. Consequently, the organic matter buried 

in the shelf sediments is characterized by a mixture of pre-aged terrestrial-derived and marine 

sources (Bourgeois et al., 2011; Cathalot et al., 2013; Pruski et al., 2015). 

 

3.2.3 Northern European margin 

The Northern European margin comprises the North Sea and Baltic Sea, as well as the 

transition areas (Skagerrak, Kattegat, and Aarhus Bay). 

The Helgoland is a shallow area in the North Sea (< 30 meters), characterized by 

continuous deposition of fine-grained sediments (mud), as a result of the interaction of 

longshore coastal currents, riverine discharge, and tidal dynamics (Hebbeln et al., 2003). This 

mud area extends from over 500 km² and accumulates a thick layer of Holocene sediments. 

Sedimentation rates are variable, and the sediments are relatively undisturbed by bioturbation 

(Hebbeln et al., 2003). The microbial diversity is low and sensible to redox conditions (Rachor, 

1980). There is a seasonal and spatial variation in the sediment-water fluxes of oxygen and 

nitrogen, with fined-grained sediments exhibiting overall lower fluxes (Oehler et al., 2015). The 

sources of organic matter are characterized by algal-derived material in the surface sediments, 

which are rapidly degraded. Below surface, terrestrial-derived sources become predominant. 

The microbial community is intimately associated with organic matter contents, thus 

suggesting a strong association with organic matter heterotrophic degradation (Oni et al., 

2015). 

The Skagerrak is a fjord type, deep basin that connects the North Sea to the Baltic 

Sea. The continental margin covers ca. 32,000 km² and reach a maximum depth of 700 meters 

(Rajendran et al., 1992; Ståhl et al., 2004). The hydrology is influenced by both North and 

Baltic Seas. A counter clockwise current flows from the North Sea into the Skagerrak. 

Additionally, there is a northward influx of low-sality waters from the Baltic Sea (Hall et al., 

1996; Rajendran et al., 1992). Skagerrak sediments act as a sink for sediments and organic 
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matter transported from the North Sea (Aure and Dahl, 1994). High sedimentation rates (0.2 

– 1.0 cm yr-1) result in the accumulation of fine-grained sediments, which are characterized by 

refractory terrestrial-derived organic matter (Anton et al., 1993; Hall et al., 1996). These 

organic rich sediments contain high quantities of methane produced by fermentation of organic 

matter at greater sediment depths. Methane fluxes are completely oxidized below sediment 

surface by coupled sulphate anaerobic oxidation of methane (AOM) (Knab et al., 2008). 

The Aarhus Bay is a shallow, semi-enclosed embayment (250 km² and an average 

depth of 13 meters) situated in the North Sea – Baltic Sea transition. The high sedimentation 

rates (0.32 cm yr-1) result from the input of fine-grained sediments from the North Sea, 

whereas fluvial input and coastal erosion only contributes with a small fractions of 

accumulation rates. The water column is stratified most of the year due to the intermediated 

position between high-salinity North Sea and low-salinity Baltic Sea, thus resulting in salinity 

variability (20 – 33) (Jensen et al., 1995; Thamdrup et al., 1994). The presence of thick 

Holocene mud deposits (6 – 7 meters) results in free methane gas accumulation at greater 

sediment depths (> 5 meters), whereas the upward methane fluxes are oxidized by AOM 

before reaching sediment surface. The rates of AOM are sensible to temperature but not to 

organic matter fluxes seasonal variations (Dale et al., 2008b). The sources of organic matter 

are characterized by a strong terrestrial-derived plant material, albeit autochthonous archaeal 

production associated with sedimentary methane dynamics is also evident in the sediments 

(Aquilina et al., 2010). 

The Baltic Sea is a shallow, semi-enclosed intercontinental sea with a surface area of 

415,000 km². The mean water depth is 54 meters, being the western basin shallower (20 – 40 

meters) and a maximum depth of 460 meters in the central and eastern basins (Mathys et al., 

2005; Schulz and Emeis, 2000). The hydrological supply is largely of fresh waters, with saline 

water flows from the Skagerrak, albeit the saline influx is variable and restrict due to 

meteorological forcing (Gustafsson, 2001; KóUts and Omstedt, 1993). Situated in the 

westernmost part in the transition with Kattegat, the Arkona Basin is a shallow, hypoxic, 
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brackish waters basin characterized by the deposition of Holocene thick mud layers. The 

organic-rich sediments develop free gas methane with different levels of saturation (Mathys et 

al., 2005; Mogollón et al., 2012). The hydrology is dominated by estuarine circulation and 

stratified water column (Thießen et al., 2006). The high organic content of sediments (up to 5 

wt% TOC) is mainly derived of fluvial input (Schulz and Emeis, 2000) with a predominance of 

terrestrial-derived organic matter (Aquilina et al., 2010). Organic matter heterotrophic 

degradation is mostly fuelled by sulphate reduction, with a significant contribution of 

methanogenesis (up to 45%) (Mogollón et al., 2012). 

 

3.2.4 Arabian Sea 

The Arabian Sea is a small ocean basin largely influenced by annual monsoon cycles and an 

intense coastal regime. The occurrence of SW and NE monsoon regimes makes the Arabian 

Sea distinct of other ocean basins (Shetye et al., 1994). The monsoon regime drives a semi-

annual reversal of surface currents. During December – February period, the NE monsoon 

dominates the surface circulation and induces a westward flow. The surface circulation is 

strongly weakened during inter-monsoon periods (Luff et al., 2000). The monsoon regime has 

a strong impact on the primary productivity in the Arabian Sea, which corresponds to 5% of 

global oceans productivity (Cowie, 2005). The peak of primary productivity occurs during the 

SW monsoon, which triggers intense upwelling in the Arabian Peninsula. A second peak 

occurs during NE monsoon, due to cooling of surface waters and deepening of water mixed-

layer (Cowie, 2005; Luff et al., 2000). The intense fluxes of labile marine-derived organic 

matter lead to the development of an oxygen minimum zone (OMZ) between water depths of 

150 and 1,000 meters. The OMZ greatly influences the sedimentary conditions, especially in 

the continental margin, resulting in redox gradients due to intense organic matter accumulation 

and benthic dynamics (Cowie, 2005). 
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 The Pakistan Margin is located on the Makran continental slope within the present-day 

OMZ in the northernmost portion of the Arabian Sea (Bard et al., 2013). The increase of water 

depth across the margin leads to the development of distinct zones regarding to the OMZ 

(Jeffreys et al., 2009). The core of the OMZ spans from 250 to 750 meters and exhibits oxygen-

depleted bottom waters, and fine-laminated anoxic sediments. Between 750 and 1,100 meters 

a transition zone develops, exhibiting oxygen-depleted bottom water conditions but with 

oxygen fluctuations, and gradual change from laminated to homogenous sub-oxic sediments. 

Below the OMZ at depths greater than 1,100 meters, there is a gradual replenishment of 

bottom water oxygen. Sediments are homogeneous with oxygenated and bioturbated upper 

layers (Jeffreys et al., 2009). Throughout the OMZ, oxygen plays a crucial role controlling 

organic matter quality and quantity. Within the core and OMZ transition zones, organic matter 

contents are higher, and consist of fresh and marine-derived labile material. Organic matter 

experiences intense degradation in the upper sediment layers, but degradation processes are 

enhanced below the OMZ (Jeffreys et al., 2009; Koho et al., 2013; Luff et al., 2000; Vandewiele 

et al., 2009). 

 

3.2.5 Bering Sea 

The Bering Sea is a semi-enclosed, high-latitude sea that connects the North Pacific and the 

Atlantic oceans. The north and west boundaries are limited by Siberia, whereas the Alaska 

limits the eastern portion. The southern portion has the Aleutian Islands as boundaries (Napp 

and Hunt, 2001; Stabeno et al., 1999). The continental margin extends NW-ward from Alaska 

Peninsula towards NE Siberia (Scholl et al., 1970). The south-eastern shelf extends for over 

500 km, whereas the eastern shelf is narrow (< 100 km). The circulation is characterized by a 

cyclonic gyre, and is strongly influenced by the Alaskan Stream (Stabeno et al., 1999). 

 The south-eastern shelf is a highly productive system. The high rates of primary 

production support the pelagic and benthic food webs (Napp et al., 2002; Stabeno et al., 2010, 
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2007). The primary productivity is sensitive to climate variations; thus, temperature shifts 

impact the overall primary production, the trophic relationships across the shelf, and the export 

of organic matter from pelagic to benthic systems (Coyle et al., 2008; Napp et al., 2002). The 

primary productivity is triggered by ice melting on the shelf during spring. Spring blooms occur 

between April and May, depleting nearly all nutrients available. Subsequent blooms depend 

on the replenishment of nutrients by mixing of surface and subsurface waters, onshore 

advection, and remineralization during summer (Coyle et al., 2008; Stabeno et al., 1999). 

 

3.2.6 Argentine Basin 

The Argentine Basin is situated off the Uruguay and Argentine continental margin. It is 

characterized by intense hydrological and sedimentological dynamics. The surface circulation 

is marked by encounter of southward Brazil current and the northward Malvinas currents, 

known as Brazil-Malvinas confluence (Peterson, 1992). The hydrology of the confluence 

region is also complex in subsurface and deep waters, where several water masses are 

detected, e.g. Antarctic Intermediate Water (AAIW), North Atlantic Deep Water (NADW), and 

Antarctic Bottom Water (AABW) (Benthien and Müller, 2000). Additionally, the outflow of La 

Plata river, which plume brings terrestrial particulate matter (80·106 tonnes yr-1) and nutrients 

to the shelf, spans over up to 1,300 km northward in the Argentine margin (Krastel et al., 2011; 

Piola, 2005). Altogether, the mixture of tropical and Antarctic waters produces a temperature, 

salinity, and nutrients gradient, which results in elevated rates of primary production and export 

of organic matter to sediments (Hensen et al., 2003; Riedinger et al., 2017). 

 The sediments in the Argentine Basin have low carbonate contents but high organic 

carbon, and thus likely of terrestrial origin (Stevenson and Cheng, 1972). Off Uruguay and 

Argentine margin, sedimentation experiences non-steady-state conditions, mostly resulting 

from lateral transport across the shelf to the slope due to strong surface and bottom currents 

(Benthien and Müller, 2000; Henkel et al., 2011; Hensen et al., 2003; Krastel et al., 2011; 
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Riedinger et al., 2017, 2014). That results in intense sediment reworking and re-exposure, 

leading to variable burial of reactive and refractory organic matter (Hensen et al., 2003; 

Riedinger et al., 2017). 

 

3.3 Sediment and porewater datasets 

This large-scale compilation of contrasting depositional environments (Table 3.1) is based on 

sites where consistent geochemical datasets (e.g. 𝑇𝑂𝐶 and 𝑆𝑂4
2−) for the Reaction-Transport 

modelling (RTM) have been previously produced, and for which suitable sediment samples 

for lipid biomarker analyses were also available (Figure 3.2). Satisfactorily meeting those 

conditions was challenging and only possible with the collaboration of several researchers, 

who shared both geochemical data and sediment samples. 

Despite of initial difficulties obtaining suitable material, it was possible to find a 

comprehensive geographical distribution of study sites for both RTM simulations and lipid 

biomarker analyses. Table 3.2 shows the details on solid-phase and porewater available 

information for each site and the databases where such information can be found. The details 

on the analytical methods for solid-phase and porewater can be found in the referred 

references. Additionally, Figure 3.2 illustrates the sediment depth horizons where lipid 

biomarker analyses were performed.  

All those sites (Table 3.1 and 3.2; Figure 3.2) were selected based on the minimum 

requirement of having downcore 𝑇𝑂𝐶 and porewater 𝑆𝑂4
2− data available for the RTM and 

well-preserved sediment samples for lipid biomarker analyses. Porewater 𝐶𝐻4 and 𝑁𝐻4
+ 

information was desirable, but such information was not consistently available throughout the 

dataset. When available, such information was used to further constrain the RTM. The RTM 

description is addressed in detail in Chapter 4 and the lipid biomarker analyses are described 

in Chapter 5. 
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Figure 3. 2. Sediment depth horizons (brown columns) where lipid biomarker analyses were performed 
and porewater sulphate concentration depth profiles (black lines) for each study sites (a – q).
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Table 3. 2. Geographical location of study sites and available solid-phase and porewater information used to constrain the Reaction-Transport model.  

Site 
Core 

identification 

Depth Solid-phase Porewater 
Data available on 

cmbsf 𝑻𝑶𝑪 𝑴𝒏𝑶𝟐 𝑭𝒆(𝑶𝑯)𝟑 𝑶𝟐 𝑵𝑶𝟑
− 𝑺𝑶𝟒

𝟐− 𝑯𝟐𝑺 𝑵𝑯𝟒
+ 𝑪𝑯𝟒 

Severn estuary ST-1/ST-3 < 30 X 0 0 0 X X 0 0 X (Thomas, 2014) 

Rhone pro-delta A/AK < 30 X 0 0 0 0 X 0 0 0 DICASE Project 

(Rassmann et al., 2016) Rhone shelf C < 30 X 0 0 0 0 X 0 0 0 

Aarhus Bay 173GC/174GC 310 X 0 0 0 0 X X 0 X 
METROL Project 

Pangea database 

(Aquilina et al., 2010; 
Dale et al., 2008a; Dale 
et al., 2008b; Knab et 

al., 2008) 

Arkona Basin 
(Western Baltic) 

348GC/351GC 320 X 0 0 0 0 X 0 0 X 

Skagerrak - S10 807GC/808GC 380 X 0 0 0 0 X 0 0 X 

Skagerrak - S11 816GC/836GC 380 X 0 0 0 0 X 0 0 X 

Skagerrak - S13 786GC/789GC 500 X 0 0 0 0 X 0 0 X 

Helgoland  

(North Sea) 
HE443-010 500 X 0 0 0 0 X X X 0 

Pangea database 

(Henkel and Kulkarni, 
2015) 

Arabian Sea 
(Pakistan Margin) 
anoxic 

GeoB12312 530 X 0 0 0 0 X X X 0 

Cold seeps of the 
Makran subduction zone 

Pangea database 

(Zonneveld, 2009) 

Arabian Sea 
(Pakistan Margin) 
transition 

GeoB12309 530 X 0 0 0 0 X X X 0 

Arabian Sea 
(Pakistan Margin) 
oxic 

GeoB12308 330 X 0 0 0 0 X X X 0 

Bering Sea SO202-22 950 X 0 0 0 0 X X 0 0 

INOPEX project 

Pangea database 

(Gersonde, 2009) 

Argentine Basin GeoB13863 850 X 0 0 0 0 X X 0 X 
Pangea database 

(Henkel et al., 2011) 

X – Data available 
0 – Data not available 

Pangea database:  https://www.pangaea.de/
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4.1 Introduction 

The biogeochemical processes that occur in marine sediments are crucial for a 

comprehensive understanding of the global carbon cycle. Of those processes, degradation 

and preservation of organic matter have a central role, since they control the long-term burial 

and release of organic and inorganic carbon removed from surface waters via the biological 

pump, redox-sensitive species, as well as CO2 and CH4, which ultimately have an impact on 

Earth climate. Thus, marine sediments represent a key link for the global carbon cycle, 

connecting physical, chemical, and biological processes in the atmosphere, land, and oceans. 

Yet, they link the short-term and geological long-term carbon cycles (Hedges, 1992; Hedges 

and Keil, 1995; Hedges and Oades, 1997; Henrichs, 1992; Hülse et al., 2017). 

 Organic matter deposited in marine sediments, which is derived from multiple sources 

and have complex mixtures of compound classes and degrees of alteration prior to deposition, 

is the fuel for the biogeochemical processes in those sediments. Ultimately, the reactivity of 

organic matter dictates degradation and preservation processes, and thus the burial of organic 

matter (Arndt et al., 2013; Henrichs, 1992). Therefore, understanding the controls on organic 

matter reactivity in marine sediments in the global-scale can shed light to further understand 

the past, present, and future carbon cycle. 

 However, the controls on organic matter reactivity are complex and beyond single 

mechanisms and simple relationships. Organic matter reactivity is highly variable across 

ocean basins and is not correlated to single characteristics of depositional environments 

(Arndt et al., 2013). In fact, organic matter reactivity results from the interplay of several 

environmental factors, e.g. sources of deposited material (e.g., Burdige, 2005; Hedges et al., 

1997; Meyers, 1997), oxygen exposure time during settling and deposition (e.g., Hartnett et 

al., 1998; Hoefs et al., 2002; Huguet et al., 2008; Sinninghe Damsté et al., 2002a; Wakeham 

et al., 1997), terminal electron acceptors (TEA) availability (e.g., Aller, 1994; Aller and Aller, 
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1998), and ageing associated to transport mechanisms (e.g., Cathalot et al., 2013; Griffith et 

al., 2010; Mollenhauer et al., 2007, 2003; Ohkouchi, 2002). 

 Given the plethora of environmental factors driving organic matter reactivity, 

establishing a robust and consistent global-scale assessment is challenging and current 

precludes a comprehensive understanding of organic matter reactivity in a global context 

(Arndt et al., 2013). Reaction-Transport Models (RTM) (e.g., Berner, 1980; Boudreau, 1997) 

conceptually built on comprehensive processes that occur in marine sediments and 

constrained on the broad range of boundary conditions found in the ocean floor are ideal tools 

for global-scale investigations of organic matter reactivity (Arndt et al., 2013). However, large-

scale assessments are often limited in power, environmental significance, and transferability 

due to local nature of studies and lack of global-scale information for model parametrization 

(Hülse et al., 2018). 

 Here, a comprehensive, large-scale RTM assessment is developed to further constrain 

organic matter reactivity in a broad range of contrasting depositional environments, ranging 

from coastal and marginal to deep-sea settings, high to low sedimentation rates and fluxes of 

organic matter, and hypoxic to oxygenated water and upper sediment conditions. Thus, the 

aim of this chapter is to quantitatively assess the biogeochemical processes in a variety of 

marine sediments and develop a large-scale understanding on the geographical patterns of 

organic matter reactivity. The specific objectives are: (i) extract and quantify organic matter 

reactivity from present-day, site-specific measured geochemical profiles; (ii) develop the 

understanding of geographical patterns on organic matter reactivity and the relationships with 

characteristics of the depositional environment; (iii) quantify organic matter degradation rates. 

Ultimately, this large-scale analysis of organic matter reactivity will be coupled to the 

characterization of sources of organic matter on a molecular level (e.g., lipid biomarkers) for 

a comprehensive analysis of the relationships between reactivity and sources of organic 

matter. 
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4.2 Model Description 

The Biogeochemical Reaction Network Simulator (BRNS) (Aguilera et al., 2005; Regnier et 

al., 2002) is an adaptive simulation environment that has been successfully employed to 

simulate and quantify diagenetic processes in marine sediments across a wide range of 

depositional environments and timescales (e.g., Dale et al., 2008a; Thullner et al., 2009; 

Wehrmann et al., 2013). It is suitable for large, mixed kinetic-equilibrium reaction networks 

(Dale et al., 2009; Jourabchi et al., 2005; Thullner et al., 2009). The model set-up developed 

here accounts for the fluxes and transformations of organic matter (𝐶𝐻2𝑂), the full suite of TEA 

(oxygen – 𝑂2; nitrate – 𝑁𝑂3
−; manganese oxide – 𝑀𝑛𝑂2; iron hydroxide – 𝐹𝑒(𝑂𝐻)3; and 

sulphate – 𝑆𝑂4
2−), methane (𝐶𝐻4), sulphide (𝐻𝑆−), and ammonium (𝑁𝐻4

+). For each of the 

species 𝑖 involved in heterotrophic organic matter degradation, the BRNS simulates changes 

in both solid phase and porewater concentrations 𝐶𝑖 as result of transport processes 

(advection, molecular diffusion, bioirrigation and bioturbation), as well production/consumption 

due to reactions (Aguilera et al., 2005; Thullner et al., 2009; Wehrmann et al., 2013). In the 

following sections a detailed description of the model approach, including parameters values, 

boundary conditions, rates and fluxes calculations is provided.  

 

4.2.1 Model Formulation 

The concentration depth profiles of solid and dissolved species in marine sediments are 

calculated according to the vertically-resolved mass conservation equation of solid and 

dissolved species 𝐶𝑖 in porous media (Berner, 1980; Boudreau, 1997):  

 

𝜕𝜎𝐶𝑖
𝜕𝑡

 =  
𝜕

𝜕𝑧
 (𝐷𝑏𝑖𝑜𝜎 

𝜕𝐶𝑖
𝜕𝑧

+ 𝐷𝑖𝜎
𝜕𝐶𝑖
𝜕𝑧
) −

𝜕𝜎𝜔𝐶𝑖
𝜕𝑧

+ 𝑎𝑖𝜎(𝐶𝑖(0) − 𝐶𝑖) +∑𝑠𝑖
𝑗
𝑅𝑗

𝑗

 (4.1), 
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where 𝐶𝑖 is the concentration of specie 𝑖, 𝑡 denotes time, and 𝑧 is the sediment depth. For 

solid species the porosity term is given by 𝜎 = (1 − 𝜑), whereas for dissolved species porosity 

assumes 𝜎 = 𝜑. The effective molecular diffusion coefficient of dissolved species 𝑖 is given by 

𝐷𝑖 (𝐷𝑖 = 0 for solid species), and 𝐷𝑏𝑖𝑜 represents the bioturbation coefficient. Sedimentation 

rate is given by 𝜔, and 𝑎𝑖 denotes the bioirrigation coefficient (𝑎𝑖 = 0 for solid species). The 

sum of consumption/production rates 𝑗 is given by ∑ 𝑠𝑖
𝑗
𝑅𝑗𝑗 , where the stoichiometric coefficient 

of specie 𝑖 is given by 𝑠𝑖
𝑗
 for the kinetically controlled reaction 𝑗, with rate 𝑅𝑗.  

 

4.2.1.1 Transport Processes 

The transport processes implemented in this BRNS formulation include sediment 

accumulation and compaction, molecular diffusion, bioturbation, and bioirrigation (see eq. 

4.1). The net accumulation of particles at the sediment-water interface (SWI) is defined as 

sedimentation with the sedimentation rate 𝜔. Sedimentation is a crucial process as it drives 

the advective burial of sediment particles and porewater. As new sediment particles reach the 

SWI, the previous sediment layer is buried and consequently it creates a downward flux of 

sediment and porewater. For solids, this flux is responsible for sediment compaction. 

Compaction results from closer packing of, but not exclusively, fine grained sediments and 

concomitant expulsion of porewater (Boudreau, 1997; Burdige, 2006). 

 Molecular diffusion in sediments results from concentration gradients of dissolved 

species in porewater across the sediment column. In marine sediments, this process plays an 

important role in transporting TEA into deeper sediment layers. The diffusive fluxes are 

commonly quantified by means of Fick’s first law of diffusion, which depends on the molecular 

diffusive coefficient 𝐷𝑖 (𝑖 = dissolved specie) and is corrected for sediment tortuosity. 𝐷𝑖 is 

dependent on the charge and size of the diffusing species, as well temperature and viscosity 

of the medium (Boudreau, 1997; Burdige, 2006). Here, 𝐷𝑖 are corrected for temperature, 

salinity, and tortuosity (see section 4.2.2.1). The model also accounts for the effect of sediment 
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reworking by infaunal organisms in the bioturbated upper sediment layer (𝑧 < 𝑧𝑏𝑖𝑜). The 

process, which is known as bioturbation, causes random displacement of sediments, resulting 

in a well-mixed bioturbated layer. The process is generally described by a dispersive term with 

constant bioturbation diffusion coefficient 𝐷𝑏𝑖𝑜 (Boudreau, 1986). 

Bioirrigation is caused by benthic macrofaunal organisms that build burrows or tubes 

in the sediment for feeding. Those structures can influence the transport of particles and 

dissolved species in the sediments due to constant flushing, either passive or active by 

macrofaunal organisms, which enhance the exchange with SWI. Quantitatively, bioirrigation 

can be described by a nonlocal bioirrigation coefficient 𝑎𝑖, which describes the exchange rates 

between SWI and porewater at depth in bioirrigated zone of sediments (Aller, 1994; Aller and 

Aller, 1998; Burdige, 2006). 

 

4.2.1.2 Reaction Network 

The reaction network implemented here encompasses the most pertinent primary and 

secondary redox reactions and its formulation and parametrization builds on a number 

previous studies that investigate diagenetic dynamics across several depositional 

environments and scales (e.g., Aguilera et al., 2005; Thullner et al., 2009; Van Cappellen and 

Wang, 1996; Wehrmann et al., 2013). It explicitly accounts for the heterotrophic degradation 

of organic matter through aerobic respiration, denitrification, manganese reduction, iron 

reduction, sulphate reduction, and methanogenesis. Stoichiometric reaction and kinetic rate 

formulations for each of the primary and secondary redox reactions involved in organic matter 

heterotrophic degradation are summarized in Tables 4.1, 4.2, and 4.3.  
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Table 4. 1. Metabolic pathways implemented in the BRNS formulation for heterotrophic degradation of 
organic matter in marine sediments (adapted from Aguilera et al., 2005; Thullner et al., 2009; Wehrmann 
et al., 2013). 

 Reaction Pathway 

 Primary redox reactions 

𝑟1 Aerobic degradation 

𝑟2 Denitrification 

𝑟3 Manganese reduction 

𝑟4 Iron reduction 

𝑟5 Sulphate reduction 

𝑟6 Methanogenesis 

 Secondary redox reactions 

𝑟7 Ammonium oxidation by oxygen 

𝑟8 Manganese oxidation oxygen 

𝑟9 Iron oxidation by manganese oxide 

𝑟10 Iron oxidation by oxygen 

𝑟11 Sulphide oxidation by oxygen 

𝑟12 Sulphide oxidation by manganese oxide 

𝑟13 Sulphide oxidation by iron hydroxide 

𝑟14 Anaerobic oxidation of methane (AOM) coupled to sulphate reduction 

𝑟15 Methane oxidation by oxygen 

𝑟16 Iron sulphide and pyrite oxidation by oxygen 

 

The rates 𝑅𝐶 of organic matter oxidation are calculated assuming a reactive continuum 

of organic matter compounds and first-order kinetics with respect to the electron donor, (i.e. 

particulate organic matter (POM) which is assumed to be (𝐶𝐻2𝑂)106(𝑁𝐻3)16(𝐻3𝑃𝑂4)). It is 

assumed that the bulk organic matter is continuously distributed over a range of reactivities 𝑘. 

Due to the rapid depletion of the most reactive compounds, the reactivity of the bulk material 

decreases during degradation and thus reflects the widely observed reactivity decrease with 

burial time/depth/age, termed Reactive Continuum model (RCM) (Boudreau and Ruddick, 

1991; Middelburg, 1989). 
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Table 4. 2. Reaction network and reaction rates implemented in the BRNS formulation for heterotrophic degradation of organic matter in marine sediments 
(adapted from Aguilera et al., 2005; Thullner et al., 2009; Wehrmann et al., 2013). 

 Stoichiometry Reaction rate 

 Primary redox reactions  

𝑟1 (𝐶𝐻2𝑂)𝑥(𝑁𝐻3)𝑦(𝐻3𝑃𝑂4)𝑧 + (𝑥 + 2𝑦)𝑂2 + (𝑦 + 2𝑧)𝐻𝐶𝑂3
− → (𝑥 + 𝑦 + 2𝑧)𝐶𝑂2 + 𝑦𝑁𝐻4

+ + 𝑧𝐻𝑃𝑂4
2− + (𝑥 + 𝑦 + 2𝑧)𝐻2𝑂 𝑟1 = 𝑣 ∙ (𝑎 + 𝑎𝑔𝑒)

−1 ∙ 𝐶𝐻2𝑂 ∙ 𝑓𝑂2 

𝑟2 (𝐶𝐻2𝑂)𝑥(𝑁𝐻3)𝑦(𝐻3𝑃𝑂4)𝑧 + (
4𝑥+3𝑦

5
)𝑁𝑂3

− → (
2𝑥+4𝑦

5
)𝑁2 + (

𝑥−3𝑦+10𝑧

5
)𝐶𝑂2 + (

4𝑥+3𝑦−10𝑧

5
)𝐻𝐶𝑂3

− + 𝑧𝑃𝑂4
2− + (

3𝑥+6𝑦+10𝑧

5
)𝐻2𝑂 𝑟2 = 𝑣 ∙ (𝑎 + 𝑎𝑔𝑒)−1 ∙ 𝐶𝐻2𝑂 ∙ 𝑓𝑁𝑂3 

𝑟3 (𝐶𝐻2𝑂)𝑥(𝑁𝐻3)𝑦(𝐻3𝑃𝑂4)𝑧 + 2𝑥𝑀𝑛𝑂2 + (3𝑥 + 𝑦 − 2𝑧)𝐶𝑂2 + (𝑥 + 𝑦 − 2𝑧)𝐻2𝑂 → 2𝑥𝑀𝑛2+ + (4𝑥 + 𝑦 − 2𝑧)𝐻𝐶𝑂3
− + 𝑦𝑁𝐻4

+ + 𝐻𝑃𝑂4
2− 𝑟3 = 𝑣 ∙ (𝑎 + 𝑎𝑔𝑒)−1 ∙ 𝐶𝐻2𝑂 ∙ 𝑓𝑀𝑛𝑂2 

𝑟4 (𝐶𝐻2𝑂)𝑥(𝑁𝐻3)𝑦(𝐻3𝑃𝑂4)𝑧 + (𝑥 + 2𝑦)𝑂2 + 4𝑥𝐹𝑒(𝑂𝐻)3 + (7𝑥 + 𝑦 − 2𝑧)𝐶𝑂2 → 4𝑥𝐹𝑒2+ + (8𝑥 + 𝑦 − 2𝑧)𝐻𝐶𝑂3
− + 𝑦𝑁𝐻4

+ + 𝑧𝐻𝑃𝑂4
2− + (3𝑥 − 𝑦 + 2𝑧)𝐻2𝑂 𝑟4 = 𝑣 ∙ (𝑎 + 𝑎𝑔𝑒)

−1 ∙ 𝐶𝐻2𝑂 ∙ 𝑓𝐹𝑒(𝑂𝐻)3 

𝑟5 (𝐶𝐻2𝑂)𝑥(𝑁𝐻3)𝑦(𝐻3𝑃𝑂4)𝑧 +
𝑥

2
𝑆𝑂4

2− + (𝑦 − 2𝑧)𝐶𝑂2 + (𝑦 − 2𝑧)𝐻2𝑂 → (𝑥 + 𝑦 − 2𝑧)𝐻𝐶𝑂3
− + 𝑦𝑁𝐻4

+ + 𝑧𝐻𝑃𝑂4
2− +

𝑥

2
𝐻2𝑆 𝑟5 = 𝑣 ∙ (𝑎 + 𝑎𝑔𝑒)−1 ∙ 𝐶𝐻2𝑂 ∙ 𝑓𝑆𝑂42− 

𝑟6 (𝐶𝐻2𝑂)𝑥(𝑁𝐻3)𝑦(𝐻3𝑃𝑂4)𝑧 + (𝑦 − 2𝑧)𝐻2𝑂 → (
𝑥−2𝑦+4𝑧

2
) 𝐶𝑂2 + (𝑦 − 2𝑧)𝐻𝐶𝑂3

− + 𝑦𝑁𝐻4
+ + 𝑧𝐻𝑃𝑂4

2− +
𝑥

2
𝐶𝐻4 𝑟6 = 𝑣 ∙ (𝑎 + 𝑎𝑔𝑒)−1 ∙ 𝐶𝐻2𝑂 ∙ 𝑓𝐶𝐻4 

 Secondary redox reactions  

𝑟7 𝑁𝐻4
+ + 2𝑂2 + 2𝐻𝐶𝑂3

− → 𝑁𝑂3
− + 3𝐻2𝑂 𝑟7 = 𝑘8 ∙ 𝑁𝐻4

+ ∙ 𝑂2 

𝑟8 𝑀𝑛2+ +
1

2
𝑂2 + 2𝐻𝐶𝑂3

− → 𝑀𝑛𝑂2 + 2𝐶𝑂2 +𝐻2𝑂 𝑟8 = 𝑘9 ∙ 𝑀𝑛
2+ ∙ 𝑂2 

𝑟9 2𝐹𝑒2+ +𝑀𝑛𝑂2 + 2𝐻𝐶𝑂3
− + 2𝐻2𝑂 → 2𝐹𝑒(𝑂𝐻)3 +𝑀𝑛

2+ + 2𝐶𝑂2 𝑟9 = 𝑘10 ∙ 𝐹𝑒
2+ ∙ 𝑀𝑛𝑂2 

𝑟10 𝐹𝑒2+ +
1

4
𝑂2 + 2𝐻𝐶𝑂3

− +
1

2
𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 2𝐶𝑂2 𝑟10 = 𝑘11 ∙ 𝐹𝑒

2+ ∙ 𝑂2 

𝑟11 𝐻2𝑆 + 2𝑂2 + 2𝐻𝐶𝑂3
− → 𝑆𝑂4

2− + 2𝐶𝑂2 + 2𝐻2𝑂 𝑟11 = 𝑘12 ∙ (𝐻𝑆
− +𝐻2𝑆) ∙ 𝑂2 

𝑟12 𝐻2𝑆 +𝑀𝑛𝑂2 + 2𝐶𝑂2 → 𝑀𝑛2+ → 𝑆0 + 2𝐻𝐶𝑂3
− 𝑟12 = 𝑘13 ∙ (𝐻𝑆

− +𝐻2𝑆) ∙ 𝑀𝑛𝑂2 

𝑟13 𝐻2𝑆 + 2𝐹𝑒(𝑂𝐻)3 + 4𝐶𝑂2 → 2𝐹𝑒2+ + 𝑆0 + 4𝐻𝐶𝑂3
− +𝐻2𝑂 𝑟13 = 𝑘14 ∙ (𝐻𝑆

− +𝐻2𝑆) ∙ 𝐹𝑒(𝑂𝐻)3 

𝑟14 𝐶𝐻4 + 𝐶𝑂2 + 𝑆𝑂4
2− → 2𝐻𝐶𝑂3

− + 𝐻2𝑆 𝑟14 = 𝑘15 ∙ 𝐶𝐻4 ∙ 𝑆𝑂4
2− 

𝑟15 𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 𝑟15 = 𝑘16 ∙ 𝐶𝐻4 ∙ 𝑂2 

𝑟16 𝐹𝑒𝑆 + 𝑂2 → 𝐹𝑒2+𝑆𝑂4
2− 𝑟16 = 𝑘17 ∙ 𝐹𝑒𝑆 ∙ 𝑂2 
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In the RCM, organic matter compounds are continuously and dynamically distributed 

over a range of reactivities that captures the decrease in apparent reactivity with burial 

age/depth as the most reactive compounds are successively degraded. As such, the overall 

rate of organic matter degradation 𝑅𝐶 for a continuous distribution organic compounds is given 

by the integral:  

𝑅𝐶 = −∫ 𝑘
∞

0

∙ 𝑜𝑚(𝑘, 𝑡)𝑑𝑘 (4.2) 

 

where 𝑜𝑚(𝑘, 𝑡) denotes the probability density function that determines the concentration of 

organic matter having a degradability between 𝑘 and 𝑘 + 𝑑𝑘 at time 𝑡, with 𝑘 being equivalent 

to the first-order degradation rate constant. At 𝑡 = 0, the initial organic matter distribution 

𝑜𝑚(𝑘, 0) can assume distinct mathematical formulations, however it cannot be constrained 

from observations. Here, a Gamma function is adopted (Aris, 1968; Boudreau and Ruddick, 

1991; Ho and Aris, 1987). Assuming first-order degradation kinetics, the initial distribution (𝑡 =

0) of organic matter is given by: 

𝑜𝑚(𝑘, 0) =
𝑃𝑂𝐶(0) ∙ 𝛼𝑣 ∙ 𝑘𝑣−1 ∙ 𝑒−𝑎∙𝑘

𝜏(𝑣)
 (4.3) 

 

where 𝑃𝑂𝐶(0) denotes the initial organic matte content, 𝜏 is the Gamma function, 𝛼 is the 

average lifetime of the more reactive components of bulk organic matter, and 𝑣 represents the 

dimensionless shaping parameter of the distribution near 𝑘 = 0. The free, positive parameters 

𝛼 and 𝑣 delineate the shape of the initial distribution of organic matter compounds along the 

the range of 𝑘, and thus the overall reactivity of bulk organic matter. As such, the RCM 

approach requires the definition of two parameters that will define the shape of the organic 

matter distribution over reactivity 𝑘. Those parameters are named 𝛼, commonly refered to as 

the apparent initial age of organic matter mixture, which can also be considered as a shaping 
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parameter, and 𝑣, the dimensionless scaling parameter of bulk organic matter distribution 

(Boudreau and Ruddick, 1991). Low 𝛼 and high 𝑣 represent a more bioavailable mixture of 

organic matter and a more heterogeneous distribution. That results in high apparent bulk 

organic matter reactivity in the upper sediment layers but a fast decrease with burial time as 

a result of rapid loss of more labile components of bulk organic matter. High 𝛼 and low 𝑣 

represent a less bioavailable but more homogeneous bulk organic matter pool. The yielded 

reactivity is low at upper sediment layers and decreases slowly with burial depth (for details 

see Arndt et al., 2013; Wehrmann et al., 2013). The interplay of 𝛼 and 𝑣 drives the bulk organic 

matter reactivity depth profiles (Figure 4.1) and consequently the yielded profiles from the 

reaction network implemented in the BRNS. 

 

 

Figure 4. 1. First-order rate constant 𝑘 depth profiles changes as a function of (a) apparent initial age 

𝛼; and (b) dimensionless scaling parameter 𝑣. Sediment depth profiles are calculated assuming 

sedimentation rate 𝜔 = 0.5 cm yr-1. 

 

 

The Gamma distribution captures the organic matter degradation dynamics in nature. 

As such, the evolution of organic matter concentration as function of depth 𝑧 (𝑃𝑂𝐶(𝑧)) is given 

by: 
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𝑃𝑂𝐶(𝑧) = 𝑃𝑂𝐶(0) ∙ (
𝛼

𝛼 + 𝑎𝑔𝑒(𝑧)
)
𝑣

 (4.4) 

 

where 𝛼 and 𝑣 are the free RCM parameters (Arndt et al., 2013; Boudreau and Ruddick, 1991) 

and 𝑎𝑔𝑒(𝑧) denotes the age of the sediment layer at depth 𝑧. The RCM is successfully 

employed in the description of downcore evolution of organic matter reactivity of deep 

sediments. Nevertheless, due to the difficulty in defining the age of organic matter in 

bioturbated sediments, the sensitivity of the RCM approach is compromised. Within the 

bioturbated upper sediment layers, the age distribution of reactive species is controlled by 

both sedimentation, bioturbation and the reactivity 𝑘 of reactive species (Meile and Van 

Cappellen, 2005). Thus, according to the approach proposed by Dale et al. (2015), here a 

multi-G approximation for the RCM for the bioturbated sediments is employed. 

 In addition, the sequential utilisation of TEA is described by a combination of Michalis 

Menten and inhibition terms. The rate of organic matter heterotrophic degradation is 

independent on the TEA if the TEA concentration is much higher than 𝐾𝑗 (𝑗 = TEA). However, 

when TEA concentration becomes low the rate of organic matter degradation becomes first-

order with respect to the TEA (Table 4.3) (for details see Arndt et al., 2013). TEAs are 

consumed sequentially following the decrease in Gibbs free energy yield of the respective 

metabolic pathway reactions. The resulting classic redox sequence is described by a 

sequence of inhibition terms 𝑓𝑗, where 𝑗 denotes the TEA consumed by the respective 

metabolic pathway: 

 

𝑓𝑗 = (1 −∑𝑓𝑛
𝑛<𝑗

) if 𝑗 > 𝐾𝑗 (4.5) 

 

𝑓𝑗 = (1 −∑𝑓𝑛
𝑛<𝑗

) ∙
𝑗

𝐾𝑗
 if 𝑗 ≤ 𝐾𝑗 (4.6). 
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The inhabitation terms inhibit energetically less favourable metabolic pathways when the 

concentration of an energetically more favourable TEA is above the threshold concentration 

𝐾𝑖𝑛ℎ,𝑗. The depletion of the more favourable TEA enables the next metabolic pathway. After 

all TEA are depleted, organic matter degradation proceeds via methanogenesis, which is 

independent of TEA and is fuelled by organic matter fermentation (for details see Aguilera et 

al., 2005; Thullner et al., 2009). In addition to primary redox reactions, the reaction network 

also accounts for secondary redox reactions, i.e. re-oxidation of reduced species produced 

during primary redox reactions. Following the classical approach, the rates of secondary redox 

reactions are described by biomolecular rate laws with the rate constant 𝑘𝑖 (Table 4.2) (Van 

Cappellen and Wang, 1996). 

 

Table 4. 3. Kinetic rate laws controlling the reaction network (adapted from Jourabchi et al., 2005). 

Kinetic rate laws 

𝑟1 {

𝑓𝑂2 = 1 for 𝑂2 > 𝐾𝑂2

𝑓𝑂2 =
𝑂2
𝐾𝑂2

 for 𝑂2 ≤ 𝐾𝑂2
 

𝑟2 

{
 
 

 
 
𝑓𝑁𝑂3− = 0 for 𝑓𝑂2 = 1

𝑓𝑁𝑂3− = (1 − 𝑓𝑂2) for 𝑓𝑂2 < 1 and 𝑁𝑂3
− > 𝐾𝑁𝑂3−

𝑓𝑁𝑂3− = (1 − 𝑓𝑂2)
𝑁𝑂3

−

𝐾𝑁𝑂3−
 for 𝑓𝑂2 < 1 and 𝑁𝑂3

− ≤ 𝐾𝑁𝑂3−

 

𝑟3 

{
 
 

 
 
𝑓𝑀𝑛𝑂2 = 0 for 𝑓3 ≡ 𝑓𝑂2 + 𝑓𝑁𝑂3− = 1

𝑓𝑀𝑛𝑂2 = (1 − 𝑓3) for 𝑓3 < 1 and 𝑀𝑛𝑂2 > 𝐾𝑀𝑛𝑂2

𝑓𝑀𝑛𝑂2 = (1 − 𝑓3)
𝑀𝑛𝑂2
𝐾𝑀𝑛𝑂2

 for 𝑓3 < 1 and 𝑀𝑛𝑂2 ≤ 𝐾𝑀𝑛𝑂2

 

𝑟4 

{
 
 

 
 
𝑓𝐹𝑒(𝑂𝐻)3 = 0 for 𝑓4 ≡ 𝑓𝑂2 + 𝑓𝑁𝑂3− + 𝑓𝑀𝑛𝑂2 = 1

𝑓𝐹𝑒(𝑂𝐻)3 = (1 − 𝑓4) for 𝑓4 < 1 and 𝐹𝑒(𝑂𝐻)3 > 𝐾𝐹𝑒(𝑂𝐻)3

𝑓𝐹𝑒(𝑂𝐻)3 = (1 − 𝑓4)
𝐹𝑒(𝑂𝐻)3
𝐾𝐹𝑒(𝑂𝐻)3

 for 𝑓4 < 1 and 𝐹𝑒(𝑂𝐻)3 ≤ 𝐾𝐹𝑒(𝑂𝐻)3

 

𝑟5 

{
 
 

 
 
𝑓𝑆𝑂42− = 0 for 𝑓5 ≡ 𝑓𝑂2 + 𝑓𝑁𝑂3− + 𝑓𝑀𝑛𝑂2 + 𝑓𝐹𝑒(𝑂𝐻)3 = 1

𝑓𝑆𝑂42− = (1 − 𝑓5) for 𝑓5 < 1 and 𝑆𝑂4
2− > 𝐾𝑆𝑂42−

𝑓𝑆𝑂42− = (1 − 𝑓5)
𝑆𝑂4

2−

𝐾𝑆𝑂42−
 for 𝑓5 < 1 and 𝑆𝑂4

2− ≤ 𝐾𝑆𝑂42−

 

𝑟6 𝑓𝐶𝐻4 = (1 − (𝑓𝑂2 + 𝑓𝑁𝑂3− + 𝑓𝑀𝑛𝑂2 + 𝑓𝐹𝑒(𝑂𝐻)3 + 𝑓𝑆𝑂42−)) 
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4.2.1.2 Multi-G Approximation of the RCM in the Bioturbated Layer 

Within the bioturbated layer, the RCM is approximated by a multi-G model to circumvent the 

difficulty of quantifying organic matter ages within the bioturbated layer (Dale et al., 2015; 

Meile and Van Cappellen, 2005). The multi-G approach assumes that the bulk organic matter 

can be divided into multiple discrete compound classes 𝑖, each degrading according to first-

order kinetics with a degradation rate constant 𝑘𝑖 (Jorgensen, 1978). The multi-G model 

accounts for the heterogeneity of bulk organic matter by assigning different reactivities to each 

pool of organic matter (𝐺𝑖) (for details see Arndt et al., 2013). The RCM is approximated by 

dividing the initial, continuous distribution of organic matter compounds over the reactivity 

spectrum (eq. 4.2) into a number of discrete compound classes. The fraction of total organic 

matter 𝐹𝑖 in compound class 𝑖 can be directly calculated by integrating the initial probability 

density function (eq. 4.2), which determines the concentration of organic matter having a 

degradability between 𝑘𝑗 and 𝑘𝑗 + 𝑑𝑘𝑗 at time zero with: 

 

𝑘𝑖 =
𝑘𝑗 + 1

2𝑑𝑘𝑗
 (4.7). 

 

In the bioturbated sediments, the RCM is then approximated by dividing the reactivity range 

𝑘 = [10−15, 10−log(𝛼)+2] into 200 equal reactivity pools 𝑘𝑗. Initial tests have shown that those 

𝑘 and 𝑖 ranges result in a close, yet efficient approximation of the initial probability density 

function defined by 𝛼 and 𝑣 values (Figure 4.2). The initial fraction 𝐹𝑖 of total 𝑃𝑂𝐶  in compound 

class 𝑖 defined by the reactivity bin 𝑘𝑗−1 and 𝑘𝑗 in the 200G model can be calculated as:  

 

𝐹𝑖 = 𝐹(𝑘𝑗, 0) − 𝐹(𝑘𝑗−1, 0) (4.8) 
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The least and the most reactive fractions 𝐹1 and 𝐹200 with reactivity 𝑘1 = 10
−15 and 𝑘200 =

10−log(𝑎)+2 yr-1, respectively, are calculated based on the upper incomplete Gamma function 

(Dale et al., 2015): 

 

 
𝐹1 = ∫ 𝑓(𝑘1, 0)𝑑𝑘 =

∞

𝑘1

𝜏(𝑣, 𝑎𝑘1)

𝜏(𝑣)
 (4.9) 

  

 

 

 

𝐹200 = ∫ 𝑓(𝑘200, 0)𝑑𝑘 =

∞

𝑘200

𝜏(𝑣, 𝑎𝑘200)

𝜏(𝑣)
 (4.10) 

 

Once 𝐹𝑖 and 𝑘𝑖 are determined, the steady-state solution of the diffusion-advection-reaction 

equation (Boudreau, 1997) for organic matter in the bioturbated zone is then given by the 

general analytical solution: 

 

𝑃𝑂𝐶(𝑧) =  ∑𝐴 ∙ exp(𝑎 ∙ 𝑧) + 𝐵 ∙ exp (𝑏 ∙ 𝑧)

200

𝑖=1

 (4.11) 

 

with:  

𝑎 =
𝜔 − √𝜔2 + 4 ∙ 𝐷𝑏𝑖𝑜 ∙ 𝑘𝑖

2 ∙ 𝐷𝑏𝑖𝑜
 (4.12) 

 

and  
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𝑏 =
𝜔 +√𝜔2 + 4 ∙ 𝐷𝑏𝑖𝑜 ∙ 𝑘𝑖

2 ∙ 𝐷𝑏𝑖𝑜
 (4.13). 

 

A and B denote integration constants that can be determined by defying appropriate boundary 

conditions (Boudreau, 1997) for organic matter at the upper and lower boundaries. Here, a 

fixed 𝑃𝑂𝐶(0) = 𝑃𝑂𝐶0 content at the SWI and a no diffusive flux conditions (
𝜕𝑃𝑂𝐶

𝜕𝑧
= 0) at the 

bottom of bioturbated layer are defined. Consequently, the integration constants are given by: 

 

𝐴 = −
𝐵 ∙ 𝑏 ∙ exp (𝑏 ∙ 𝑧𝑏𝑖𝑜)

𝑎 ∙ exp (𝑎 ∙ 𝑧𝑏𝑖𝑜)
 (4.14) 

 

and  

 

𝐵 = 𝑃𝑂𝐶0 − 𝐴 (4.15) 

 

Below the bioturbated zone, the depth evolution of 𝑃𝑂𝐶 assumes the RCM formulation (eq. 

4.4). 
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Figure 4. 2. 200-G approximation of the RCM at the sediment-water interface: (a) Initial probability 
distribution of organic matter apparent reactivity 𝑘; (b) Distribution of organic matter fractions 𝐺𝑖 with 

reactivity 𝑘𝑖. Distributions are calculated assuming 𝐺𝑖 = 200; 𝛼 = 1 year; 𝑣 = 0.155; 𝑇𝑂𝐶𝑆𝑊𝐼 = 5%; 𝜔 = 
0.074 cm yr-1. 

 

 

 

4.2.2 Model Parameters 

The BRNS parameters include both transport and reaction related parameters that determine 

the transport and transformations of organic matter, TEA and reduced species during early 

diagenesis. 
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4.2.2.1 Transport Parameters 

The transport parameters of the model can be subdivided in two classes: (1) those parameters 

that are universal for all study sites (Table 4.4) and assure the model transferability across 

sites; and (2) those parameters that are site-specific (Table 4.5). 

 

Table 4. 4. General transport parameter implemented in the BRNS. 

Parameter Unit Value Reference 

𝐿 cm 1000* This study 

𝑎0 yr-1 10 Thullner et al. (2009) 

𝑥𝑖𝑟𝑟𝑖 cm 3.5 Thullner et al. (2009) 

𝐷𝑂2 cm2 yr-1 380.44 Van Cappellen and Wang (1996) 

𝐷𝑁𝑂3− cm2 yr-1 394.58 Van Cappellen and Wang (1996) 

𝐷𝑆𝑂42− cm2 yr-1 173.92 Van Cappellen and Wang (1996) 

𝐷𝑁𝐻4+ cm2 yr-1 395.87 Van Cappellen and Wang (1996) 

𝐷𝐻2𝑆 cm2 yr-1 331.61 Van Cappellen and Wang (1996) 

𝐷𝐶𝐻4(𝑔) cm2 yr-1 263.93 Van Cappellen and Wang (1996) 

𝜑 - site-specific see table 4.3 

𝐷𝑏𝑖𝑜 cm2 yr-1 site-specific see table 4.3 

𝑧𝑏𝑖𝑜 cm site-specific see table 4.3 

𝜔 cm yr-1 site-specific see table 4.3 

* Model domain 𝐿 was extended to 1,500 cm in the Bering Sea. See text for further detail. 

 

The size of model domain 𝐿 was fixed at 1,000 cm for all sites, except for the Bering 

Sea, in which the model domain is extended to 1,500 cm, due to the low sedimentation rate 

assumed for this site (Table 4.5). This choice is based on initial tests and ensures that the 

model domain covers the diagenetically most active zone, thus reducing the influence of 

biogeochemical dynamics in underlying sediments on biogeochemical dynamics within the 

model domain. 
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The bioirrigation rate 𝑎𝑖 was calculated from the bioirrigation coefficient at sediment 

surface 𝑎0 and the bioirrigation attenuation depth length 𝑥𝑖𝑟𝑟𝑖 (Thullner et al., 2009; Wehrmann 

et al., 2013): 

𝑎𝑖 = 𝑎0 ∙ 𝑒𝑥𝑝(−𝑥 𝑥𝑖𝑟𝑟𝑖⁄ ) (4.16). 

 

The effective molecular diffusion coefficients 𝐷𝑖 for each of the species 𝑖 (Table 4.4) are 

derived from Van Cappellen and Wang (1996). 𝐷𝑖 values are corrected for temperature, 

salinity and tortuosity (Boudreau, 1997): 

𝐷𝑖
∗ =

𝐷𝑖(𝑇, 𝑆)

1 − 𝑙𝑛(𝜑2)
 (4.17), 

 

where 𝑇 and 𝑆 are the temperature and salinity, respectively. For solid species 𝐷𝑖 = 0. 

 The site-specific transport parameter (Table 4.5) are derived from measurements at 

each of the sites for which data was available. If direct observations were not available, 

parameters were constrained based on literature values or well-established empirical 

relationships. Sediment porosity 𝜑, sedimentation rate 𝜔, and temperature 𝑇 were either 

measured at site or derived from literature when actual measurements were missing. Salinity 

𝑆 was defined as 35 at all sites. Bioturbation depth 𝑧𝑏𝑖𝑜 was fixed at 10 cm for most bioturbated 

sediments, based on a compilation of mixed layer depths (Boudreau, 1998, 1994). At the 

Severn estuary, 𝑧𝑏𝑖𝑜 was set to 9 cm based on local observations (Thomas, 2014). At sites 

with anoxic sediment conditions, 𝑧𝑏𝑖𝑜 was set to zero. Similarly, bioturbation diffusion 

coefficient 𝐷𝑏𝑖𝑜 was set to zero for anoxic sites. For bioturbated sites, 𝐷𝑏𝑖𝑜 was constrained 

based on an empirically derived relationship proposed by Middelburg et al. (1997):  

𝐷𝑏𝑖𝑜 = 5.2 ∙ 10
(0.7624−0.0003972∙ℎ) (4.18) 
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where ℎ denotes the water depth. For the Rhone delta, 𝐷𝑏𝑖𝑜 values were derived from Pastor 

et al. (2011). 𝐷𝑏𝑖𝑜 was kept constant within the bioturbated zone (𝑧 < 𝑧𝑏𝑖𝑜) then set to zero 

below 𝑧𝑏𝑖𝑜. 

 

Table 4. 5. Site-specific transport parameter implemented in the BRNS. 

Location 
𝝋 𝑫𝒃𝒊𝒐 𝒛𝒃𝒊𝒐 𝝎 𝑻 𝑺 𝒉 

- cm2 yr-1 cm cm yr-1 ºC - m 

A 0.70 29.8 9 4.3·10-1 18.0 35 8 
B 0.80 0.50* 10 1.0·101 15.0 35 19 
C 0.83 10.0* 10 5.0·10-1 14.0 35 74 
D 0.86 0 0 3.2·10-1 12.0 35 15 
E 0.86 0 0 7.4·10-3 5.0 35 43 
F 0.70 0 0 1.3·100 10.0 35 30 
G 0.44 27.8 10 5.0·10-1 8.7 35 86 
H 0.47 26.3 10 5.0·10-1 9.8 35 147 
I 0.50 0 0 5.0·10-1 4,5 35 386 
J 0.60 0 0 5.0·10-2 11.6 35 632 
K 0.60 0 0 5.0·10-2 9.6 35 930 
L 0.70 7.3 10 5.0·10-2 5.1 35 1,552 
M 0.60 7.8 10 1.6·10-3 2.0 35 1,469 
N 0.70 1.0 10 8.0·10-3 3.5 35 3,687 

* 𝐷𝑏𝑖𝑜 for the Rhone delta are given by Pastor et al. (2011) 

 

 

4.2.2.2 Reaction Parameters 

The reaction parameters (with exception of the RCM parameters 𝛼 and 𝑣) implemented in the 

BRNS are universal for all simulated sites. This approach ensures that model set-ups are 

consistent and model-derived RCM parameters are independent of model formulation and 

fully comparable across sites. The composition of organic matter is assumed to follow the 

Redfield Ratio 𝑥/𝑦/𝑧 for C/N/P for bulk organic matter composition (Redfield, 1934). The half-

saturation concentrations 𝐾𝑖 of the respective Michaelis-Menten terms were adopted from Van 

Cappellen and Wang (1996). Secondary redox reaction constants for each explicitly resolved 
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reaction are summarized in Table 4.6 and based on a compilation of published values (Dale 

et al., 2011). The RCM parameters 𝛼 and 𝑣 reflect the site-specific organic matter reactivity 

and are free parameters that are fitted (see section 4.2.5.1). Similarly, the calculation of 

organic matter burial age for each site is approached in Section 4.2.5.2. 

 

Table 4. 6. Reaction parameter implemented in the BRNS. 

Parameter Unit Value Reference 

𝑥/𝑦/𝑧 - 106/16/1 Redfield (1934) 

𝑣 - variable Boudreau and Ruddick (1991) 

𝛼 yr variable Boudreau and Ruddick (1991) 

𝑘𝑀𝐺 yr-1 10-15 – 10− log(𝑎)+2 Jorgensen (1978) 

𝑎𝑔𝑒 yr variable Mogollón et al. (2012) 

𝐾𝑂2 M 8.0·10-9 Van Cappellen and Wang (1996) 

𝐾𝑁𝑂3− M 5.0·10-9 Van Cappellen and Wang (1996) 

𝐾𝑀𝑛𝑂2 M 5.0·10-6 Van Cappellen and Wang (1996) 

𝐾𝐹𝑒(𝑂𝐻)3 M 1.25·10-5 Van Cappellen and Wang (1996) 

𝐾𝑆𝑂42− M 1.0·10-7 Van Cappellen and Wang (1996) 

𝑘8 M-1 yr-1 1.0·107 Dale et al. (2011) 

𝑘9 M-1 yr-1 2.0·1012 Dale et al. (2011) 

𝑘10 M-1 yr-1 2.0·1011 Dale et al. (2011) 

𝑘11 M-1 yr-1 1.0·1011 Dale et al. (2011) 

𝑘12 M-1 yr-1 1.0·109 Dale et al. (2011) 

𝑘13 M-1 yr-1 1.0·107 Dale et al. (2011) 

𝑘14 M-1 yr-1 1.0·107 Dale et al. (2011) 

𝑘15 M-1 yr-1 5.0·106 Dale et al. (2011) 

𝑘16 M-1 yr-1 1.0·1013 Dale et al. (2011) 

𝑘17 M-1 yr-1 1.0·109 Dale et al. (2011) 

 

 

4.2.3 Boundary Conditions 

The boundary conditions place the BRNS in the environmental context of each of the study 

sites (Table 4.7). The boundary conditions were constrained based on either site-specific 
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measurements or alternatively on published data if direct observations from the respective 

research cruise were missing (for details see Chapter 3). 

 

Table 4. 7. Site-specific boundary conditions implemented in the BRNS. 

Location 
𝑷𝑶𝑪 𝑶𝟐 𝑵𝑶𝟑

− 𝑴𝒏𝑶𝟐 𝑭𝒆(𝑶𝑯)𝟑 𝑺𝑶𝟒
𝟐− 𝑪𝑯𝟒 𝑯𝟐𝑺 𝑯𝑺− 

wt% μM μM mol cm-2 yr-1 mol cm-2 yr-1 mM μM mM mM 

A 3.0 0 30* 0 0 23 0 0 0 

B 2.0 250 25 0 0 28 0 0 0 

C 1.3 250 25 0 0 29 0 0 0 

D 3.5 0 0 0 0 20 0 0 0 

E 5.0 0 0 0 0 6 0 0 0 

F 1.1 0 0 0 0 26 0 0 0 

G 1.3 250 25 0 0 29 0 0 0 

H 0.5 250 25 0 0 29 0 0 0 

I 1.8 0 0 0 0 22 0 0 0 

J 5.0 0 0 0 0 25 0 0 0 

K 4.4 0 0 0 0 28 0 0 0 

L 4.3 250 25 0 0 29 0 0 0 

M 1.3 250 25 0 0 28 0 0 0 

N 1.0 250 25 0 0 28 0 0 0 

* Thomas (2014). 

 

Here, a fixed boundary concentration (𝑃𝑂𝐶0) was assumed for organic matter at the 

sediment water interface. From this concentration values, the organic matter fluxes at the SWI 

can be calculated based on: 

𝐹𝑂𝑀 = −(1 − 𝜑)𝐷𝑏𝑖𝑜
𝜕𝑃𝑂𝐶0
𝜕𝑧

+ (1 − 𝜑)𝜔𝑃𝑂𝐶0 (4.19). 

 

Concentrations of 𝑂2 and 𝑁𝑂3
− are based on porewater measurements in Skagerrak 

sediments (Canfield et al., 1993) and adopted in all the oxic sites due to absence of in-situ 

measurements; for the anoxic sites, such species are set to zero. For the Severn estuary, 𝑂2 

concentration was set to zero but 𝑁𝑂3
− concentrations assumed values measured by Thomas 
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(2014). The 𝑆𝑂4
2− concentrations were constrained based on measurements for each on the 

simulated sites. Due to the lack of measurements, the metal oxides (𝑀𝑛𝑂2 and 𝐹𝑒(𝑂𝐻)3) 

fluxes were considered zero. Although this can result in a slight overestimation of anoxic 

degradation rates, the impact on organic matter heterotrophic degradation is minimal since 

their relative contribution to the total rates of organic matter oxidation is generally negligible 

(Thullner et al., 2009). Concentrations of 𝐶𝐻4, 𝐻2𝑆, and 𝐻𝑆− were set to zero at SWI, as those 

species are rapidly oxidised in the overlying bottom water. A no flux (
𝜕𝐶

𝜕𝑧
= 0) condition was 

implemented for all species at the lower boundary, assuming that biogeochemical dynamics 

in underlying sediments exert no influence on diagenetic processes in the model domain. 

 

4.2.4 Model Solution 

The model solution is based previous applications of the BRNS (e.g., Wehrmann et al., 2013). 

Transport and reactions equations were solved sequentially. Firstly, the dispersion term was 

discretized at each time-step of the numerical integration using the semi-implicit Crank-

Nicholson scheme. This was followed by the calculation of the advective transport, using a 3rd 

order accurate total variation diminishing algorithm with flux limiters (Regnier et al., 1998). The 

reaction network was subsequently solved. The mass-conservation equation (Eq. 4.1) was 

discretized on an uneven grid (Boudreau, 1997): 

 

𝑧(𝑛) =
𝐿((𝜉𝑛

2 + 𝜉𝑐
2)0.5 − 𝜉𝑐)

(𝐿2 + 𝜉𝑐
2)0.5 − 𝜉𝑐

 (4.20), 

 

where 𝑧(𝑛) is the depth of the 𝑛𝑡ℎ grid point, 𝐿 denotes the length of the model domain, 𝜉𝑛 is 

a point in a hypothetical grid, and 𝜉𝑐 is depth relative to which 𝑧(𝑛) is quadratically distributed 

for 𝜉𝑛 ≪ 𝜉𝑛 and linearly distributed for 𝜉𝑛 ≫ 𝜉𝑛. 𝐿 and 𝜉𝑛 were chosen so that the grid size, ∆𝑧, 
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increases downcore from SWI to a maximum of 𝐿 = 1000 cm. The RTM was run until steady-

state (Δt < 0.01) was reached: 

 

𝑟𝑢𝑛 𝑡𝑖𝑚𝑒 = 2 ∙
𝑧

𝜔
 (4.21). 

4.2.5 Inverse Modelling 

The BRNS was used to derive reactive continuum model parameters (𝛼 and 𝑣) from present-

day downcore porewater observations (e.g., Arndt et al., 2009; Dale et al., 2008; Mogollón et 

al., 2012; Wehrmann et al., 2013). Organic matter degradation is the driver behind 

biogeochemical dynamics in marine sediments and porewater profiles of TEA and reduced 

species are the macroscopic result of these dynamics. In anoxic settings and deeply buried 

sediments, 𝑆𝑂4
2− is the dominant TEA and 𝐶𝐻4 the most common reduced specie. The 

dynamics of 𝑆𝑂4
2− and 𝐶𝐻4 are solely controlled by organic matter degradation and AOM 

(Regnier et al., 2011). Since depth profiles of such species are widely available given the 

relatively easy measurements, the RCM free parameters can be constrained based on 𝑆𝑂4
2− 

(and 𝐶𝐻4 when available) present-day depth profiles. They can thus be used in combination 

with organic matter depth profiles and reaction-transport modelling to estimate degradation 

rates and ultimately organic matter reactivity. Here, an inverse model approach was applied 

to derive RCM parameters from present-day depth profiles. The following subsections address 

the inverse modelling approach, as well as the quantification of organic matter reactivity and 

rates of degradation. 

 

4.2.5.1 Fitting RCM Parameters 

The task of establishing a good fit between measured data and model results relies on finding 

the most appropriated pair of RCM parameters 𝛼 and 𝑣 that best reproduces the present-day 
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depth profiles. The parameters 𝛼 and 𝑣 are free parameters, which demand calibration in order 

to fit model results and measured data. Therefore, the RCM parameters were inversely 

determined by running the model for each site with a set of pairs of 𝛼 and 𝑣 values. Finding 

the most appropriate set of RCM parameters can be a challenging task, especially when 

dealing with multiple sites with distinct site-specific characteristics that range from coastal and 

marginal environments to deep ocean, oxygenated to anoxic bottom water conditions, low to 

high sedimentation rates and organic matter fluxes. A compilation of several RCM results from 

a range of contrasting depositional environments (Arndt et al., 2013) revealed that 𝛼 and 𝑣 

values have a high variability with no clear or straightforward relationship with depositional 

environment; 𝑣-values can range from 10-2 to 100, whereas 𝛼-values may span several orders 

of magnitude from 10-1 to 106 years. Given the range of possible 𝛼 and 𝑣 combinations, several 

model runs were performed for each site exploring the order of magnitude in which the RCM 

parameters fall based on the present-day profiles. Once the order of magnitude was 

established, a new set of model runs was performed to refine the fit between the yielded model 

results and the measured geochemical depth-profiles.  

The first efforts to quantify 𝛼 and 𝑣 parameter values on the basis of observations 

solely focused on downcore 𝑇𝑂𝐶 profiles (e.g., Boudreau and Ruddick, 1991). While this 

approach has provided useful insights, it is nevertheless compromised by several factors. 

First, it is generally difficult to quantify organic matter contents at the sediment-water interface, 

due to the common loss of the upper few centimetres during sampling. In addition, a steady-

state organic matter deposition over the entire time span of sediment deposition is unlikely, 

especially in slope and coastal settings. Finally, multiple 𝛼 and 𝑣 could potentially fit equally 

well a given 𝑇𝑂𝐶 depth profile (e.g., Meister et al., 2013). Parameter estimates based on 𝑇𝑂𝐶 

profiles alone are thus associated with a generally unknown degree of uncertainty. However, 

adding additional constraints could increase the robustness of predicitions. In particular, 

downcore profiles of biogeochemical species, whose dynamics are mainly controlled by 
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organic matter degradation, such as TEAs or reduced products of organic matter degradation 

(such as 𝐶𝐻4 and 𝑁𝐻4
+) are suited. 

Overall, extracting 𝛼 and 𝑣 from simultaneous fittings of 𝑇𝑂𝐶 and 𝑆𝑂4
2− depth profiles 

enhances the accuracy of determining the RCM parameters. Such an approach integrates 

both the transformations of organic matter and the changes in 𝑆𝑂4
2− concentrations due to 

heterotrophic degradation. 𝑆𝑂4
2− has an important role in organic matter degradation, 

representing up to 76% of total organic matter rates of degradation in shallow sediments 

(Thullner et al., 2009). Thus, here the fitting between model results and measured data was 

constrained based on 𝑇𝑂𝐶 and 𝑆𝑂4
2− depth profiles. The 𝐶𝐻4 profiles were used as an 

additional constraint when the data was available, although the measured 𝐶𝐻4 profiles are 

often not reliable due to sampling and in-situ measurement uncertainties (Dale et al., 2008a; 

Hensen et al., 2003). 

Taylor diagrams (Taylor, 2001) were produced for 𝑆𝑂4
2− model-derived and measured 

depth profiles to quantify the goodness of the selected pair of 𝛼 and 𝑣 best-fit with present-

day data. The goodness of best-fit is estimated based in three descriptive statistical 

measurements: standard deviation; root mean square (RMS); and coefficient of correlation 

(r²). Altogether those measurements provide the degree of correspondence between present-

day and model-derived simulations by comparing those data series as single points on a two-

dimensional plot (Taylor, 2001). The present-day measured data is the reference data series. 

As such, RMS is equal to zero and the correlation coefficient is equal to one. Model-derived 

results are assessed based on the present-day reference. As such, the best-fit will exhibit low 

RMS and high coefficient of correlation with present-day measurements. Likewise, the 

standard deviations of both present-day and model-derived data have similar values for the 

best-fit. 
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4.2.5.2 Organic Matter Reactivity Quantification 

Once the pair of 𝛼 and 𝑣 values that yield the best fit with the present-day depth profiles are 

determined, the apparent bulk organic matter reactivity 𝑘 for each site can be calculated by 

(Boudreau and Ruddick, 1991): 

𝑘(𝑧) =
𝑣

(𝛼 + 𝑎𝑔𝑒(𝑧))
 (4.22), 

 

where 𝑧 denotes the sediment depth below sea floor and 𝑎𝑔𝑒 (𝑧) is the depth-equivalent 

sediment age. For non-bioturbated sediments the burial 𝑎𝑔𝑒 (𝑧 = 𝑧 − 𝑧𝑏𝑖𝑜) is given by: 

 

𝑎𝑔𝑒(𝑧) = 𝑎𝑔𝑒0 +
(1 − 𝜑)𝑧 + 𝛽−1(𝜑0 − 𝜑∞)(𝑒𝑥𝑝(−𝛽𝑧) − 1)

𝜔(1 − 𝜑0)
 (4.23), 

 

assuming steady-state compaction of sediments following an exponential decrease in porosity 

with depth: 

𝜑𝑧 = 𝜑∞ + (𝜑0 −𝜑∞)𝑒𝑥𝑝(−𝛽𝑧) (4.24), 

 

where 𝑎𝑔𝑒0 is the initial age at the bottom of the bioturbated zone, 𝛽 is the porosity attenuation 

coefficient, 𝜑𝑧 is the porosity at depth and 𝜑∞ is the porosity at greater depth (Mogollón et al., 

2012). The apparent age of the bottom of the bioturbated zone is calculated by setting the 

multi-G approximation equal to the RCM at 𝑧𝑏𝑖𝑜: 

𝑃𝑂𝐶(𝑧𝑏𝑖𝑜) =  𝑃𝑂𝐶0 ∙ (
𝛼

𝛼 + 𝑎𝑔𝑒0
)
𝑣

 (4.25) 
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𝑎𝑔𝑒0 =
−𝛼 ∙ (𝑒𝑥𝑝(𝑙𝑜𝑔(𝑃𝑂𝐶(𝑧𝑏𝑖𝑜) 𝑃𝑂𝐶0⁄ ) 𝑣⁄ ) − 1)

𝑒𝑥𝑝(𝑙𝑜𝑔(𝑃𝑂𝐶(𝑧𝑏𝑖𝑜) 𝑃𝑂𝐶0⁄ ) 𝑣⁄ )
 (4.26). 

4.2.5.3 Rates of Organic Matter Degradation 

The BRNS simulates downcore concentration profiles for each specie 𝑖 that is explicitly 

resolved in the reaction network, as well as reaction rates 𝑟𝑛. From those reaction rates, the 

total rate of organic carbon oxidation, i.e. the depth integral of 𝑅𝐶 for each primary redox 

reaction 𝑛 can be calculated by integrating the rate over the entire model domain 𝐿 (Thullner 

et al., 2009): 

𝑅𝐶 =∑∫𝑟𝑛𝑑𝑥

𝐿

0𝑛

 (4.27). 

4.3 Results and Discussion 

The RTM simulations shed light on the apparent reactivity of organic matter, its degradation 

dynamics, as well as the wider biogeochemical reactions and fluxes driven by organic matter 

degradation. Model results are presented in detail in the following subsections, exploring the 

range of model-derived organic matter reactivity parameters as well as their implications on 

organic matter degradation dynamics.  

 

4.3.1 Quantifying Organic Matter Reactivity Parameters 

The RTM simulations predict the concentration depth profiles of solid-phase and porewater 

parameters driven by organic matter degradation during burial. Of those, 𝑇𝑂𝐶 (Figure 4.3) and 

𝑆𝑂4
2− (Figure 4.4) depth profiles were used to derive the best-fit to observations, and thus 

extract  𝛼 and 𝑣 parameters for each site (Table 4.8).  
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Table 4. 8. Model-derived organic matter reactivity parameters and main site-specific driving factors. 

Key Location 
𝜶 𝒗 𝒌 𝑭𝑶𝑴 𝒉 𝝎 

yr - yr-1 mmol cm-2 yr-1 m cm yr-1 

A Severn estuary 5.0·101 0.100 2.0·10-3 8.2·10-1 8 4.3·10-1 

B Rhone - prodelta 3.0·100 0.125 4.2·10-2 8.3·100 19 1.0·101 

C Rhone - shelf 1.0·102 0.125 1.3·10-3 2.3·10-1 74 5.0·10-1 

D Aarhus Bay 1.0·100 0.060 6.0·10-2 3.3·10-1 15 3.2·10-1 

E Arkona Basin 1.0·100 0.155 1.6·10-1 1.1·10-1 43 7.4·10-3 

F Helgoland 3.0·101 0.125 4.2·10-3 8.9·10-1 30 1.3·100 

G Skagerrak - S10 1.8·103 0.100 5.6·10-5 7.8·10-1 86 5.0·10-1 

H Skagerrak - S11 1.0·101 0.130 1.3·10-2 8.2·10-2 147 5.0·10-1 

I Skagerrak - S13 3.5·103 0.110 3.1·10-5 9.6·10-1 386 5.0·10-1 

J Arabian Sea - anoxic 1.0·100 0.250 2.5·10-1 2.1·10-1 632 5.0·10-2 

K Arabian Sea - transition 1.0·101 0.390 3.9·10-2 1.9·10-1 930 5.0·10-2 

L Arabian Sea - oxic 1.0·101 0.330 3.3·10-2 8.9·10-1 1,552 5.0·10-2 

M Bering Sea 5.0·103 0.270 5.4·10-5 2.7·10-3 1,469 1.6·10-3 

N Argentine Basin 2.0·103 0.125 6.3·10-5 5.4·10-3 3,687 8.0·10-3 

 

 

Figures 4.3 and 4.4 illustrate observed (red circles) and simulated (black lines) 𝑇𝑂𝐶 

and  𝑆𝑂4
2− profiles for each site.  Simulated 𝑇𝑂𝐶 profiles show an overall satisfying fit between 

model-predictions (black line) and observations (red circles). However, the goodness of the fit 

is often compromised by missing observations at the SWI due to core loss, as well as poor 

resolution.  In general, the deep-sea sites are characterized by better model-data fits than 

shallower environments due to the generally better relative resolution of the downcore profiles, 

a lower potential variability in organic matter input and longer timescales. Especially 𝑇𝑂𝐶 

observations from the Severn estuary (Figure 4.3a) and the Rhone delta (Figure 4.3 b – c) for 

which short cores < 30 cm have been sampled at low resolution, as well as from the Skagerrak 

sites (Figure 4.3 g – i), for which longer, yet lower resolved core data sets (300 – 500 cm) are 

available offer limited information on 𝛼 and 𝑣. Constraining the 𝛼 and 𝑣 values based solely 

on the 𝑇𝑂𝐶 profiles, an approach that has been employed in the past (Boudreau and Ruddick, 

1991) would not be feasible for these sits. Therefore, adding additional constraints, relieves 

this limitation. 
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Figure 4. 3. Model-derived (black line) and measure TOC (red circles) depth 
profiles. A – N denote the sites location defined in Table 4.8. 

 

 

Figure 4. 4. Model-derived (black line) and measure sulphate (red circles) 
depth profiles. A – N denote the sites location defined in Table 4.8. 
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The 𝑆𝑂4
2− depth profiles show an overall good agreement between model-derived and 

present-day measured data (Figure 4.4). The quantitative assessment of the goodness of 

fitting for 𝑆𝑂4
2− represented by the Taylor diagrams (Figure 4.5) confirms this observation. 

Overall, the standard deviations between measured and model-derived results are similar, the 

coefficients of correlation are higher than 0.95 and the root mean square (RMS) are smaller 

than 2 mM (𝑆𝑂4
2− concentrations) for most sites, albeit Site L (Arabian Sea) and M (Bering 

Sea) are an exception. In both cases, the depth in which 𝑆𝑂4
2− is completely consumed in the 

porewater is satisfactorily reproduced by the RTM results. However, a poor agreement 

between the shape of simulated and observed 𝑆𝑂4
2− depth profiles (Figure 4.4 l and m; Figure 

4.5 l and m) results in lower coefficients of correlation (especially for the Arabian Sea site; r² 

< 0.9) and RMS > 3. The 𝑆𝑂4
2− profiles simulated for those two particular sites (Figure 4.4 l 

and m) exhibit a concave-down shape, typical of organoclastic sulphate reduction dominated 

porewater, whereas the measured data show a linear decrease in 𝑆𝑂4
2−, common in AOM 

dominated settings (Hensen et al., 2003; Meister et al., 2013). At the Bering Sea site, the 

discrepancy might be associated with kinks in both the 𝑆𝑂4
2− (Figure 4.4m) as well as the 𝑇𝑂𝐶 

(Figure 4.3m) profiles, which might indicate a change in sedimentation rate, organic matter 

input and/or pronounced porosity changes (Hensen et al., 2003), and are not captured by the 

model. The discrepancy in the Arabian Sea could also raise from 𝑆𝑂4
2− recycling through 𝐻2𝑆 

oxidation by 𝑀𝑛𝑂2 and 𝐹𝑒(𝑂𝐻)3 (𝑟12 and 𝑟13; Table 4.1 and 4.2) (Schulz et al., 1994). 

Nevertheless, the lack of metal oxides data to further constrain the model precludes exploring 

this hypothesis. Additionally, 𝑇𝑂𝐶 profile shows poor agreement between measured and 

model results (Figure 4.3l), indicating a fundamental discrepancy in the fluxes of organic 

matter at the SWI, which then limits the model predictions.  
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Figure 4. 5. Present-day – model-derived best-fit for sulphate Taylor diagrams. A – N denote the sites 
location defined in Table 4.8. 
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4.3.2 Model-Derived Organic Matter Reactivity Parameters 

Overall, both model-derived 𝑣- and 𝛼-values fall within the range of published values from 

contrasting depositional environments compiled by Arndt et al. (2013). They span a broad 

range of different values (Table 4.8), thus reflecting important differences in the initial 

distribution of bulk organic matter across the reactivity spectrum (this is discussed in greater 

detail in section 4.3.3). However,  𝑣-values show a much lower variability than 𝛼-values (Figure 

4.6). The distribution of model-derived 𝑣-values is centred on the range between 0.1 – 0.2 (n 

= 9), demonstrating that although higher/lower 𝑣-values are possible, 𝑣-values of 0.1 – 0.2 are 

more likely. 

 

Figure 4. 6. Distributions of the RCM free parameters: (a) Apparent initial age 𝛼 of organic matter 

distribution; (b) Scalling parameter of organic matter distribution 𝑣. 

 

In contrast, model-derived 𝛼-values show a higher variability across all sites and cover 

the wide range spanning from 100 to 104 years. These findings are in general agreement with 

older observations. In the analysis of 9 sediment cores from different environments, Boudreau 

and Ruddick (1991) observed that 6 out of 9 model-derived 𝑣-values, as well as 𝑣-values 

derived from Westrich and Berner (1984) experimental data fell within the range between 0.1 

– 0.2 (apparent 6th – 11th order of reaction). These results are also in agreement with the power 

law description of organic matter degradation (Middelburg, 1989). Middelburg (1989) showed 

that the widely observed decrease in organic matter reactivity with time/organic matter age 

can be described by a power law relationship with a constant parameter 0.16:  
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𝑘(𝑡) = 0.16 ∙ (𝑎 + 𝑡)−0.95 (4.28). 

 

Although the parameters of the power law cannot be directly compared with the RCM 

parameters due to the different exponents, the RCM is nevertheless equivalent to a general 

power law expression with an exponent –1: 

 

𝑘(𝑡) = 𝑣 ∙ (𝑎 + 𝑡)−1 (4.29). 

 

In combination with published findings, results thus suggest that there is an important similarity 

in 𝑣-values across different depositional environments. Yet, model results also reveal 

exceptions. Particularly high 𝑣-values (𝑣 > 0.25) were determined for Arabian and Bering Sea 

sites. Similarly, Boudreau and Ruddick (1991) determined exceptionally high values (𝑣 around 

1) for cores from the Peru margin sediment and the North Philippine Sea. However, they 

pointed out that at least two of the examined profiles (Peru margin) might not be at steady 

state. Equally, high model-derived 𝑣-values in this study also coincide with the poorest model-

data fits (see Taylor diagram; Figure 4.5) and the robustness of these values is thus uncertain. 

In particular, the high 𝑣-value derived for the Bering Sea site might be the result of 

uncertainties associated with boundary conditions and transient features in the observed 

profiles. 

High model-derived 𝑣-values in the Arabian Sea sediments agree well with 

observations reported by Luff et al. (2000), thus indicating that such high 𝑣-values might be 

realistic. Luff et al. (2000) employed a 3G-model to investigate the transformations of organic 

matter in recent sediments and found that the bulk organic matter contains exceptionally 

reactive compounds with first-order 𝑘 of 0.2 – 30 yr-1. Koho et al. (2013) reported high quality, 

and thus high reactivity organic matter in Arabian Sea sediments associated with anoxic 
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bottom water conditions, and a marked linear decrease in organic matter quality with increase 

of bottom water oxygen concentrations. Likewise, Vandewiele et al. (2009) observed higher 

labile organic matter contents in sediments within the oxygen minimum zone (OMZ) than those 

sediments below the OMZ. Thus, the somewhat atypically high 𝑣-values together with 

comparably low 𝛼-values (1 – 10 years) derived for the Arabia Sea might be realistic and 

indicate that those sites receive organic matter that contains exceptionally reactive 

compounds (Koho et al., 2013; Luff et al., 2000; Vandewiele et al., 2009), which are quickly 

consumed below the SWI (i.e. rapid decrease in reactivity with burial). 

The 3G-model of Luff et al. (2000) revealed that the most reactive fraction of organic 

matter with 𝑘 = 30 yr-1 represents ca. 50 – 70% of total fluxes at the SWI close to the 

continental margin, and that is composed mostly of fresh plankton material in large aggregates 

or faecal pellets. Yet, the most reactive fraction is only present in the few uppermost 

millimetres of sediment column (Luff et al., 2000). Here, the reactivity 𝑘 gradually decreases 

from 2.5·10-1 yr-1 in the core of OMZ to 3.3·10-2 yr-1 under oxygenated bottom water conditions 

(Table 4.8). Exposure to oxygen in the water column and uppermost sediment layers results 

in enhanced organic matter heterotrophic degradation (Colombo et al., 1997; Harvey and 

Macko, 1997; Hoefs et al., 2002; Sinninghe Damsté et al., 2002a; Wakeham et al., 1997), and 

thus decrease in the apparent reactivity 𝑘. Within oxygenated sediments heterotrophic 

degradation is further enhanced due to sediment reworking by macrofaunal organisms and 

bioirrigation (Aller, 1994; Aller and Aller, 1998; Boudreau, 1986; Burdige, 2006). As such, the 

anoxic water conditions, associated with the high fluxes of organic matter (Luff et al., 2000) 

within the OMZ allows the burial of labile organic matter. However, at greater depth and 

oxygenated water conditions, heterotrophic degradation is enhanced, thus resulting in the 

decrease of apparent reactivity 𝑘. 

The reactivity parameter 𝛼 plays a major role in controlling the variability of apparent 

organic matter reactivity across depositional settings. Boudreau and Ruddick (1991) 

suggested that 𝛼-values might correlate with sedimentation rates, although also pointed out 
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that such a correlation would need to be confirmed by larger data sets. Recently, Arndt et al. 

(2013) compiled all published model-derived 𝛼 and 𝑣 values and explored potential 

relationships between 𝑣, 𝛼 and single characteristics of the depositional environment, such as 

water depth (ℎ), sedimentation rate (𝜔), and organic carbon fluxes (𝐹𝑂𝑀). They did not find a 

significant correlation between these parameters. Figure 4.7 illustrates the distribution of 𝛼-

values derived in this study over 𝐹𝑂𝑀, 𝜔, and ℎ (colour coded circles). Additionally, the 𝛼 and 

𝑣-values derived here, as well as 𝐹𝑂𝑀, 𝜔, and ℎ are compiled together with those of Arndt et 

al. (2013) (open black circles). 

Model-derived organic matter apparent reactivity in the SWI (𝑘 = 𝑣/𝛼) are also 

compared to published, empirically derived, global 𝑘 − 𝐹𝑂𝑀 (Boudreau, 1997; Müller and 

Suess, 1979) and 𝑘 − 𝜔 (Boudreau, 1997; Tromp et al., 1995) relationships (Figure 4.8). The 

results of these analyses also reveal no significant correlation between 𝛼-values and single 

characteristics of the depositional enviroments (𝛼 − ℎ: r² = 0.14, p > 0.05; 𝛼 − 𝜔: r² = 0.03, p 

> 0.05; 𝛼 − 𝐹𝑂𝑀, r² = 0.03, p > 0.05; Figure 4.7), as well as apparent reactivity 𝑘 and single 

characteristics of the depositional environment (𝑘 − ℎ: r² = 0.09, p > 0.05; 𝛼 − 𝜔: r² = 0.03, p 

> 0.05; 𝛼 − 𝐹𝑂𝑀, r² = 0.31, p > 0.05; Figure 4.8). They generally reveal a very weak general 

pattern that is overlain by significant scatter.   

It has been often advocated that the fluxes of organic matter to the SWI (𝐹𝑂𝑀), 

reflecting the sediment accumulation rates, results in higher organic matter burial. In 

oxygenated water columns, Müller and Suess (1979) developed a global empirical relationship 

in which sedimentary organic matter contents are expected to double to every 10-fold increase 

in sedimentation rate (i.e., one order of magnitude 𝜔-increase). In anoxic waters, the expected 

organic matter burial is even greater (Müller and Suess, 1979). Thus, one would expect a 

quantitative link between 𝛼 and 𝐹𝑂𝑀. However, results show that there is no obvious or 

straightforward relationship between those two factors (Figure 4.7b). The lack of significant 

relationship is reinforced when the global compilation from Arndt et al. (2013) is added to the 
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present dataset. This larger dataset produces no significant correlation between 𝛼 − 𝐹𝑂𝑀 (r² = 

0.005; p > 0.05; n = 30), thus confirming the lack or weak control of  𝐹𝑂𝑀 on organic matter 

reactivity in the global-scale. Nevertheless, sites characterized by very low organic matter 

fluxes (deep-sea settings) generally exhibit high apparent initial age values, whereas the site 

with the highest organic matter fluxes (the Rhone pro-delta) reveals low 𝛼-value. Yet, between 

those to ends no clear relationship between 𝛼 and 𝐹𝑂𝑀 emerges. In the global-scale (Arndt et 

al., 2013), a similar scatter over the entire range of 𝛼-values is also evident (Figure 4.7b). The 

lack of obvious control of 𝐹𝑂𝑀 on organic matter reactivity is further confirmed by examining 

𝑘 − 𝐹𝑂𝑀 (Figure 4.8c). The end-members are reiterated, with the deep-sea sites having both 

low 𝑘-values and 𝐹𝑂𝑀 and the Rhone pro-delta showing the highest 𝐹𝑂𝑀 and high 𝑘. 

Nevertheless, a large scatter predominates in intermediate 𝐹𝑂𝑀 (10-1 – 100 mmol cm-2 yr-1), 

with 𝑘-values spanning the entire range of reactivity determined here. Thus, it becomes 

evident that other factors rather than solely 𝐹𝑂𝑀 drive the apparent reactivity of organic matter. 

In addition, the water depth ℎ has also been invoked as an environmental reactivity 

control. It has been argued that the apparent reactivity of organic matter generally decreases 

from shallow nearshore settings to the deeper ocean sediments, although this notion is 

debatable (e.g., Mollenhauer et al., 2007). In addition, deeper water columns prolong the 

exposure time of organic matter to oxic conditions in the pelagic environment prior to burial, 

which results in overall lower reactivity of the settling material (e.g., Hartnett et al., 1998). 

However, model-derived results indicate neither a clear relationship between water depth ℎ 

and 𝛼-values, nor a broad general pattern (Figure 4.7c). Expanding the 𝛼 − ℎ analysis to the 

global compilation from Arndt et al. (2013) also reveals no clear relationships between those 

parameters (r² = 0.02; p > 0.05; n = 58). Even deep sites, for which higher 𝛼-values would be 

expected span the entire range of observed 𝛼-values (100 – 104 years; this study). 
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Figure 4. 7. Apparent initial age 𝛼 of organic matter distribution versus: (a) the scalling parameter of 

organic matter distribution 𝑣; (b) fluxes of organic matter 𝐹𝑂𝑀 at the SWI; (c) water depth ℎ; (d) 

sedimentation rate 𝜔. A – N denote the sites location defined in Table 4.8. 

  

General 𝛼 − ℎ patterns emerge when the dataset is regionalised. Northern European 

sites show an overall increase in 𝛼 with increasing water depth, and thus a decrease in organic 

matter apparent reactivity 𝑘 (Figure 4.8a). Only the shallowest site in the Severn estuary 

diverges from this pattern. The determined 𝛼-value is higher than, for instance, values from 

Aarhus Bay and the Arkona Basin (Table 4.8), despite of deeper water depths. Likewise, 

Severn estuary exhibits apparent reactivity nearly two orders of magnitude lower than Aarhus 

Bay and Arkona Basin. However, it is not surprising that the organic matter buried in Severn 
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estuary sediments displays lower reactivity than other shallow settings. The Severn is the most 

dynamic estuary in the world, with a tidal range that can reach up to 12 meters (Dyer, 1984; 

Jonas and Millward, 2010; Uncles, 2010). This intense dynamic cause large sediment 

resuspension (Manning et al., 2010), which then results in re-exposure of sedimentary organic 

matter and favours heterotrophic degradation, thus resulting in lower apparent reactivity.  

Across the Rhone delta seaward transect, an increase in 𝛼 is evident, with the pro-

delta having an order of magnitude lower 𝛼 than the Rhone shelf. However, caution must be 

taken in drawing any strong conclusions given the limited dataset (n = 2) analysed in the 

Rhone. Yet, a decrease in apparent organic matter reactivity is evident across the seaward 

transect (Figure 4.8a), which agrees with decrease of lipids reactivity across the Rhone delta 

(Pruski et al., 2015).  

The Arabian Sea does not fall within the overall water depth trend observed for 

Northern Europe and the Rhone delta. In the Arabian Sea, 𝛼-values are 2 – 3 orders of 

magnitude lower (1 – 10 years for water depths of 630 to 1500 meters; Table 4.8) than those 

derived for other deep-sea sites, and similar to those of shallower water depths in Northern 

Europe and the Rhone delta. Within the Arabian Sea, a modest depth trend is observed, with 

the lowest 𝛼 recorded within the OMZ, followed by an increase in 𝛼-values towards 

oxygenated bottom water conditions. In fact, the Arabian Sea sites exhibit similar behaviour 

to continental slope sites (water depth 200 – 3500 meters) which display 𝛼 < 2·102 years 

(Arndt et al., 2013); for example, Peru margin (Boudreau and Ruddick, 1991), Blake Ridge 

(Marquardt et al., 2010; Wallmann et al., 2006), as well as California, Chile, Costa Rica, and 

Namibia margins (Marquardt et al., 2010). Altogether, those settings exhibit a weak but 

significant correlation with water depth (r² = 0.55; p < 0.01; n = 13), in which 𝛼-values increase 

with increase of water depth. Like the Arabian Sea, those sites exhibit high sedimentation 

rates, elevated 𝑇𝑂𝐶 contents and/or well-developed OMZ (e.g., Boudreau and Ruddick, 1991; 

Marquardt et al., 2010). Thus, the combination of those factors, in different degrees, allows 

the burial of labile organic matter in great waters depths. Yet, water depth ℎ seems to modulate 
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and control organic matter reactivity to a certain extent in those depositional regimes. In the 

Arabia Sea, the trend across the OMZ transect becomes more evident for 𝑘-values, with a 

clear decrease in apparent reactivity from the OMZ core towards oxygenated bottom water 

conditions (Figure 4.8a). 

 

 

 

Figure 4. 8. Organic matter initial reactivity 𝑘 (𝑘 = 𝑣/𝛼) versus: (a) water depth ℎ; (b) sedimentation 

rates 𝜔; (c) fluxes of organic matter 𝐹𝑂𝑀. A – N denote the sites location defined in Table 4.8. 
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It becomes evident from the present dataset, as well as from the global compilation 

performed by Arndt et al. (2013) that there are no clear 𝛼 − ℎ relatioships in the global-scale. 

Nevertheless, such relatioships emerge in the local (Rhone delta) and regional-scales 

(Northern Europe). Yet, it seems that in depositional regimes which are characterized by high 

sedimentation rates, elevated 𝑇𝑂𝐶 contents, and experience anoxic conditions throught the 

water column (i.e., OMZ), water depth ℎ can play an indirect but significant role controlling 

organic matter reactivity. However, confirming this hypothesis requires systematic 

investigation of such depositional regimes, employing consistent and transferable model 

approaches, like the approach adopted in this study. 

Sedimentation rate 𝜔 plays a crucial but indirect role in controlling organic matter 

reactivity. It exerts a direct control on 𝐹𝑂𝑀 (Müller and Suess, 1979), and correlates with water 

depth (e.g., Middelburg et al., 1997). On the other hand, high sedimentation rates might dilute 

the organic matter fluxes, resulting in low organic matter contents and potentially enhancing 

physical protection (e.g., Mayer 1994a, 1994b). Similar to 𝐹𝑂𝑀 (and not surprising as 𝐹𝑂𝑀 and 

𝜔 are directly linked; Müller and Suess, 1979), a broad pattern with low 𝛼-values in high 𝜔 

regions (Rhone delta) and high 𝛼-values in low 𝜔 regions (deep-sea sites) emerges (Figure 

4.7d). In the Rhone pro-delta and the low sedimentation rates deep-sea sites, a decrease in 

sedimentation rate is associated with an increase in 𝛼. Slow settling through the water column 

allows longer exposure of organic matter to heterotrophic degradation prior to burial, resulting 

in overall decrease in organic matter apparent reactivity (e.g., Middelburg et al., 1997).  

Likewise, a broad 𝑘 − 𝜔 is observed (Figure 4.8b), with low reactivity values associates with 

low sedimentation rates (deep-sea sites), and high reactivity in the Rhone pro-delta. However, 

no overall clear relationship emerges in the global-scale (Figure 4.7d). The sedimentation rate 

across all Northern European sites have an overall similar order of magnitude, although 𝛼-

values span over four orders of magnitude, a behaviour also observed in the global 

compilation performed by Arndt et al. (2013). The Arabia Sea sites exhibit the same behaviour, 

albeit to a lesser extent (Figure 4.8b). Values of 𝛼, and thus the reactivity 𝑘 of organic matter 
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is clearly not strongly controlled by the sedimentation rates in the investigated depositional 

settings. Such findings confirm previous observations (Arndt et al., 2013) and combining both 

datasets reveals no clear relationships between 𝛼 − 𝜔 (r² = 0.003; p > 0.05; n = 48). 

In summary, model results indicate that there is an important similarity in 𝑣-values 

across different depositional environments, while  𝛼-values exhibit a large variability. An earlier 

suggested relationship between 𝛼 − 𝜔, as well as suggested correlations between apparent 

𝑘 − 𝐹𝑂𝑀, 𝑘 − 𝜔 or 𝑘 − ℎ could not be confirmed by the present analysis. Instead, model results 

indicate that there is a very weak general pattern with high 𝛼-values in the region of low 

sedimentation rates, greater water depths and low 𝐹𝑂𝑀 and low 𝛼-values in the region of high 

sedimentation rates, shallow water depths and high 𝐹𝑂𝑀. The very weak general pattern is 

overlain by significant scatter, indicating that additional factors exert a strong control on 𝛼. In 

addition, model results also show that single characteristics of the depositional environment 

might be useful predictors of trends in organic matter reactivity in a regional context. For 

instance, 𝛼-values show a clear increase with water depth along the Rhone delta transect. 

However, the lack of such a correlation for Arabian Sea and North European sites indicates 

that such relationships can only be observed on very narrow spatial scales, such as land-

ocean transects (e.g., Epping et al., 2002). Additional and more dominant controls on organic 

matter reactivity blur the use of sedimentation rate and/or water depths as proxies for trends 

in organic matter reactivity on larger spatial scales. Finally, model results suggest that some 

depositional environments might be characterized by unusually high 𝑣-values (𝑣 > 0.2), 

although the robustness of these predictions is uncertain and the reasons for such unusual 

values remain to be explored. 

 

4.3.3 Distribution of Organic Matter Reactivity 

Model-derived parameters 𝛼 and 𝑣 allow calculating the continuous distribution of organic 

matter over the entire reactivity spectrum, and thus provide insights into the nature of the 
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deposited material and its evolution during burial. Figure 4.9 illustrates the initial probability 

distribution of organic matter over 𝑘 at the time of deposition in the SWI, as well as the 

probability distribution of organic matter over 𝑘 after burial to 10 cmbsf, 100 cmbsf, and 1000 

cmbsf. Note that large diffrences in sedimentation rates across depositional environments 

result in different burial ages at each site. As such, the resulting changes in distribution reflect 

different exposure times to heterotrophic degradation at identical burial depths. 

Since 𝑣-values are broadly similar across depositional settings, differences in organic 

matter distributions are mainly controlled by diffrences in the model-derived 𝛼-values. The 

Arabian Sea sediments (Figure 4.9 j – l) do not only reveal the highest organic matter reactivity 

(reflected in the highest 𝑣-values) but are also characterized by the most heterogenous 

distribution (reflected in low 𝛼-values). There is a clear depletion of most labile fractions from 

the SWI down to 10 cmbsf, resulting in a marked decrease in overall organic matter reactivity 

(i.e. the distribution shifts towards lower reactivities). The large shift in organic matter reactivity 

within the uppermost sediment layers agrees with the 3G-model results derived by Luff et al. 

(2000), where the most reactive fraction is rapidly consumed within the few uppermost 

millimetres of sediments. In sediments below 100 cmbsf, the most labile fractions are 

degraded, and the remaining bulk organic matter is dominated by unreactive compounds (𝑘 < 

10-5 yr-1). Sediments from the Arkona Basin (Figure 4.9e) and Aarhus Bay (Figure 4.9d) show 

similar organic matter – 𝑘 distributions. However here, the loss of the most labile fractions 

within the upper 10 cm is less pronounced. 

In contrast, sediments from the Skagerrak – sites S10 (Figure 4.9g) and S13 (Figure 

4.9i) – are characterized by organic matter with the most homogenous, albeit comparably 

unreactive distribution (reflected in high 𝛼). The initial organic matter distributions reveal small 

change as organic matter is buried from SWI down to 1000 cmbsf, reflecting an overall low 

reactivity, and thus low degradation rates. 
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Figure 4. 9. Initial probability distribution of organic matter apparent reactivity 𝑘. The 𝛼 (year) and 𝑣 are 

the RCM free parameters, and 𝜔 (cm yr-1) is the sedimentation rate at each site. A – N denote the sites 
location defined in Table 4.8. 

  

Between those two end-member cases, sediments from other sites generally reveal 

small changes in the continuous organic matter – 𝑘 distributions within the upper sediment 

layers (z < 10 cm). A significant depletion of more reactive fractions only occurs during burial 

into deeper sediment layers due to longer degradation timescales. Below 1000 cmbsf, only 

the most recalcitrant compounds of organic matter (𝑘 < 10-5 yr-1) are preserved, resulting in a 

low overall reactivity of the bulk organic matter. 
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 Sediments from the Bering Sea (Figure 4.9m) represent a notable exception from this 

general pattern. Here, a gradual loss of the labile fractions is observed throughout the 

sediment column. This profile is the consequence of unusually high 𝛼 and 𝑣-values (Table 

4.8), reflecting very reactive and heterogeneously distributed organic matter. Such 

heterogeneous distribution is compared to those of the Arabian Sea sediments. Nevertheless, 

there is a fundamental difference in the downcore evolution of organic matter – 𝑘 distributions 

between those contrasting settings, which is driven by the magnitude of 𝛼-values. Whereas in 

the Arabian Sea settings 𝛼-values are low (1 – 10 years), which result in a rapid decrease in 

reactivity in the uppermost sediment layers, in the Bering Sea sediments the significantly 

higher 𝛼-value (5000 years) yields a much slower decrease in reactivity downcore. 

 The distribution profiles (Figure 4.9) reflect the apparent initial age 𝛼 and the scalling 

parameter 𝑣. In general, the most heterogeneous mixture of organic matter are observed in 

the settings with low 𝛼-values (𝛼 < 10 years), whereas high initial apparent ages result in more 

recalcitrant and homogeneous mixtures of organic matter (e.g., Arndt et al., 2013; Wehrmann 

et al., 2013). Nevertheless, it is important to note that the change in organic matter – 𝑘 

distributions with burial depth is not solely controlled by the RCM free parameters. 

Sedimentation rates also exert an impact on the degree of degradation since they control the 

time/depth relationship (e.g., Burdige, 2006). For instance, sediments from the Rhone pro-

delta (Figure 4.9b) would be expected to show a marked decrease in reactivity within the upper 

layers. However, due to the high sedimentation rates, the burial time is too short to allow for 

significant decrease in reactivity within the upper 10 cm layer. In the Bering Sea (Figure 4.9m), 

low sedimentation rates allow longer residence times of organic matter in the upper sediment 

layers, thus yielding more intense degradation of organic matter in the SWI. Finally, total 

organic matter content also exerts a control on degradation rates, and thus also controls 

changes in organic matter – 𝑘 distribution with depth. In general, high organic matter contents 

result in higher degradation rates. 
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4.3.4 Rates of Organic Matter Degradation 

The depth-integrated (1000 cmbsf) rates of organic matter heterotrophic degradation (Figure 

4.10a) were calculated based on the yielded rates of degradation for each metabolic pathway 

implemented reaction network (aerobic respiration, denitrification, sulphate reductions, and 

methanogenesis). Additionally, the relative contributions of each degradation pathway were 

also quantified for the entire model domain (Figure 4.10b). 

 

 

Figure 4. 10. Model-derived rates of organic matter degradation. (a) Depth-integrated rates of organic 
matter heterotrophic degradation. (b) Relative contribution of degradation pathways to total rates of 
organic matter degradation. A – N denote the sites location defined in Table 4.8. 
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The depth-integrated rates of organic matter heterotrophic degradation (Figure 4.10a) 

exhibit high variability across the depositional environments. There is an overall decrease in 

rates of degradation at greater water depths due to longer exposure time periods to aerobic 

conditions, which enhances degradation processes and ageing prior to burial (e.g., Griffith et 

al., 2010; Hartnett et al., 1998). However, Arabian Sea settings (Figure 4.10a; cases J – L) 

show distinct patterns due to the well-developed OMZ between 150 and 1000 meters (Cowie, 

2005) and high rates of organic matter settling through the water column (Luff et al., 2000), 

resulting in the deposition of fresh and high quality organic matter (Koho et al., 2013; 

Vandewiele et al., 2009), and thus enhancing degradation in the uppermost sediment layers. 

The rates of each metabolic pathway involved in organic matter heterotrophic 

degradation were quantified alongside their relative contributions (Figure 4.10b). The metal 

oxides contributions were neglected due to lack of data for constraining the reaction network. 

Nevertheless, the metal oxides usually represent a minor contribution to total rates of organic 

matter (Thullner et al., 2009), thus neglecting those TEA has minimal impact in the total rates. 

Overall, aerobic degradation and denitrification have small relative contributions (< 10%) in 

the oxygenated settings, which agrees with previous model-derived results (Thullner et al., 

2009). Overall, in deep-sea sites sulphate reduction represents the major metabolic pathway 

mediating organic matter transformations. In the Arabian Sea, ca. 90% degradation rates are 

attributed to sulphate reduction. The high organic matter apparent reactivity (𝑘 > 10-2 yr-1) 

results in fast degradation of most labile fractions at the SWI, where 𝑆𝑂4
2− is replenished by 

diffusing from bottom waters. At greater depth, the organic matter left is recalcitrant (𝑘 < 10-4 

yr-1) and escapes sulphate reduction, thus being consumed by methanogenesis (e.g., Meister 

et al., 2013). 
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4.4 Conclusions 

Model results revealed great variability of organic matter reactivity on global-scale. This is 

mostly due to large variability on the RCM free parameter 𝛼. In contrast, the free parameter 𝑣 

is mostly distributed within a narrow range. 

 The overall narrow range of distribution of 𝑣 (0.1 < 𝑣 < 0.2) confirms previous 

observations and reinforce the low variability on global-scale. However, depositional 

environments with distinct characteristics, e.g. Arabian Sea OMZ, do exhibit 𝑣 > 0.2. In such 

case, high 𝑣-values are the likely result of depositional fluxes of highly labile, fresh marine-

derived organic matter. 

 The 𝛼 -values exhibit a large variability throughout the dataset (100 < 𝛼 < 104 years) 

and are weakly correlated with single characteristics of the depositional environment. Broadly, 

low 𝛼-values are observed on shallow, high sedimentation rates, and high fluxes of organic 

matter settings. In contrast, high 𝛼 -values occur in deep, low sedimentation, and low rates of 

organic matter regimes. However, this relationship is overlain by large scatter. As such, 

additional factors must drive the 𝛼 variability across depositional environments on global 

scales. Nevertheless, on local-scale 𝛼-values are better correlated with water depth increase, 

e.g., Rhone delta seaward transect. 

 The distributions of organic matter across the reactivity spectra are intimately 

associated with the RCM free parameters. Additionally, those distributions are close related 

to the advective fluxes imposed by sedimentation rates 𝜔. Thus, the depth evolutions of 

organic matter distributions results from the combination of RCM free parameters 𝛼 and 𝑣 with 

the time-scale control imposed by 𝜔. That has a significant impact when comparing 

depositional settings with distinct sedimentation rates, in which case burial time instead of 

depth evolutions should guide comparisons.  

 The depth-integrated rates of organic matter degradation have a broad depth trend 

throughout the dataset. However, the Arabian Sea OMZ settings behave differently due to 
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high fluxes of fresh marine-derived organic matter. Overall, sulphate reduction is main 

metabolic pathway mediating organic matter oxidation. 

 The large-scale high variability on apparent organic matter reactivity and the lack of 

strong control imposed by single characteristics of depositional environment reinforces that 

reactivity controls are complex and beyond simple relationships. The larger variability is 

associated with 𝛼-values, thus this suggests that reactivity variability in the global-scale is 

strongly related to the degree of organic matter alteration and ageing during transport and 

burial. Such relationships will be further investigated later alongside organic matter 

compositions (Chapter 5) and the integrated effect of sources and depositional environment 

on reactivity (Chapter 6). 
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Chapter 5 – Characterization of sources of sedimentary organic 

matter using lipid biomarkers 
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5.1 Introduction 

Marine sediments represent one of the largest active pools of organic matter in the Earth 

system; thus, the biogeochemical processes that occur in those sediments are crucial for 

understanding the global carbon cycle (Hedges, 1992; Hedges and Oades, 1997). Both 

organic matter preservation and degradation are strongly influenced by the nature and the 

degrees of alteration prior to deposition of the material (Hedges and Keil, 1995; Henrichs, 

1992). Most of the preserved material is buried in coastal and marginal environments where 

sediment accumulation rates are usually higher. At greater water depths, the sedimentary 

organic content becomes significantly lower compared to shallow settings (Premuzic et al., 

1982). The progressive decrease in organic matter content with increase in water depth, and 

thus distance from sources, results from both the attenuation of sedimentation rates at greater 

depth and extended exposure of settling material to oxidising conditions (Hartnett et al., 1998; 

Middelburg et al., 1997). These mechanisms also cause water depth to be strongly related to 

the quality and character of the organic matter deposited, both via the relationship between 

water depth and terrestrial vs. marine sources of organic matter and the oxidative processes 

that occur during organic matter transport. 

 Organic matter preserved in marine sediments results from a complex mixture of 

multiple sources and compound classes that experienced distinct transport and alteration 

processes from source to final burial in the sediments (Arndt et al., 2013; Hedges and Oades, 

1997; Henrichs, 1992). Commonly, the sources of sedimentary organic matter are broadly 

divided into autochthonous marine-derived and allochthonous terrestrial-derived organic 

matter (Meyers, 1997). Overall, terrestrial-derived sources are thought to be more resistant to 

degradation process, and thus have enhanced preservation in marine sediments. 

Nevertheless, the majority of terrestrial-derived input is restricted to coastal and marginal 

sediments. Marine-derived sources are considered less resistant to degradation, although 

autochthonous material represents a large fraction of organic matter in deep-sea sediments 

(Burdige, 2005). Moreover, alteration can skew these simplistic assumptions, with fresh 



Chapter 5 Characterizing the sources of organic matter  

 

 

127 
 

terrestrial material in coastal settings being more reactive than degraded marine organic 

matter in the deep sea (Pruski et al., 2015; Sun and Wakeham, 1994). Despite these caveats, 

characterizing the sources of sedimentary organic matter can provide a first order view on the 

reactivity of organic matter in sediments (Hoefs et al., 2002; Madureira et al., 1995; Santos et 

al., 1994; Sinninghe Damsté et al., 2002a; Sun and Wakeham, 1994; Wakeham et al., 1997). 

A complete characterization of organic matter sources can be challenging and likely 

unfeasible – given its complexity (Arndt et al., 2013; Henrichs, 1992).  This is particularly true 

for large-scale assessments where some proxies become problematic, i.e. carbon isotopic 

tracers of marine vs. terrestrial organic matter can be employed in a well constrained context 

but are nonviable globally due to the varying contribution of C3 vs. C4 plants to the terrestrial 

end-member. Alternatively, specific compound classes that are representative of organic 

matter sources can be used for source assessment (although they will also suffer from 

variation in end-members character). Broadly, lipid biomarker compositions distinguish 

sources between terrestrial-derived and marine-derived, either from plant material (Bull et al., 

2000a, 2000b; Eglinton et al., 1962; Eglinton and Hamilton, 1967; Nierop et al., 2003) vs. algae 

material (Blumer et al., 1971; Parker et al., 1967; Volkman et al., 1998, 1989), or soil bacteria 

(Hopmans et al., 2004; Weijers et al., 2007, 2006) vs. pelagic archaea (Hopmans et al., 2004; 

Sinninghe Damsté et al., 2002b). Additionally, in-situ bacterial-produced organic matter can 

also be characterized based on lipid biomarkers (Cranwell, 1981, 1973; Eglinton et al., 1968; 

Leo and Parker, 1966; Perry et al., 1979).  Usefully, other biomarker parameters, such as the 

carbon preference index (CPI) of leaf waxes, can provide a first order insight into organic 

matter degradation (Bray and Evans, 1961; Cooper and Bray, 1963; Madureira et al., 1995; 

Matsuda and Koyama, 1977; Santos et al., 1994). 

 The adoption of lipid biomarkers for characterizing organic matter sources and 

transformation during transport is not new and has been applied to, e.g. the water column 

(Hernandez et al., 2008; Hernández-Sánchez et al., 2014; Meyers and Eadie, 1993; 

Venkatesan et al., 1987; Wakeham et al., 1997), deep-sea sediments (Hoefs et al., 2002; 
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Madureira et al., 1995; Sinninghe Damsté et al., 2002a), and land-to-ocean transects (Hu et 

al., 2009, 2006; Kim et al., 2010, 2006; Sparkes et al., 2015; Strong et al., 2012; van Dongen 

et al., 2008; Vonk et al., 2010; Zimmerman and Canuel, 2001). However, these have yet to be 

compiled across a large range of depositional environments with distinct features, allowing an 

assessment of how they vary among settings. This is essential for exploring their utility to 

make wider and more generalizable conclusions about organic matter character and reactivity, 

but it is a challenging approach. Because the analytical methods in these studies are 

frequently incomparable and intra-laboratory variations in measurements (i.e. BIT) have been 

shown to be problematic (Schouten et al., 2009), the existing data is not complied here.  

Instead, a new dataset was produced, using consistent methods and common 

instrumentation. Therefore, the main aim of this chapter is to characterize lipid biomarker 

compositions (e.g. alkanoic acids, n-alkanols, n-alkanes, and GDGTs) in marine sediments 

from a variety of depositional settings, ranging from coastal and marginal to deep-sea settings, 

to elucidate the sources of organic matter. This has the added advantage of focusing on sites 

where Reaction-Transport model (RTM) approaches could be applied (Chapter 4). The 

specific objectives are: (1) use lipid biomarker relative abundances and distributions to 

constrain terrestrial-derived vs. marine-derived sources of organic matter across the different 

depositional environments; (2) compare and contrast the relationships recorded by different 

pools of lipid biomarkers; (3) assess the degree of diagenetic alteration of terrestrial organic 

matter via CPIs; (4) further understand the role of water depth and sedimentation rates on the 

characteristics of buried material. 

 

5.2 Material and methods 

The sedimentary lipid biomarker compositions were investigated in a vast range of contrasting 

depositional environments, from shallow to deep water depths and from high to low sediment 

accumulation rates. Over a hundred samples distributed in 15 depositional settings comprise 
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this survey; therefore, to facilitate the data interpretation, sites were arranged in three groups 

according to water depth of each site: (1) shallow systems; (2) intermediate systems; and (3) 

deep systems (Table 5.1). 

 

Table 5. 1. Depositional environments characteristics and description of samples analysed in each 
study site. 

Site 
water depth sedimentation rate 

n samples biomarkers methods 
m cm yr-1 

Shallow systems 

Severn estuary 8 4.3·10-1 6 Section 5.2.1 

Rhone pro-delta 19 1.0·101 12 Section 5.2.1 

Rhone shelf 74 5.0·10-1 4 Section 5.2.1 

Aarhus Bay 15 3.2·10-1 13 Section 5.2.2 

Arkona Basin 43 7.4·10-3 10 Section 5.2.2 

Helgoland 30 1.3·100 6 Section 5.2.1 
     

Intermediate systems 

Skagerrak - S10 86 5.0·10-1 5 Section 5.2.2 

Skagerrak - S11 149 5.0·10-1 7 Section 5.2.2 

Skagerrak - S12 309 5.0·10-1 5 Section 5.2.2 

Skagerrak - S13 386 5.0·10-1 7 Section 5.2.2 
     

Deep systems 

Arabian Sea - anoxic 632 5.0·10-1 5 Section 5.2.1 

Arabian Sea - suboxic 930 5.0·10-2 10 Section 5.2.1 

Arabian Sea - oxic 1,552 5.0·10-2 5 Section 5.2.1 

Bering Sea 1,469 1.6·10-3 6 Section 5.2.1 

Argentine Basin 3,687 8.0·10-3 7 Section 5.2.1 

 

Sediment samples originate from several research projects (for details see Chapter 3; 

Figure 3.2). Sample material from Aarhus Bay, Arkona Basin and Skagerrak are from the 

METROL (Methane Flux Control in Ocean Margin Sediments) project, and the biomarker 

characterization of such samples was performed previously (Aquilina et al., 2010; Hunter-

Choat, 2014) and incorporated in this study. The remainder samples were processed in the 

present study, using a different but equivalent analytical protocol. In the following sections, the 
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analytical protocol adopted here is described in detail; additionally, the analytical protocol 

employed for the METROL samples is briefly addressed (Figure 5.1). 

 

 

Figure 5. 1. Lipid biomarkers analytical protocols. (a) METROL project samples (Aquilina et al., 2010; 
Hunter-Choat, 2010). (b) All remainder samples analysed in the present work. For further detail see 
Table 5.1 and sections 5.2.1 and 5.2.2. 

 

5.2.1 Lipid biomarker analyses  

5.2.1.1 Laboratory glassware and reagents 

Lipid biomarker analyses, as a residue analysis, require that sample processing contamination 

to be minimised. As such, non-volumetric glassware was cautiously cleaned by soaking 

overnight in Decon-90 solution (2% in water v/v), then washed up with water, rinsed with 

double-distilled water, and air-dried. Finally, to remove any organic residue, the clean 

glassware was covered with aluminium foil and heated to 450 ºC in a furnace for at least 4 

hours. Volumetric glassware and syringes were cleaned by rinsing several times with n-

hexane, followed by dichloromethane (DCM) and methanol (MeOH). All solvents used for 

analyses were HPLC grade. Column chromatography packing reagents (sodium sulphate and 
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potassium carbonate) were pre-extracted with a mixture of DCM/MeOH (2:1 v/v), then air-

dried and transferred to clean glass jars. Prior to use, those reagents were activated at 125 

ºC for a minimum of 1 hour. Glass pipets used for flash column chromatography were pre-

cleaned by heating to 450 ºC in furnace for at least 4 hours. To ensure the quality of analytical 

procedure and monitor potential sources of contamination, procedural blanks were carried out 

for every analytical batch throughout all analytical protocol.  

 

5.2.1.2 Sample preparation and lipid biomarkers extraction and clean up 

Prior to analyses, sediment samples were kept frozen at -20 ºC. Frozen sediment samples 

were freeze-dried, crushed and homogenized using a pre-cleaned mortar and pestle, then 

finally transferred to clean glass jars. 

From 0.5 to 3 grams of sediment (depending on material availability) were accurately 

weighted in pre-cleaned glass extraction vials, added a known concentration of internal 

standard (5α-cholestane), and 10 mL of DCM/MeOH (9:1 v/v). Samples were extracted with a 

microwave assisted extraction system (Ethos EX – Milestone). Extraction proceeded by a 

temperature increase to 70 ºC for 10 minutes, then holding 70 ºC for 10 minutes, followed by 

20 minutes of cooling to room temperature. After extraction, the total lipid extracts (TLEs) were 

recovered by centrifuging at 1600 rpm for 5 minutes and transferring the supernatant to clean 

rounded bottom flasks. To ensure good sample recovery, sediments were rinsed with 10 mL 

of DCM/MeOH (9:1 v/v), homogenised and centrifuged again. This procedure was repeated 

at least three times, and the recovered extracts combined in the TLEs. 

Elemental sulphur was removed from samples by adding activated copper (HCl 10% 

v/v; rinsed with double distilled water, MeOH, and DCM) to the TLEs, followed by and 

overnight reaction. Sulphur-free TLEs were reduced in volume to approximately 1mL under 

reduced pressure on a rotatory evaporator. Concentrated TLEs were flushed on glass pipets 

(10 cm x 5 mm) filled with activated sodium sulphate (ca. 4 cm of column length) and eluted 
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with DCM (3 pipets volume) to remove residual water and sediment. Purified TLEs were 

reduced in volume to approximately 1 mL using a gentle stream of nitrogen, then split into two 

aliquots. Both aliquots were dried out under a gentle nitrogen stream and kept frozen (-20 ºC) 

for further analyses. 

 

5.2.1.3 TLE derivatization for GC and GC-MS analyses 

The alkanoic acids in the TLEs were methylated by reaction with MeOH/acetyl chloride (30:1 

v/v). Approximately 1 mL MeOH/acetyl chloride (30:1 v/v) was added to the TLEs and left 

reacting overnight at 45 ºC. Excess of MeOH/acetyl chloride was dried out with a gentle stream 

of nitrogen. Methylated TLEs were resuspended in DCM and flushed on glass pipet filled with 

potassium carbonate (ca. 4 cm column length) and eluted with DCM (3 pipets volume) to 

neutralise the extracts. TLEs were then dried out under a gentle stream. 

 The hydroxyl groups on compounds in the methylated TLEs were converted into 

trimethylsilyl (TMS) derivatives by reaction with 25 μL of N,O-bis(trimethylsilyl)-

trifluoroacetamide (BSTFA)/trimethylchlorosilane (TMCS) (99:1 v/v) at 70 ºC for 1 hour. 

Excess of BSTFA was dried out with a gentle stream of nitrogen. Derivatised TLEs were kept 

dry and frozen (-20 ºC) prior GC and GC-MS analysis. When necessary (e.g. long time 

between GC and GC-MS analyses), the BSTFA derivatisation was carried out again prior 

analyses. 

 

5.2.1.4 TLE filtration for LC-MS analysis 

The non-derivatised TLE aliquots were dissolved in n-hexane/iso-propanol (IPA) (99:1 v/v) 

and sonicated for 5 minutes. TLEs were filtered with a 0.45 μm PTFE membrane and ca. 3 

mL of n-hexane/IPA. Filtered TLEs were dried under a gentle stream of nitrogen and kept 

frozen (-20 ºC) prior LC-MS analyses. 
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5.2.1.5 Gas chromatography (GC) and gas chromatography-mass spectrometry (GC-

MS) analyses 

GC analyses were preformed using a Thermo Scientific Trace 1300 fitted with a flame 

ionisation detector (FID) and equipped with an auto-injector (Thermo Scientific AI 1310). The 

GC was equipped with a with a fused silica capillary column Restek RTX-1 with a nonpolar 

stationary phase (50 m long x 0.32 mm internal diameter x 0.17 μm film thickness; 

dimethylpolysiloxane). The programmed temperature vaporizing (PTV) injector was set to 60 

ºC at injection, then the PTV temperature increased to 315 ºC. The GC oven temperature 

program started at 60 ºC holding for 1 minute, followed by a temperature increase to 170 ºC 

at 6 ºC min-1, then increasing again to 315 ºC at 2.5 min-1, and finally holding 315 ºC for 10 

minutes. Helium was used as a carrier gas. 

 CG-MS analyses were performed using a similar GC system (Trace 1300; RTX-1 50 

m x 0.32 mm x 0.17 μm) and temperature program, coupled to a Thermo Scientific ISQ LT 

single quadrupole mass spectrometer. The interface temperature was set to 330 ºC and the 

ion source temperature to 320 ºC. The GC-MS was operated in electron impact (EI) mode at 

70 eV and scan range of m/z 50 – 650 Da. GC-MS data were acquired and processed using 

the Thermo Xcalibur software. 

Compounds were identified by comparing the mass spectra and relative retention 

times with those in the literature. Alkanoic acids were determined as their fatty acids methyl 

esters (FAME). Compounds bearing hydroxyl groups were determined as trimethylsilyl 

derivatives. Quantification was based on the peak area of target compound relative to the 

peak area of internal standard (5α-cholestane) (Figure 5.2). 
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Figure 5. 2. GC-MS total ion count (TIC – m/z 50 – 650) of a sediment sample (Helgoland – 200 cmbsf) 
with the most common lipids identified in the TLEs. 

 

5.2.1.6 Liquid chromatography-mass spectrometry 

LC-MS analyses were performed in a high-performance liquid chromatography/atmospheric 

pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) system Thermo Scientific 

Accela Quantum Access triple quadrupole. Compounds separation was performed in normal-

phase mode using two ultra-high-performance liquid chromatography silica columns (e.g., 

Hopmans et al., 2016). Analyses were performed in selective ion mode (SIM) to increase 

sensitivity and reproducibility. The monitored ions were m/z 1302, 1300, 1298, 1296, 1294, 

1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018, 744, and 653. LC-MS data 

were acquired and processed using the Thermo Xcalibur software. Compounds were 

identified and quantified based on the mass spectra and retention times with those available 

in the literature (Figure 5.3). 
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Figure 5. 3. LC-MS trace (SIM mode) of a sediment sample (Rhone pro-delta – 1–1.5 cmbsf) with most 
common lipids identified in the TLEs. (a – e) i-GDGTs; (f – h) br-GDGTs. 

 

5.2.2 Lipid biomarker analyses adopted for METROL samples 

The analytical protocol employed on sediment samples from METROL project are detailed 

described in Aquilina et al. (2010) for GC and GC-MS analyses, and Hunter-Choat (2014) for 

LC-MS analyses. The following subsections briefly address such analyses. 

 

5.2.2.1 Samples extraction, fractionation, and GC and GC-MS analyses 

Approximately 20 grams of freeze-dried sediments were extracted with DCM/MeOH (2:1 v/v) 

for 24 hours using Soxhlet apparatus. Elemental sulphur was removed by addition of activated 

copper for 24 hours. An aliquot of TLEs was separated into three fractions using solid phase 

extraction (SPE) column containing 500 mg of aminopropyl-functionalised silica. Operationally 

defined fractions were neutral, free alkanoic acids, and polar. The neutral fraction was further 

separated into neutral apolar and neutral polar on alumina column chromatography. Internal 

standards were added prior separation on SPE columns (1.2 μg of each 5α-androstane and 

hexadecane-2-ol) and after separation on the acid and polar fractions (1.2 μg C19 n-alkane).  
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The polar fraction was submitted to base hydrolyses (0.5 M methanolic NaOH for 1 

hour at 70 ºC). Alkanoic acids in acid and polar fractions were methylated with BF3 (14% in 

MeOH) at 70 ºC for 1 hour. Compounds containing hydroxyl groups were converted into TMS 

derivatives by reaction with 25 μL of each BSTFA and pyridine at 70 ºC for 1 hour. All fractions 

were subjected to GC analyses (Carlo Erba 5400 Mega Series) equipped with a FID detector. 

The GC was equipped with a fused silica column Chromapack with a nonpolar stationary 

phase (50 m x 0.32 mm x 0.12 μm; dimethylpolysiloxane equivalent), with hydrogen used as 

a carrier gas. Subsequently, all fractions were analysed in a GC-MS system (Termoquest 

Finningan Trace CG equipped with a Termoquest Finningan Trace mass spectrometer) 

operating in EI mode at 70 eV and scanning range of m/z 50 – 850 Da. GC-MS conditions 

were similar to GC but helium was used as carrier gas. Compounds were identified by 

comparing the mass spectra and retention times with literature and quantified based on 

internal standard in each fraction. Further details are available on Aquilina et al. (2010). 

 

5.2.2.3 TLE filtration and LC-MS analyses 

Aliquots of the neutral polar fraction were dissolved in n-hexane/IPA (99:1 v/v) and sonicated 

for 5 minutes. Then, the extracts were filtered in a PTFE filter (0.45 μm) with n-hexane/IPA 

(99:1 v/v) prior LC-MS analyses. Extracts were analysed in a HPLC/APCI-MS system (Thermo 

Scientific Accela Quantum Access triple quadrupole) equipped with a normal-phase cyano 

column. Analyses were performed in selective ion mode (SIM) to increase sensitivity and 

reproducibility. The monitored ions were m/z 1302, 1300, 1298, 1296, 1294, 1292, 1050, 1048, 

1046, 1036, 1034, 1032, 1022, 1020, 1018, 744, and 653. Compounds were identified and 

quantified based on the mass spectra and retention times with those available in the literature. 

Further details are available on Hunter-Choat (2014). 
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5.2.3 Identification of organic matter sources 

Sedimentary organic matter was characterized based on the relative abundance of compound 

classes on the TLEs yielded by GC-MS analyses. Additionally, the sources of organic matter 

were determined based on the relative distributions of individual compounds within compound 

classes yielded by GC-MS (e.g. n-alkanoic acids) and LC-MS (e.g. GDGTs). The identification 

of sources of organic matter was complemented with the application of diagnostic ratios. The 

Terrestrial-Aquatic Ratio (TAR) was employed to estimate the relative contributions of 

terrestrial-derived vs. algal-derived organic matter (Bourbonniere and Meyers, 1996; Meyers, 

1997) based on the distributions of n-alkyl compounds. However, here a modified formulation 

of TAR was calculated (Table 5.2), which constrain indices from 0 to 1 and facilitates 

comparisons within sites. The Branched-Isoprenoid Tetraether (BIT) index (Hopmans et al., 

2004) was calculated to estimate the relative contribution of soil-derived bacterial organic 

matter (Weijers et al., 2007, 2006) and pelagic-derived archaeal organic matter (Sinninghe 

Damsté et al., 2002b). Here, BIT index calculation was modified after Hopmans et al. (2016). 

The Carbon Preference Index (CPI) was calculated for n-alkyl compounds to estimate the 

degrees of diagenetic alteration of organic matter buried in sediments (Bray and Evans, 1961; 

Cooper and Bray, 1963; Madureira et al., 1995). The formulation of each of those diagnostic 

rations is shown in Table 5.2. 
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Table 5. 2. Diagnostic ratios employed in the characterization of sedimentary organic matter. 

n-alkanoic acids and n-alkanols 

𝑇𝐴𝑅 =
𝐶24 + 𝐶26 + 𝐶28

𝐶14 + 𝐶16 + 𝐶18 + 𝐶24 + 𝐶26 + 𝐶28
 (5.1) 

  

𝐶𝑃𝐼 =
2 ∙ (𝐶22 + 𝐶24 + 𝐶26 + 𝐶28 + 𝐶30)

(𝐶21 + 𝐶23 + 𝐶25 + 𝐶27 + 𝐶29) + (𝐶23 + 𝐶25 + 𝐶27 + 𝐶29 + 𝐶31)
 (5.2) 

  

n-alkanes 

𝑇𝐴𝑅 =
𝐶27 + 𝐶29 + 𝐶31

𝐶17 + 𝐶19 + 𝐶21 + 𝐶27 + 𝐶29 + 𝐶31
 (5.3) 

  

𝐶𝑃𝐼 =
2 ∙ (𝐶23 + 𝐶25 + 𝐶27 + 𝐶29 + 𝐶31)

(𝐶22 + 𝐶24 + 𝐶26 + 𝐶28 + 𝐶30) + (𝐶24 + 𝐶26 + 𝐶28 + 𝐶30 + 𝐶32)
 (5.4) 

  

GDGTs 

𝐵𝐼𝑇 =
𝐼𝑎 + 𝐼𝐼𝑎 + 𝐼𝐼𝑎′ + 𝐼𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎′

𝐼𝑎 + 𝐼𝐼𝑎 + 𝐼𝐼𝑎′ + 𝐼𝐼𝐼𝑎 + 𝐼𝐼𝐼𝑎′ + 𝐶𝑟𝑒𝑛
 (5.5) 

  

𝑇𝐸𝑋86 =
𝐺𝐷𝐺𝑇2 + 𝐺𝐷𝐺𝑇3 + 𝐶𝑟𝑒𝑛′

𝐺𝐷𝐺𝑇1 + 𝐺𝐷𝐺𝑇2 + 𝐺𝐷𝐺𝑇3 + 𝐶𝑟𝑒𝑛′
 (5.6) 

 

 

Briefly, TAR indices towards 1 indicate the predominance of plant-derived organic 

matter, whereas indices near zero are derived from the predominance of algal-derived organic 

matter (Bourbonniere and Meyers, 1996; Meyers, 1997). Similarly, BIT indices close to zero 

result from pelagic archaeal sources, and BIT indices towards 1 are from soil bacterial sources 

(Hopmans et al., 2004). High degrees of diagenetic alteration of organic matter result in low 

CPI values, whereas high indices indicate low degrees of degradation (Bray and Evans, 1961; 

Cooper and Bray, 1963; Madureira et al., 1995). 
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5.3 Site-Specific Results and Discussion of Biomarker Distributions 

All sediments are characterized by a broad range of solvent-extractable lipid biomarkers, with 

the main lipid classes identified in the TLEs being n-alkanoic acids, n-alkanols, n-alkanes, and 

GDGTs. In the following sections, the sedimentary biomarker compositions are explored in 

terms of relative abundances of major (and some minor) lipid classes in the TLE fractions, as 

well as in terms of distributions of individual compounds within classes (i.e. n-alkane 

distributions). Such lipid characterization is used to assess the sources of organic matter to 

those sediments, as well as to gain insights into the relationship between sources of organic 

matter and the depositional environment of those sediments. These assessments are 

supplemented with the application of lipid biomarker-based ratios (e.g. TAR, CPI, and BIT), 

commonly employed in the characterization of sedimentary organic matter sources. At each 

site, the data are derived from multiple samples from a range of shallow sediment depths 

(Table 5.1), and the results are reported as averages and ranges; when appropriate, details 

of the variability are also described and discussed. The entire dataset for individual samples 

(relative distributions and diagnostic ratios) is available in the Appendix section. 

Results are subdivided into three groups, based on the water depth of each site: (1) 

shallow systems (< 100 meters depth); (2) intermediate systems (100 – 500 meters depth); 

and (3) deep systems (> 500 meters depth). Although crude, the definition of such groups 

facilitates the exploration of biomarker data, allowing the identification of patterns and 

differences arising from sites with similar water depths – or among different depositional 

settings. The shallow systems group comprises the Severn estuary, Rhone delta, Helgoland 

(North Sea), Aarhus Bay, and Arkona Basin (Western Baltic) (Table 5.1). The Skagerrak 

transect represents the intermediate systems group. The deep systems group comprises the 

Arabian Sea, Bering Sea, and Argentine Basin. 
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5.3.1 Shallow systems 

Overall, the lipid biomarker compositions in all shallow systems have similar TLE features and 

relative abundances, despite coming from a wide range of locations (Figure 5.1). Alkanoic 

acids (in particular n-alkanoic acids) represent the major compound class in most of the TLEs. 

The n-alkanols are always the second most abundant of the examined biomarkers, followed 

by n-alkanes, sterols and ω-hydroxy alkanoic acids. Minor lipid components include mono-

unsaturated, branched, and α-hydroxy alkanoic acids. In general, α-hydroxy alkanoic acids 

always occur in low relative abundance (< 1% TLE), whereas mono-unsaturated and br-

alkanoic acids display higher and variable relative abundances (Table 5.3). 

Despite the general similarities, distinct features in biomarker relative abundances are 

apparent in sediments from some sites. In the Rhone delta, biomarker abundances show 

distinct trends between the pro-delta (Figure 5.1b) and shelf area (Figure 5.1c). Long-chain n-

alkanoic acids are more abundant in the shelf area (33%) compared to the pro-delta (10.1%), 

whereas short-chain n-alkanoic acids are more abundant in the pro-delta (19.7% compared to 

12.9% in the shelf area). Previous studies (Bourgeois et al., 2011; Cathalot et al., 2013; Pruski 

et al., 2015) identified a shift in organic matter sources and quality across the Rhone delta 

seaward transect, in which the pro-delta is characterized by fresh and labile terrestrial derived 

organic matter, whereas the shelf area contains a mixture of pre-aged and more degraded 

terrestrial material and pelagic sources of organic matter, a trend commonly observed in 

marginal sediments. In fact, the pro-delta sediments have the highest relative abundance of 

short-chain n-alkanoic acids abundance of all shallow sites (Figure 5.4). 
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Figure 5. 4. Relative abundances of lipid biomarkers in the TLEs determined by GC-MS in sediments 
from the shallow systems. (a) Severn estuary; (b) Rhone pro-delta; (c) Rhone shelf; (d) Helgoland; (e) 
Aarhus Bay; (f) Arkona Basin. Relative abundances in each site are calculated as average values of 
total samples analysed in each site. See Table 5.1 for details. 
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The n-alkane relative abundances are remarkably consistent across sites (8 – 12%), 

except for Helgoland (Figure 5.4d) which has lower n-alkane abundances (4.9%). Similarly, 

the n-alkanol abundances are consistent (12 – 25%), with the exception of the Arkona Basin 

(Figure 5.4f), which exhibits markedly higher proportions (42%) that are nearly comparable to 

the abundances of summed alkanoic acids (e.g., Aquilina et al., 2010). 

The ω-hydroxy alkanoic acids relative abundances are consistent among the Severn 

estuary, Aarhus Bay and Arkona Basin (6.9 – 10.8%), with lower abundances in the Rhone 

delta (4.1%) and higher abundances in the Helgoland sediments (18.5%). The mono-

unsaturated alkanoic acid relative abundances are low in the Helgoland, Aarhus Bay and 

Arkona Basin sediments (< 0.5%), whereas the Severn estuary and Rhone delta sediments 

have higher proportions (4.3 and 8.2%, respectively). Relative abundances of the br-alkanoic 

acids are significantly lower in the Aarhus Bay and Arkona Basin sediments (<0.5%) than the 

other shallow sites (2.4 – 5.5%). 

 Distributions within the n-alkyl lipid classes exhibit similar overall patterns among all 

sites (Figure 5.5). n-Alkanoic acids, ω-hydroxy alkanoic acids, and n-alkanols all have a strong 

even-over-odd carbon predominance (C12 – C32; Figure 5.5 a-c), whereas n-alkanes have a 

strong odd-over-even predominance (C17 – C33; Figure 5.5d). This is expected for such lipids, 

especially for the high-molecular-weight components of likely leaf wax (Eglinton et al., 1962; 

Eglinton and Hamilton, 1967; Jambu et al., 1993; Meyers, 1997) and root material (Bull et al., 

2000b, 2000b; Eglinton et al., 1968; Nierop et al., 2003) origin.  
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Figure 5. 5.  Relative distributions of individual compound classes determined by (a – d) GC-MS and 
(e) LC-MS in shallow system sediments: (a) n-alkanoic acids; (b) ω-hydroxy alkanoic acids; (c) n-
alkanols; (d) n-alkanes; (e) GDGTs. The x-axis denotes (a – d) individual alkyl compounds’ carbon 
chain length and (e) GDGTs structures (i-GDGT 0 – 3, C – crenarchaeol, C’ crenarchaeol isomer; br-
GDGTs I – III; after De Jonge et al., 2014)). Numbers 1 – 6 denote each site: (1) Severn estuary; (2) 
Rhone pro-delta; (3) Rhone shelf; (4) Helgoland; (5) Aarhus Bay; (6) Arkona Basin. Relative 
distributions in each site are calculated as average values of total samples analysed in each site. See 
Table 5.1 for details. GDGTs were not determined for Aarhus Bay sediments. 
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The n-alkanoic acid distributions are always bimodal, with low-molecular-weight (LMW; 

C16 or C18) and high-molecular-weight (HMW) components (typically C26; Figure 5.5a; Table 

5.1), the former almost always dominating. Such distributions are reflected in the Terrestrial-

Aquatic ratio (TAR), which has low values, especially in the Rhone pro-delta, in which n-C16 is 

the predominant n-alkanoic acid (Table 5.1). TARs, especially in the Rhone delta, seem to 

document robust preservation of less labile n-alkanoic acids rather than changes in the 

sources (e.g., Meyers, 1997). LMW n-alkanoic acids of algal or bacterial (Parker et al., 1967; 

Volkman et al., 1998, 1989) origin tend to be more labile than HMW components associated 

with higher plants, and therefore, are more easily degraded (Canuel and Martens, 1996; Pruski 

et al., 2015). The n-alkanoic acid Carbon Preference Indices (CPI) are generally high, with the 

Severn estuary having the lowest indices (4.0) and the remainder of the shallow systems 

having CPIs > 6.0 (Table 5.3). Such high CPI values suggest the input of fresh (low degraded) 

terrestrial material (Bray and Evans, 1961; Cooper and Bray, 1963; Eglinton and Hamilton, 

1967; Haddad et al., 1992; Matsuda and Koyama, 1977) to those shallow systems, as 

expected given the proximity of terrestrial sources of organic matter. ω-Hydroxy alkanoic acids 

distributions (Figure 5.5b) resemble those of n-alkanoic acids, except for the higher relative 

abundances of ω-C12 and ω-C14 homologues in the Severn estuary and Rhone delta, and 

generally low ω-C18 abundance at all sites. 

 Both n-alkanol and n-alkane distributions (Figure 5.5 c-d) are strongly dominated by 

HMW homologues, likely of leaf wax origin (Eglinton et al., 1962; Eglinton and Hamilton, 1967; 

Jambu et al., 1993; Meyers, 1997), which results in generally high and invariant TAR values 

(Table 5.1). Such high indices indicate overall negligible changes in the sources of those lipids 

to sediments (Meyers, 1997). The sole exception is the Rhone delta, where n-alkanol 

distributions have higher proportions of n-C18, causing a lowering in TAR values (TAR < 0.8). 

The n-alkanol CPIs are generally high (CPI > 5.0), with exceptionally high CPI values recorded 

in the Severn estuary and Rhone delta (CPI > 10.0). The n-alkane CPIs are also generally 

high, with the lowest values (of the shallow systems) recorded in the Severn estuary (3.2), and 
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high but variable values in the Rhone delta (Table 5.3). CPI variability in the Rhone delta – 

decreasing from the pro-delta to shelf area – is consistent with terrestrial sources with a 

variable degrees of ageing of organic matter across the seaward transect (Cathalot et al., 

2013). 

GDGT distributions are highly variable among the shallow systems (Figure 5.5e), with 

BIT indices ranging from 0.17 to 0.94. The i-GDGTs strongly dominate the relative distribution 

in the Severn estuary and Arkona Basin (average BIT = 0.22 and 0.31, respectively), despite 

the high inputs of terrigenous organic matter described above. On the other hand, the Rhone 

pro-delta and Helgoland distributions are mainly characterised by high proportions of br-

GDGTs (Table 5.3). Such high BIT indices (BIT > 0.6) are evidence of bacterial soil-derived 

organic matter input, whereas the remainder of the shallow systems (BIT < 0.4) have stronger 

archaeal pelagic derived sources of organic matter (Hopmans et al., 2004; Schouten et al., 

2013; Sinninghe Damsté et al., 2002b; Weijers et al., 2007, 2006). Of i-GDGTs, crenarchaeol 

(Cren) is usually predominant, followed by GDGT-0 (as expected, given the temperature range 

of these sites; e.g. Schouten et al., 2002). TEX86 values show high variability in the Rhone 

delta, whereas in the other sites TEX86 is largely invariant (Table 5.3). As is commonly 

observed, GDGTs-1 to -3 and the crenarchaeol isomer (Cren’) represent only a minor 

proportion of i-GDGTs (Schouten et al., 2013). The br-GDGT distributions are dominated by 

GDGT-Ia, GDGT-IIa, and GDGT-IIIa, i.e. lacking cyclisation, as typically found in non-acidic 

soil-derived organic matter (Weijers et al., 2007). 
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Table 5. 3. Lipid biomarker compositions of TLEs determined by GC-MS and LC-MS in sediments 
from shallow systems. Diagnostic ratios of major classes and relative contributions of minor alkanoic 
acids to the TLEs are presented as average, minimum, and maximum values of total samples 
analysed in each site*. 

  

Severn 
estuary 

Rhone 
delta** 

Helgoland 
Aarhus 

Bay 
Arkona 
Basin 

n-alkanoic acids 

distribution 
range C14–C34 C14–C34 C14–C34 C12–C32 C12–C34 

peak C16; C26 C16;C18 C26 C24; C26 C26 

CPI 

average 4.0 6.1 6.7 7.6 7.8 

min 2.7 4.5 6.0 5.6 6.7 

max 5.4 8.3 8.8 9.7 9.2 

TAR 

average 0.55 0.38 0.71 0.75 0.82 

min 0.37 0.19 0.47 0.54 0.77 

max 0.70 0.71 0.82 0.91 0.86 

n-alkanols 

distribution 
range C12–C32 C12–C32 C14–C32 C12–C32 C12–C32 

peak C26 C26 C24 C24 C24 

CPI 

average 11.3 15.9 9.2 6.8 5.5 

min 8.3 8.0 7.6 4.9 4.9 

max 18.0 22.5 13.3 8.1 6.4 

TAR 

average 0.93 0.71 0.91 0.97 0.98 

min 0.86 0.51 0.83 0.94 0.96 

max 0.96 0.96 0.95 0.99 0.99 

n-alkanes 

distribution 
range C16–C35 C17–C33 C19–C33 C17–C35 C16–C35 

peak C31 C29; C31 C31 C27 C27 

CPI 

average 3.2 7.5 4.5 5.2 5.3 

min 2.2 4.0 2.4 4.1 4.7 

max 4.2 9.8 5.2 6.9 6.3 

TAR 

average 0.78 0.89 0.90 0.83 0.87 

min 0.55 0.81 0.78 0.73 0.85 

max 0.89 0.93 0.95 0.90 0.91 

ω-hydroxy alkanoic acids 

distribution 
range C16–C29 C12–C28 C12–C32 C16–C30 C16–C30 

peak C24 C16; C24 C16; C26 C24; C26 C24; C26 

% TLE 

average 7.1 4.1 18.5 10.8 6.9 

min 6.7 1.3 12.5 0.5 0.3 

max 7.7 6.4 21.7 30.2 22.0 

GDGT 

i-GDGTs 
(%) 

average 83.0 36.7 42.4 nd 70.2 

min 77.0 7.2 32.6 nd 66.4 

max 87.3 77.1 60.9 nd 73.5 

br-GDGTs 
(%) 

average 17.0 63.3 57.6 nd 29.8 

min 12.7 22.9 39.1 nd 26.5 

max 23.0 92.8 67.4 nd 33.6 

cren/ 
i-GDGTs 

average 0.50 0.46 0.42 nd 0.55 

min 0.49 0.27 0.38 nd 0.50 

max 0.52 0.76 0.46 nd 0.57 

BIT 

average 0.22 0.71 0.71 nd 0.31 

min 0.17 0.27 0.49 nd 0.28 

max 0.30 0.94 0.80 nd 0.36 

TEX86 

average 0.39 0.54 0.36 nd 0.43 

min 0.34 0.36 0.28 nd 0.34 

max 0.49 0.91 0.43 nd 0.55 

α-hydroxy alkanoic acids % TLE 

average 1.0 0.3 0.9 0.1 0.1 

min 0.3 0.0 0.6 0.0 0.0 

max 1.7 0.8 1.1 0.4 0.6 

mono-unsaturated alkanoic acids 
(C16:1+C18:1) 

% TLE 

average 4.3 8.2 0.2 0.3 0.4 

min 2.4 4.7 0.0 0.0 0.1 

max 5.7 9.6 0.7 0.9 0.6 

short-chain branched alkanoic 
acids (C15–C17) 

% TLE 

average 2.7 5.5 2.4 0.4 0.3 

min 1.4 3.3 0.3 0.1 0.1 

max 4.3 6.1 8.5 0.9 0.5 

* For details on the number of samples analysed at each site see Table 5.1. 
** Rhone pro-delta and shelf area results are compiled together. 
nd – not determined. 
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5.3.2 Intermediate systems 

The lipid biomarker compositions across the Skagerrak depth transect are typically dominated 

by n-alkanoic acids. The n-alkanols are the second most abundant lipids, followed by n-

alkanes, ω-hydroxy alkanoic acids and sterols. Mono-unsaturated and br-alkanoic acids occur 

in low relative abundances (Figure 5.6). Overall, lipid compositions in the Skagerrak depth 

transect resemble what is generally observed in the shallow systems sites (Figure 5.4). 

However, site S12 displays some particular features, that are distinct from other Skagerrak 

sites (Figure 5.6b); in particular, n-alkanoic acid abundances are lower compared to other lipid 

classes, whereas n-alkanes and sterols have higher relative abundances. With the exception 

of S12, the Skagerrak sites do not exhibit dramatic differences in overall lipid class profile 

(Figure 5.6) from the shallow sites. Nevertheless, there is an increase in relative abundances 

of ω-hydroxy and long-chain n-alkanoic acids from shallow (S11 – 147 meters) to deep (S13 

– 386 meters) sites, whereas short-chain n-alkanoic acid proportions decrease with depth. 

Overall, within-class the distributions of alkyl and tetraether lipids are similar across 

the Skagerrak depth transect (Figure 5.7). The n-alkanoic acid distributions are bimodal, with 

a LMW maximum (C16 and C18) and HMW maximum (C24 and C26; Figure 5.7a). The abundant 

LMW n-alkanoic acids result in low TARs (0.19 to 0.65; Table 5.4). TAR is particularly low at 

site S11 due to the predominance of n-C16 and n-C18 homologues relative to HMW ones. 

Intriguingly, TAR increases with water depth, which has been observed elsewhere (e.g., 

Colombo et al., 1997) and reflects the preferential loss of more labile LMW n-alkanoic acids 

(Canuel and Martens, 1996; Haddad et al., 1992; Meyers, 1997; Meyers and Eadie, 1993). 

Such an increase in TARs with water depth is similar to the Rhone delta seaward transect shift 

(Section 5.3.1). CPIs exhibit no variability, with average indices of 5.0 (Table 5.4), i.e. high 

and indicating the input of fresh terrestrial material but are slightly lower than those of the 

shallow sites. 
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Figure 5. 6. Relative abundances of lipid biomarkers in the TLEs determined by GC-MS in sediments 
from the intermediate systems. (a) Skagerrak – S11; (b) Skagerrak – S12; (c) Skagerrak – S13. Relative 
abundances in each site are calculated as average values of total samples analysed in each site. See 
Table 5.1 for details. Relative abundances for Skagerrak – S10 are not compiled here, since alkanoic 
acids were not determined for this site. 

 

The ω-hydroxy alkanoic acid distributions are strongly dominated by mid- or high-MW 

homologues (Figure 5.7b). The ω-C16 component is the major LMW homologue but only 

contributes to a small fraction of the ω-hydroxy alkanoic acid pool. The ω-C22 component is 

the main homologue at site S11, followed by ω-C24. Such a distribution is characteristic of root-

plant inputs (Bull et al., 2000a, 2000b; Nierop et al., 2003). The ω-C28 component is the main 

hydroxy alkanoic acid at site S12. Overall, such distributions resemble the ones observed for 

the shallow systems (Figure 5.5b).  
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Figure 5. 7. Relative distributions of individual compound classes determined by (a – d) GC-MS and 
(e) LC-MS in intermediate system sediments: (a) n-alkanoic acids; (b) ω-hydroxy alkanoic acids; (c) n-
alkanols; (d) n-alkanes; (e) GDGTs. The x-axis denotes (a – d) individual alkyl compounds’ carbon 
chain length and (e) GDGTs structures (i-GDGT 0 – 3, C – crenarchaeol, C’ crenarchaeol isomer; br-
GDGTs I – III; after De Jonge et al., 2014). Numbers 1 – 4 denote each site: (1) Skagerrak – S10; (2) 
Skagerrak – S11; (3) Skagerrak – S12; (4) Skagerrak – S13. Relative distributions in each site are 
calculated as average values of total samples analysed in each site. See Table 5.1 for details. The ω-
hydroxy and n-alkanoic acids were not determined for Skagerrak – S10 sediments. 
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The n-alkanol distributions are strongly dominated by HMW homologues (Figure 5.7c), 

as observed in shallow systems. The n-alkanes are also dominated by HMW homologues 

(Figure 5.7d), although LMW n-alkanes are also present. Those distributions are indicative of 

leaf wax sources (Eglinton et al., 1962; Eglinton and Hamilton, 1967), and TARs are similar 

for n-alkanols and n-alkanes, with negligible changes across the depth transect. This is 

consistent with a persistence of these terrigenous inputs and no significant production of LMW 

components by aquatic sources lipids (Blumer et al., 1971; Meyers, 1997). However, site S12 

does display higher variability in TARs, especially for n-alkanol indices (Table 5.4).  

The n-alkanol CPIs are high and variable but show no clear depth trends. In contrast, 

n-alkane indices exhibit a modest decrease with increasing of water depth – although 

remaining high (CPI > 2.4) –  as observed for the n-alkanoic acids (Table 5.4). Also, similar to 

n-alkanoic acids, n-alkane CPIs are lower than those observed in shallow systems.  

 GDGT distributions are similar across the Skagerrak depth transect and strongly 

dominated by i-GDGTs (Table 5.4; BIT = 0.09 – 0.26), despite the strong terrigenous inputs 

indicated by other parameters. GDGT-0 and Cren have similar relative abundances and 

account for the majority of the GDGTs, a typical feature of pelagic-derived sources (Schouten 

et al., 2013).  Similarly, TEX86 values show no trend across the depth transect, ranging from 

0.27 to 0.52 (Table 5.4). Although BIT indices are low throughout, they do decrease slightly 

across the depth transect (from 0.25 to 0.12; Table 5.4), indicating a decreasing soil bacterial 

or increasing pelagic archaeal input (e.g., Aquilina et al., 2010).   
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Table 5. 4. Lipid biomarker compositions of TLEs determined by GC-MS and LC-MS in sediments 
from intermediate systems. Diagnostic ratios of major classes and relative contributions of minor 
alkanoic acids to the TLEs are presented as average, minimum, and maximum values of total 
samples analysed in each site*. 

  

Skagerrak 

S10 S11 S12 S13 

n-alkanoic acids 

distribution 
range nd C14–C32 C14–C32 C14–C32 

peak nd C16;C18 C16; C24 C18; C24 

CPI 

average nd 5.2 4.8 4.9 

min nd 4.5 4.6 4.4 

max nd 5.7 5.2 5.5 

TAR 

average nd 0.38 0.64 0.53 

min nd 0.19 0.57 0.34 

max nd 0.50 0.77 0.65 

n-alkanols 

distribution 
range C12–C32 C12–C33 C12–C32 C12–C32 

peak C26 C28 C28 C22 

CPI 

average 7.8 11.8 7.8 9.8 

min 7.3 7.5 7.2 5.2 

max 9.2 17.6 8.5 13.7 

TAR 

average 0.85 0.79 0.92 0.79 

min 0.80 0.55 0.91 0.66 

max 0.92 0.95 0.94 0.89 

n-alkanes 

distribution 
range C17–C33 C17–C35 C17–C35 C17–C35 

peak C29; C31 C29; C31 C29; C31 C29; C31 

CPI 

average 2.8 2.7 2.4 2.5 

min 2.6 2.0 2.2 2.2 

max 3.1 3.7 2.6 2.9 

TAR 

average 0.85 0.87 0.88 0.90 

min 0.83 0.76 0.86 0.84 

max 0.87 0.97 0.90 0.96 

ω-hydroxy alkanoic acids 

distribution 
range nd C12–C28 C14–C30 C16–C30 

peak nd C22 C28 C24 

% TLE 

average nd 2.3 4.9 8.2 

min nd 1.0 2.5 5.1 

max nd 4.3 9.0 11.4 

GDGT 

i-GDGTs 
 (%) 

average 80.8 85.4 86.8 89.0 

min 78.9 84.6 83.8 86.5 

max 85.7 86.7 88.8 91.0 

br-GDGTs  
(%) 

average 19.2 14.6 13.2 11.0 

min 14.3 13.3 11.2 9.0 

max 21.1 15.4 16.2 13.5 

cren/ 
i-GDGTs 

average 0.43 0.46 0.46 0.46 

min 0.32 0.44 0.44 0.44 

max 0.47 0.48 0.47 0.48 

BIT 

average 0.25 0.17 0.14 0.12 

min 0.24 0.15 0.12 0.09 

max 0.26 0.18 0.17 0.15 

TEX86 

average 0.39 0.37 0.34 0.31 

min 0.35 0.30 0.30 0.27 

max 0.46 0.52 0.36 0.36 

α-hydroxy alkanoic acids % TLE 

average nd 0.03 0.4 0.02 

min nd 0.0 0.2 0.0 

max nd 0.1 0.7 0.1 

mono-unsaturated alkanoic 
acids (C16:1+C18:1) 

% TLE 

average nd 0.5 0.5 0.4 

min nd 0.0 0.1 0.0 

max nd 1.8 1.3 1.8 

short-chain branched 
alkanoic acids 

(C15–C17) 
% TLE 

average nd 2.1 1.4 1.1 

min nd 0.5 0.3 0.1 

max nd 4.7 3.7 3.5 

* For details on the number of samples analysed at each site see Table 5.1. 
nd – not determined. 
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5.3.3 Deep systems 

The deep systems – the Arabian Sea oxygen minimum zone (OMZ) transect, the Bering Sea 

and the Argentine Basin (Figure 5.8) – strongly differ in lipid distribution from the shallow and 

intermediate sites and from each other. 

 

 

Figure 5. 8. Relative abundances of lipid biomarkers in the TLEs determined by GC-MS in sediments 
from the deep systems. (a) Arabian Sea - anoxic; (b) Arabian Sea - transition; (c) Arabian Sea - oxic; 
(d) Bering Sea; (e) Argentine Basin. Relative abundances in each site are calculated as average values 
of total samples analysed in each site. See Table 5.1 for details. 

 

 

Arabian Sea lipid biomarker compositions are strongly dominated by n-alkanoic acids 

(Figure 5.8 a – c) but become proportionally less dominant in sediments from the anoxic to 

oxygenated bottom water conditions, largely due to a decrease in long-chain n-alkanoic acids 
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and an apparent increase in sterol relative abundances. Sterols are the second most abundant 

lipids, followed by n-alkanols and n-alkanes, which generally have low abundances. These 

distributions are typical of algal-derived sources (e.g., Volkman et al., 1998), the preservation 

of which has been modulated by bottom water anoxia (e.g., Harvey and Macko, 1997). The 

br-alkanoic acid have proportional abundances decreasing from the anoxic towards the 

oxygenated bottom water conditions, whereas mono-unsaturated alkanoic acid abundances 

increase (Table 5.5). Hydroxy alkanoic acids are strongly dominated by α-components, 

whereas ω-hydroxy alkanoic acids occur in low abundances (Table 5.5).  

Lipid compositions in Bering Sea (Figure 5.8d) and Argentine Basin (Figure 5.8e) 

sediments are dominated by n-alkanols and n-alkanoic acids, followed by n-alkanes and 

sterols. This is similar to the shallow and intermediate sites, but unlike those (except S12), the 

sterol and n-alkanol proportions are relatively high, consistent with algal-derived inputs (e.g., 

Volkman et al., 1998). Hydroxy, mono-unsaturated and br-alkanoic acids occur in low 

abundances throughout those deep-sea sites (Table 5.5).  

 Unlike the shallow and intermediate sites, the distributions of alkyl lipids strongly differ 

within the compound classes (Figure 5.9 a – d). The n-alkanoic acid distributions are 

dominated by LMW homologues, which results in low TARs in all deep system sites (Figure 

5.9a; Table 5.5). The lowest TARs (TAR < 0.2) are recorded in the Arabian Sea under 

oxygenated bottom water conditions. However, despite the low proportions, HMW n-alkanoic 

acids do retain their even-over-odd carbon number preference, with CPI values being high 

(Table 5.5) and similar to those observed in shallow systems (Table 5.3). Altogether, those 

low TAR and high CPI values indicate strong algal (or bacterial) inputs (Parker et al., 1967; 

Volkman et al., 1998, 1989; Zhukova and Aizdaicher, 1995), albeit with an admixture of 

terrestrially derived components (Eglinton et al., 1962; Eglinton and Hamilton, 1967). 
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Figure 5. 9. Relative distributions of individual compound classes determined by (a – d) GC-MS and 
(e) LC-MS in deep system sediments: (a) n-alkanoic acids; (b) ω-hydroxy alkanoic acids; (c) n-alkanols; 
(d) n-alkanes; (e) GDGTs. The x-axis denotes (a – d) individual alkyl compounds’ carbon chain length 
and (e) GDGTs structures (i-GDGT 0 – 3, C – crenarchaeol, C’ crenarchaeol isomer; br-GDGTs I – III; 
after De Jonge et al., 2014). Numbers 1 – 5 denote each site: (1) Arabian Sea - anoxic; (2) Arabian Sea 
- transition; (3) Arabian Sea - oxic; (4) Bering Sea; (5) Argentine Basin. Relative distributions in each 
site are calculated as average values of total samples analysed in each site. 
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The proportions of ω-hydroxy alkanoic acids are highly variable across deep systems 

with no clear pattern. Under anoxic bottom water conditions in the Arabian Sea, only ω-C16 is 

detected and only in low abundances (Table 5.5). In the remainder of the deep sites, ω-

hydroxy alkanoic acids are predominantly even numbered (Figure 5.9b). 

In the Arabian Sea, the n-alkanol distributions display no clear predominance of LMW 

or HMW components, with intermediate TARs that decrease slightly from the anoxic to 

oxygenated settings. This contrasts with the shallow- and intermediate-water sites, all of which 

have high n-alkanol TARs, and this again argues for relatively stronger algal inputs (Volkman 

et al., 1998). In contrast, in the Bering Sea and Argentine Basin the n-alkanol distributions are 

dominated by HMW components and have high TARs, either indicating lower algal inputs 

comparable to the shallow sites, or selective preservation of HMW components (e.g., Santos 

et al., 1994). Despite the range of sources, CPIs are usually high, albeit higher in the Arabian 

Sea than in the Bering Sea and Argentine Basin, and they are variable among sites (Table 

5.5). This suggests that under anoxic water conditions, CPIs are inherently high and variable, 

and that these are preserved (e.g., Sun and Wakeham, 1994); in contrast, oxidising conditions 

at other sites enhances lipids degradation (e.g., Meyers and Eadie, 1993) which have resulted 

in lower but more homogeneous CPIs. 

 The n-alkanes have no consistent distribution among the deep sites (Figure 5.9d). 

Under anoxic bottom water conditions in the Arabian Sea, LMW homologues with putatively 

marine sources dominate (Blumer et al., 1971), whereas in the other Arabian Sea sites and 

Bering Sea no clear LMW or HMW predominance is observed. A HMW predominance is more 

evident in the Argentine Basin. Those differences in n-alkane distributions are reflected in their 

TARs, which range from 0.38 to 0.94 (Table 5.5). The Argentine Basin is subject to lateral 

transport of sediments, which likely brings terrestrial-derived material eroded from the shelf 

and upper slope (Henkel et al., 2011; Hensen et al., 2003; Riedinger et al., 2017, 2014). 

However, CPIs in the Argentine Basin are relatively high, suggesting that the terrestrial organic 

matter has not been significant reworked. Alternatively, the high TARs could reflect lower algal 
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inputs (e.g., Blumer et al., 1971) but high terrestrial inputs via aeolian processes (e.g., 

Schreuder et al., 2018; Simoneit, 1977; Simoneit et al., 1977).  Aside from the Argentine Basin, 

low TARs reflect both high algal inputs (Blumer et al., 1971) and/or low terrigenous ones. 

Consistent with degradation of terrigenous inputs during transport to these deeper sites, the 

n-alkane odd-over-even predominance is variable amongst all sites and low in the transition 

and oxygenated Arabian Sea sites (CPIs = 1.2 and 2.1, respectively; Table 5.5).  

Tetraether lipid distributions, as expected, are dominated by i-GDGTs and br-GDGTs 

occur in negligible quantities (Figure 5.9e). Consequently, BIT indices are consistently 

invariable and close to the low end-member of the index (BIT < 0.03; Table 5.5). As expected 

for deep-sea sites, such distributions are characteristic of pelagic archaeal sources of organic 

matter to the sediments (Hopmans et al., 2004; Schouten et al., 2013; Sinninghe Damsté et 

al., 2002b). Among i-GDGTs there are clear distinctions between the Arabian Sea sites (TEX86 

= 0.62 – 0.89) and the Bering Sea (TEX86  = 0.29 – 0.45) and Argentine Basin (TEX86 = 0.30 

– 0.36), largely driven by the SST differences between these locations (Arabian Sea SST > 

27 ºC; Huguet et al., 2006; Schouten et al., 2002). Arabian Sea i-GDGT distributions are 

characterized by a strong predominance of crenarchaeol and high TEX86 values (Table 5.5). 
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Table 5. 5. Lipid biomarker compositions of TLEs determined by GC-MS and LC-MS in sediments from 
deep systems. Diagnostic ratios of major classes and relative contributions of minor alkanoic acids to 
the TLEs are presented as average, minimum, and maximum values of total samples analysed*. 

  

Arabian Sea Bering 
Sea 

Argentine 
Basin anoxic transition Oxic 

n-alkanoic acids 

distribution 
range C14–C28 C14–C28 C14–C28 C14–C28 C14–C28 

peak C16 C16 C18 C16 C16 

CPI 

average 7.8 6.4 8.1 7.6 8.4 

min 6.6 5.3 5.8 5.2 6.5 

max 9.4 8.6 15.0 9.4 12.2 

TAR 

average 0.25 0.29 0.16 0.25 0.21 

min 0.22 0.15 0.07 0.17 0.15 

max 0.28 0.39 0.26 0.35 0.31 

n-alkanols 

distribution 
range C14–C32 C14–C32 C14–C32 C14–C32 C14–C32 

peak C18 C18 C18 C28 C22 

CPI 

average 11.7 9.5 13.2 7.8 7.1 

min 9.5 4.8 7.3 6.3 6.0 

max 15.7 13.4 17.4 9.9 8.4 

TAR 

average 0.62 0.57 0.48 0.74 0.71 

min 0.53 0.28 0.30 0.48 0.67 

max 0.73 0.68 0.60 0.82 0.78 

n-alkanes 

distribution 
range C18–C31 C18–C31 C17–C33 C18–C33 C18–C33 

peak C21 C21; C27 C29 C27 C29 

CPI 

average 3.5 1.9 2.3 3.4 4.1 

min 2.6 1.2 2.1 2.6 3.0 

max 4.4 2.6 2.5 4.0 5.3 

TAR 

average 0.43 0.67 0.63 0.74 0.89 

min 0.38 0.52 0.48 0.63 0.86 

max 0.52 0.84 0.84 0.82 0.94 

ω-hydroxy alkanoic 
acids 

distribution 
range C16 C16–C30 C16–C19 C16–C28 C16–C26 

peak C16 C28 C19 C16 C20 

% TLE 

average 0.3 1.0 0.1 2.7 1.1 

min 0.2 0.3 0.0 0.9 0.3 

max 0.4 1.4 0.3 5.4 2.4 

GDGT 

i-GDGTs 
 (%) 

average 98.8 98.8 98.8 97.7 97.5 

min 98.5 98.0 98.5 97.0 96.7 

max 99.1 99.3 99.1 98.8 99.3 

br-GDGTs 
 (%) 

average 1.2 1.2 1.2 2.3 2.5 

min 0.9 0.7 0.9 1.2 0.7 

max 1.5 2.0 1.5 3.0 3.3 

cren/ 
i-GDGTs 

average 0.56 0.61 0.63 0.45 0.44 

min 0.51 0.52 0.55 0.40 0.38 

max 0.61 0.74 0.79 0.49 0.49 

BIT 

average 0.02 0.01 0.01 0.03 0.02 

min 0.01 0.01 0.01 0.01 0.01 

max 0.02 0.02 0.02 0.04 0.03 

TEX86 

average 0.69 0.71 0.69 0.37 0.32 

min 0.67 0.66 0.62 0.29 0.30 

max 0.73 0.89 0.73 0.45 0.36 

α-hydroxy alkanoic 
acids 

% TLE 

average 5.3 5.3 2.5 0.6 0.4 

min 4.2 3.5 1.2 0.3 0.1 

max 6.4 7.0 3.6 1.1 0.7 

mono-unsaturated 
alkanoic acids 

(C16:1+C18:1) 
% TLE 

average 0.4 0.2 2.6 0.7 0.9 

min 0.0 0.0 1.4 0.4 0.6 

max 0.8 1.1 4.3 1.1 1.6 

short-chain branched 
alkanoic acids (C15–C17) 

% TLE 

average 3.8 3.0 2.7 1.9 2.0 

min 3.1 1.4 1.3 1.4 1.1 

max 4.6 6.4 4.7 3.1 2.8 

* For details on the number of samples analysed at each site see Table 5.1. 
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5.4 Controls on and relationships between terrestrial vs. aquatic biomarkers  

The characterization of sedimentary organic matter in marine sediments and application of 

such characterizations to constrain the distributions of terrestrial and marine sources 

represents a major challenge (Hedges et al., 1997), especially when dealing with a variety of 

contrasting depositional environments. This compilation reveals how markedly the 

sedimentary lipid biomarker composition can differ from shallow to deep systems. Those 

distinct characteristics reflect not only the sources of organic matter to sediments but also the 

general context in which those materials were transported, reworked, and buried. Thus, lipid 

compositional changes across systems allow the investigation of environmental conditions 

that acted upon organic matter prior to its accumulation in sediments, as well as more obvious 

factors such as the water depth and distance from the organic matter source. This compilation 

also reveals how dramatically some signals vary among lipid classes; for example, in these 

sediments, GDGT distributions skew towards the marine end-member whereas n-alkane and 

n-alkanol-based proxies do the opposite. Therefore, in the following sections lipid 

compositions are first explored to assess the sources of organic matter to those sediments, 

reflecting on the different ways in which that is recorded among biomarker parameters. In 

addition, biomarker compositional changes are assessed in the context of depositional 

environment, i.e. water depth and sedimentation rates, in order to better constrain the effects 

of environmental conditions on organic matter preservation, accumulation, and reactivity 

across distinct systems. 

 

5.4.1 Sources of sedimentary organic matter 

Plant wax derived organic matter (Eglinton et al., 1962; Eglinton and Hamilton, 1967) is a 

major component of the TLEs in almost all of the probed depositional environments, even in 

deep-sea settings such as the Bering Sea and Argentine Basin. Overall, the predominance of 

plant wax derived material over marine and bacterial sources in shallow and intermediate 
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settings is not surprising; however, the relative proportions of plant-derived material preserved 

in those sediments is somewhat variable (Figure 5.10). The Aarhus Bay and Arkona Basin 

(Western Baltic) sediments have the strongest plant wax signal (Aquilina et al., 2010), 

indicated by high TARs for n-alkanes, n-alkanols, and n-alkanoic acids. Additionally, those 

settings also exhibit high proportions of ω-hydroxy alkanoic acids, which are usually derived 

from plant root material (Bull et al., 2000a, 2000b; Nierop et al., 2003). It is possible that the 

most labile short-chain alkyl compounds of marine sources have been preferentially lost but 

given the high fluxes of organic matter and reducing conditions of these sediments (Aquilina 

et al., 2010; Mogollón et al., 2012), it is more likely that the terrestrial input of plant material 

simply overprints the autochthonous marine signal in these shallow and marginal settings. 

Intriguingly, GDGT distributions at Arkona Basin (they could not be determined for Aarhus 

Bay) indicate a dominance of aquatic sources, with BIT values being higher than other sites 

but still below 0.3.  This decoupling of terrestrial vs. aquatic signatures becomes more 

apparent across the range of compound classes in other settings. Helgoland sediments have 

strong plant wax proportions; however, whereas n-alkanols and n-alkenes have clear 

terrestrial derived sources (TAR > 0.9) consistent with high proportions of ω-hydroxy alkanoic 

acids, the n-alkanoic acids exhibit a contribution of algal and/or bacterial derived sources to 

the sediment (TAR = 0.71). A similar decoupling occurs in the Severn estuary and the Rhone 

delta, where n-alkanoic TARs are even lower but n-alkane and n-alkanol TARs remain high. 

GDGTs exhibit more complex behaviour, with BIT indices being much higher in Rhone pro-

delta and Helgoland sediments than the other sites, despite those settings having lower or 

similar TARs. 
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Figure 5. 10. Lipid biomarker-based source parameters: (a) Relative contributions of terrestrial-derived 
(ΣHMW) and aquatic-derived (ΣLMW) combined n-alkyl lipids; (b) n-alkanoic acid TAR; (c) n-alkanol 
TAR; (d) n-alkane TAR; (e) BIT index.  Indices (b – e) are presented as average, minimum and 
maximum values for the number of samples analysed in each site. For details see Table 5.1. Skagerrak 
– S10 not compiled because n-alkanoic acids were not determined. GDGTs not determined for Aarhus 
Bay sediments. 

 

The averaging of data from multiple cores and depths does obscure some variation 

but mainly in the Rhone delta sediments which are characterised by a seaward shift in the 

sources and quality of organic matter. The pro-delta sediments are characterized by a fresh 

and labile terrestrial input, which has yet to be rapidly degraded, whereas the shelf area 
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sediments have a more complex mixture of pre-aged terrestrial material and marine-derived 

organic matter (Cathalot et al., 2013; Pastor et al., 2011; Pruski et al., 2015; Rassmann et al., 

2016). This seaward shift manifests as low n-alkanoic acid TARs (< 0.5) in the pro-delta, which 

is derived from labile aquatic and bacterial sources (Pruski et al., 2015), and high BIT indices 

(> 0.6) and n-alkane TARs (> 0.8) of terrestrial sources; on the other hand, the shelf area 

sediments have high n-alkyl TARs of terrestrial-derived sources but low marine-derived BIT 

indices (< 0.4) (Figure 5.10 b – e).  

 The intermediate settings, i.e. the Skagerrak sediments, have lower terrestrial-derived 

contributions than the shallow depositional settings, as expected. However, a decoupling 

among n-alkyl classes is evident. Whereas the n-alkane distributions are unchanged 

throughout Skagerrak sediments (Figure 5.10d), the lower and variable n-alkanoic acid TARs 

appear to exhibit a loss of LMW homologues as water depth increases (Figure 5.10b). Such 

a superficially unexpected trend likely arises from preferential loss of more labile algal-derived 

biomarkers (e.g., Canuel and Martens, 1996) due to increased exposure time to oxidising 

conditions during settling and burial (e.g., Middelburg et al., 1997). These factors have not 

affected the GDGT distributions (Figure 5.10e), however, which show the anticipated 

decrease in BIT indices, i.e. decreasing terrigenous inputs, from shallow to deep sediments. 

 The deep-sea sites, as expected, have higher proportions of aquatic-derived n-alkyl 

and tetraether lipids than the shallower sites (Hopmans et al., 2004; Parker et al., 1967; 

Sinninghe Damsté et al., 2002b; Volkman et al., 1998, 1989; Zhukova and Aizdaicher, 1995). 

This is particularly the case for the GDGTs, with BIT indices being consistently very low, near 

0, in all samples from all deep-sea sites. Similar to the shallow and intermediate sites, n-

alkanoic acids also exhibit a strong marine signature, whereas n-alkanols and n-alkanes have 

higher and more variable TARs.  This again leads to a decoupling among n-alkyl lipid classes 

(Figure 5.10 b – d). The Arabian Sea settings have the strongest marine-derived signal of all 

sites, whereas the Bering Sea and Argentine Basin sediments have similar BIT indices and n-

alkanoic acid TARs but significantly higher n-alkanol and n-alkane TARs. 
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The stronger marine signature in the Arabian Sea likely arises from intense surface 

water productivity and efficient export towards sediments (Cowie, 2005; Luff et al., 2000). 

Terrestrial biomarkers in all deep-sea sites are likely delivered from aeolian transport 

(Schreuder et al., 2018; Simoneit et al., 1977), which is diluted to varying degrees by the algal 

inputs. Surprisingly, the Argentine Basin is the deepest of all depositional settings but still 

exhibits a strong terrestrial plant contribution to the n-alkanes and n-alkanols. This could reflect 

lower primary productivity, but the observed TARs still require significant delivery of terrestrial 

biomarkers. As mentioned above, aeolian transport is likely an important mechanism.  

However, lateral downslope transport of sediments occurs along the Argentine Basin, and this 

has been shown to be capable of removing large sediment horizons from the shelf and 

delivering those along the slope, while preserving the original sediment characteristics (Henkel 

et al., 2011; Hensen et al., 2003; Riedinger et al., 2017, 2014). It is likely that both of those 

mechanisms impact the plant wax ratios in these sediments. In that case, it is interesting that 

these mechanisms appear not to have impacted the n-alkanoic acid ratios. This is discussed 

below.  

 

5.4.1.1. Decoupling of n-alkyl lipid classes 

Overall, n-alkyl lipids exhibit a consistent shift from shallow to deep systems; broadly, n-

alkanoic acid and n-alkanol, and to a lesser extent n-alkane TARs decrease from coastal and 

marginal sediments to deep-sea sites (Figure 5.10 b – d). Nevertheless, the Severn estuary 

and the Rhone delta are exceptions for the shallow systems, mostly with respect to the n-

alkanol distributions, which exhibit lower TARs than expected for coastal and marginal 

sediments. Likewise, the Bering Sea and the Argentine Basin sediments have high n-alkanol 

and n-alkane TARs despite being deep-sea settings. In general, the n-alkanoic acid and n-

alkanol distributions track each other, although n-alkanoic acid TARs are more variable and 

consistently low in deep-sea sites; however, n-alkane TARs are largely invariant throughout 
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the shallow, intermediate and some deep systems, and only exhibit somewhat lower indices 

in the Arabian Sea (Figure 5.10d). 

Indeed, n-alkanol and n-alkanoic acid TARs have a relatively robust linear correlation 

(r² = 0.70; p < 0.01; n = 103) throughout the entire dataset, albeit n-alkanol TARs are 

consistently higher than the corresponding n-alkanoic acid indices, rendering a distribution 

above the 1:1 ratio (Figure 5.11a). Strong et al. (2012) observed a similar behaviour in the 

Pearl River estuary (China) sediments between n-alkanoic acids and n-alkanols distributions. 

Although the authors calculated the relative abundances of terrestrial vs. marine n-alkyl lipids 

in a different fashion (for details see Strong et al., 2012), the overall trends among the two 

compound classes are comparable: TARs derived from both n-alkanols and n-alkanoic acids 

decrease from upper estuary towards the South China Sea shelf, and n-alkanol indices are 

higher than those for n-alkanoic acids (Strong et al., 2012). The same patterns are extended 

across the South China Sea shelf (Huguet et al., 2006; Hu et al., 2009). HMW (i.e. putatively 

terrestrial) n-alkanoic acid abundances decrease in a similar fashion from upper to lower 

Chesapeake Bay (USA) sediments, and aquatic and bacterial derived sources are 

predominant in this depositional setting again giving rise to variable and low TARs 

(Zimmerman and Canuel, 2001). In contrast, in Southern New England (USA) continental 

margin sediments, n-alkanol and n-alkanoic acid distributions have a weaker relationship: 

abundances of terrestrially-derived n-alkanols decrease seaward as expected but n-alkanoic 

acids are predominantly marine-derived across the continental margin (Venkatesan et al., 

1987).  It is useful for the further application of these proxies and our understanding of 

terrestrial organic matter fluxes, that similar behaviour occurs in such a range of settings, 

including classic seaward transects (e.g. Pear River estuary and South China Sea shelf; Hu 

et al., 2009, 2006; Strong et al., 2012) but also the variety of settings compiled here.   
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Figure 5. 11. Deconvoluting the sources of n-alkyl lipids in all individual sediments analysed in this 
study in shallow systems (green squares), intermediate systems (red triangles), and deep systems 
(black circles). (a)  n-alkanoic acids vs. n-alkanols; (b) n-alkanoic acids vs. n-alkanes. Dashed line 
represents 1:1 ratio. 

 

In contrast, n-alkane TARs have only a weak but significant linear correlation with n-

alkanoic acid TARs (r² = 0.16; p < 0.01; n = 102), with n-alkanes indices consistently higher 

(Figure 5.11b). Although a quantitative assessment is not possible given the differences in the 

way terrestrial-derived n-alkanes are reported in Hu et al. (2009), a similar behaviour emerges 

in the South China Sea shelf nearshore sediments, where n-alkanes are predominantly 

terrestrial-derived but n-alkanoic acids are of aquatic and bacterial origins (Hu et al., 2009, 

2006). A similar behaviour is also evident in the Southern New England continental margin 

(Venkatesan et al., 1987). 

Here, the n-alkanes/n-alkanoic acids decoupling is evident in shallow systems like the 

Severn estuary and Rhone pro-delta, and deep systems especially in the Argentine Basin. In 

both coastal settings, the high n-alkane TARs (Figure 5.10d) indicated a predominance of 

plant wax contributions (Eglinton et al., 1962; Eglinton and Hamilton, 1967) but the low n-

alkanoic acid TARs (Figure 5.10b) indicate that algal and bacterial sources (Pruski et al., 2015; 

Volkman et al., 1998) overprint the terrestrial-derived signal (e.g., Hu et al., 2009, 2006; Strong 

et al., 2012; Zimmerman and Canuel, 2001). Collectively, these relationships suggest that in 
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shallow and intermediate sites, n-alkanes are overwhelmingly derived from terrestrial sources 

but n-alkanoic acids have a highly variable range of sources.  

The opposite occurs in the deep-sea sites, where the n-alkanoic acids are 

predominantly of marine origin (Perry et al., 1979; Volkman et al., 1998, 1989; Zhukova and 

Aizdaicher, 1995) but n-alkanes, and to a lesser extent n-alkanols have a significant but 

variable terrestrial component. Such decoupling in deep-systems is likely driven by the 

transport mechanisms delivering organic matter. Aeolian transport delivers plant wax derived 

material from continental sources across long distances oceanward; several workers have 

reported the aeolian transport of terrestrially-derived organic matter, which usually preserves 

the original signal from the sources, since degradation processes are less intense than riverine 

transport (Schreuder et al., 2018; Simoneit et al., 1977). All three classes of leaf waxes studied 

here can be transported by aeolian processes, and aeolian-transported n-alkyl lipids usually 

undergo little diagenetic alteration from sources until deposition in the ocean (Schreuder et 

al., 2018), suggesting that TARs based on each should exhibit similar behaviour. However, 

such inputs are expected to be strongly altered during settling and at the sediment surface 

prior to burial (Meyers and Eadie, 1993; Venkatesan et al., 1987; Wakeham et al., 1997). 

Assuming that n-alkanoic acids are more susceptible to diagenetic alteration than n-alkanes, 

especially under oxidising conditions (Canuel and Martens, 1996; Haddad et al., 1992; Hoefs 

et al., 2002; Meyers and Eadie, 1993; Sinninghe Damsté et al., 2002a; Sun and Wakeham, 

1994; Wakeham et al., 1997), it is likely the former will be preferentially lost during settling, 

especially at greater water depths (Middelburg et al., 1997). As such, n-alkanoic acid TARs 

will be persistently low in deep marine settings, whereas terrestrial n-alkanes will better 

document the magnitude of aeolian inputs and therefore be more variable. Exacerbating these 

differences, LMW n-alkanoic acids are major lipids in algal- and bacterial-derived organic 

matter (Perry et al., 1979; Volkman et al., 1989) compared to LMW n-alkanes, which have 

significantly smaller abundances (Blumer et al., 1971); this will drive n-alkanoic acid TARs to 

persistently low values in open marine settings. 
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Similar decoupling is evident for other classes, including the ω-hydroxy alkanoic acids. 

These largely terrestrially-derived compounds, especially the long-chain ω-C22 and ω-C24 

components, are most abundant in the shallow and, to a lesser extent, intermediate systems. 

This is consistent with the association of such lipids with plant root material origins (Bull et al., 

2000a, 2000b; Nierop et al., 2003), and thus likely reflect riverine input of eroded soil. In the 

Skagerrak, the proportions of ω-hydroxy alkanoic acids are smaller than in the shallow 

systems, as expected, but their proportions increase with greater water depths. Although this 

is unexpected, it likely reflects an enhanced preservation of those lipids relative to more 

reactive ones, arising from their association with mineral matrix. A similar but modest seaward 

increase in ω-hydroxy alkanoic acids also occurs in the Rhone delta, with relative abundances 

increasing from 3.8 in the pro-delta to 4.9% in the shelf area. 

 

5.4.1.2. Comparison of GDGTs to n-alkyl lipids 

Overall, tetraether lipids have a comparable behaviour as n-alkyl lipids with respect to water 

depth: BIT indices largely decrease from shallow to deep systems. Such behaviour is evident 

within systems, such as the Rhone delta, where BIT drastically decreases from pro-delta to 

shelf sediments, and for Skagerrak sediments, where BIT exhibits a modest decrease with 

depth (Figure 5.10e). Similar oceanward decreases in BIT have been commonly observed in 

marginal sediments (Hopmans et al., 2004; Kim et al., 2010, 2006; Sparkes et al., 2015; Strong 

et al., 2012; Walsh et al., 2008).   Despite this, BIT indices exhibit markedly different behaviour 

than n-alkyl-based mixing ratios. For instance, in the Severn estuary and Arkona Basin, BIT 

indices are low, indicating aquatic-derived sources of GDGTs (Hopmans et al., 2004; 

Schouten et al., 2013; Sinninghe Damsté et al., 2002b) despite strong evidence for 

terrestrially-derived sources recorded by n-alkyl compounds (Aquilina et al., 2010). Likewise, 

in deep systems BIT indices suggest a near-absence of soil-derived input (BIT < 0.05), but n-

alkyl-based mixing ratios are higher and more variable. 
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The overall decoupling in the n-alkyl vs. GDGT sources of sedimentary organic matter 

becomes evident when the n-alkyl lipid indices are plotted against the BIT indices (Figure 

5.12). The n-alkanoic acids and GDGTs exhibit a similar range of values, representing nearly 

the full range from pure terrestrial to pure aquatic end-members (i.e. from 0 to 1; Figure 5.12a). 

They are not well correlated to each other (r² = 0.05; p = 0.03; n = 88), but that is due solely 

to the shallow Rhone delta data (which has high BIT indices and low n-alkanoic acid TARs); 

ignoring these data reveals a relatively robust correlation (r² = 0.51; p < 0.01; n = 76), 

especially given the distinct biological precursors and different transport processes associated 

with such lipids (discussed below). It is unclear why n-alkanoic TARs are so low in the Rhone 

delta, but it could reflect high production of algal or bacterial biomass bearing high abundances 

of LMW n-alkanoic acids (Perry et al., 1979; Volkman et al., 1998, 1989). Indeed, Pruski et al. 

(2015), based on statistical methods (hierarchical clustering analysis), have attributed the 

origins of LMW n-alkanoic acids in Rhone delta sediments to bacterial and aquatic sources. 

The n-alkane TARs and GDGTs are closely, albeit non-linearly related (r² = 0.18; p  < 

0.01; n = 92; Figure 5.12c). In shallow and intermediate systems, TARs are high and invariant, 

generally > 0.8, whereas BIT indices range from 0.2 to 0.95.  The opposite occurs in deep 

systems, where BIT indices are consistently low (BIT < 0.03) but n-alkane TARs range from 

0.38 – 0.94. The n-alkanol TARs exhibit a relationship to BIT indices intermediate between 

the n-alkanoic acid and n-alkane TARs, i.e. a non-linear relationship similar to the n-alkane 

TARs but with lower than expected TARs in the Rhone delta sediments (Figure 5.12b).  In 

short, these data underscore the fact that BIT indices are much more variable in nearshore, 

shallow settings than n-alkyl TARs (especially those of n-alkanes and to a lesser degree n-

alkanols).  
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Figure 5. 12. Deconvoluting the sources of n-alkyl and tetraether lipids in all individual sediment 
samples analysed in shallow system (green squares), intermediate systems (red triangles), and deep 
systems (black circles). (a) BIT vs. n-alkanoic acid TAR (b) BIT vs. n-alkanol TAR; (c) BIT vs. n-alkane 
TAR. Dashed line represents 1:1 ratio. 
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A similar large variability in BIT indices has been observed across the East Siberian 

Arctic Shelf, where BIT values decrease drastically in nearshore (< 150 km) sediments, then 

decrease more slowly across the shelf and reaching BIT < 0.05 ca. 300 km offshore (Sparkes 

et al., 2015). Despite strong pelagic inputs to those offshore sediments, a strong terrestrial-

derived signal spans across the shelf, with HMW n-alkanols and n-alkanes remaining 

abundant (Vonk et al., 2010). The opposite is true for deep settings, with low and stable BIT 

indices and highly variable n-alkyl TARs. This has also been observed in the Madeira Abyssal 

Plain unoxidized turbidites, where BIT indices are consistently < 0.1 (Huguet et al., 2008) but 

n-alkanoic acid and n-alkanol TAR are high and variable (Hoefs et al., 2002). In both cases, 

this results in sites that have strong n-alkyl biomarker evidence for strong terrigenous inputs 

but low or even near-zero BIT indices.  

TAR and BIT are indices that measure the relative contribution of terrestrial vs. aquatic 

derived organic matter sources. However, such indices incorporate rather distinct 

assumptions with respect to the nature and magnitude of end-members. For example, TARs 

represent the contribution of plant waxes relative to algal-derived n-alkyl lipids (Bourbonniere 

and Meyers, 1996), whereas BIT indices represent the relative input of soil-derived bacteria 

over pelagic-derived archaea (Hopmans et al., 2004). Thus, a priori, it is not expected that 

those indices would exhibit linear relationships, since they represent different mixing ratios of 

distinct sources of organic matter. Such indices are impacted by productivity of sources, 

magnitude of input, concentration of the compound in the source organism(s), and alterations 

during transport and burial (e.g., Meyers, 1997; Schouten et al., 2013). Nevertheless, it is 

noteworthy that some systems exhibit the end-member values for some indices (i.e. high TARs 

in shallow systems and low BIT indices in deep systems) but high variability in others. That 

reveals that those indices reflect fundamentally different processes.     

The terrestrial end-members of TARs are strongly impacted not only by the source of 

plant waxes (Eglinton et al., 1962; Eglinton and Hamilton, 1967), which are variable depending 

on the type and abundance of vegetation, but also by the transport mechanisms delivering 
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those lipids to marine sediments. In marginal sediments such factors seem to have a less 

dramatic impact since plant waxes seem to ubiquitously dominate over aquatic sources (e.g., 

Hu et al., 2009, 2006; Strong et al., 2012; van Dongen et al., 2008; Vonk et al., 2010), 

regardless of GDGT distributions. However, in deep-sea sediments it is likely that plant waxes 

are mainly derived from aeolian transport (Schreuder et al., 2018; Simoneit et al., 1977), which 

appears to be largely variable across depositional settings, which results in high, albeit 

variable TARs due to the admixture with autochthonous algal-produced LMW n-alkyl lipids 

(Blumer et al., 1971; Perry et al., 1979; Volkman et al., 1998, 1989). Altogether, that leads to 

complex relationships between TARs and BIT indices, which must be considered when using 

these to reconstruct past changes in organic matter sources. 

 

5.4.1.3. Other sources of sedimentary organic matter 

Biomarkers for additional sources of organic matter include the in-situ bacterial production of 

mono-unsaturated, α-hydroxy, and br-alkanoic acids (e.g., Cranwell, 1981, 1973; Eglinton et 

al., 1968; Leo and Parker, 1966; Perry et al., 1979; Volkman et al., 1998). Such bacterial lipids 

represent a small fraction of total lipids in most of the depositional settings relative to leaf wax 

and algal-derived lipids. Nevertheless, the Severn estuary, Rhone delta, and the Arabian Sea 

exhibit relative high proportions of those bacterial lipids (Table 5.3 and 5.6). Particularly, 

abundances of br-alkanoic acids are high in the Severn estuary, Rhone delta, and Helgoland. 

Such settings have high fluxes of organic matter, which could have enhanced microbial activity 

in the sediments, although we note that microbial activity is also high in the Skagerrak which 

contains low abundances of these compounds. 
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5.4.2 Depositional environment 

The sedimentary organic matter composition is primarily controlled by the sources of the 

buried material (e.g. terrestrial vs. marine). These sources, as discussed above, are 

modulated by the depositional environment and transport mechanisms, all playing critical roles 

in delivering, transforming and altering the original composition, either by preventing or 

promoting organic matter degradation during settling in the water column and after burial in 

sediments (e.g.,  Arndt et al., 2013). In addition to modulating delivery, longer settling/transport 

times and associated extended exposure to oxidising conditions in the water column and 

upper sediments can yield highly altered sedimentary records of organic matter (Colombo et 

al., 1997; Harvey and Macko, 1997; Hoefs et al., 2002; Sinninghe Damsté et al., 2002a; 

Wakeham et al., 1997). As previously discussed, all biomarker indices generally indicate 

decreasing terrestrial inputs with water depth.  Here, this is discussed in greater detail by 

comparing indices to both water depths and sedimentation rates, and also employing CPIs to 

characterise alteration of organic matter during transport and burial.  

Water depth plays an indirect but crucial role in geochemical processes, either by 

attenuating depositional fluxes and/or by allowing longer exposure to oxidising conditions 

(Hartnett et al., 1998; Middelburg et al., 1997). Thus, the relationship between biomarker 

composition and water depth was expected (Section 5.4.1). This is shown for all individual 

data in Figure 5.13 (a – d). 

The n-alkyl lipid CPIs can be used to further examine organic matter diagenetic 

alteration (Bray and Evans, 1961; Cooper and Bray, 1963; Madureira et al., 1995; Matsuda 

and Koyama, 1977), and thus serves as a qualitative indicator of organic matter reactivity. 

Several workers have shown that lipid biomarkers undergo intense compositional alteration 

during settling, especially in deep water depths, resulting in preferential loss of most labile 

components (Colombo et al., 1997; Sun and Wakeham, 1994; Wakeham et al., 1997). Long-

chain n-alkanoic acids are highly labile lipids (Canuel and Martens, 1996; Haddad et al., 1992; 
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Sun and Wakeham, 1994). However, in these sites only modest changes in CPI values are 

evident from shallow to intermediate settings (Figure 5.13e), indicating a low degree of 

alteration with deepening of water depth. Surprisingly, the subtle variations that are observed 

differ among the three n-alkyl compound classes. 

 

Figure 5. 13. Water depths plotted against biomarker source parameters (a – d) and indicators of 
alteration (CPIs, e – g) for all individual sediment samples. (a) n-alkanoic acid TAR; (b) n-alkanol TAR; 
(c) n-alkane TAR; (d) BIT index; (e) n-alkanoic acid CPI; (f) n-alkanol CPI; (g) n-alkane CPI. The y-axis 
denotes depth of water column overlying sediment surface (in logarithmical-scale) of each depositional 
environment. 
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The n-alkanoic acid CPIs exhibit little overall variability, such that deep systems have 

CPIs similar to those of shallow systems. Given that in deep systems HMW n-alkanoic acids 

only represent a minor proportion of alkyl lipids, such lipids could have in-situ sources (e.g.,  

Volkman et al., 1998), or more likely a terrestrial origin but delivered by aeolian transport 

(Schreuder et al., 2018; Simoneit et al., 1977), as previously discussed (Section 5.4.1.1). The 

lowest, and thus the likely most diagenetically altered, CPIs occur in the shallowest setting, 

the Severn estuary. The upper sediment layers in the Severn estuary are subjected to intense 

resuspension and redisposition (Manning et al., 2010) which re-exposes organic matter to 

oxidising conditions, thus resulting in highly altered sedimentary record. Although not as 

evident as for the n-alkanoic acids, Severn estuary n-alkanol and n-alkane CPIs are also 

relatively low (Figure 5.13 e – g). 

The n-alkanol CPIs are far more variable with no clear depth trend (Figure 5.13f). The 

n-alkane CPIs (Figure 5.13g) exhibit a more complex relationship with depth but do generally 

decrease with increasing water depth. The most dramatic changes occur in the shallow 

systems (< 100 meters), with values decreasing from about nearly 10 to 2.  CPIs then remain 

low (between approximately 2 – 4) in the deeper sediments. n-Alkanes are among the least 

labile biomarkers (Sinninghe Damsté et al., 2002a; Sun and Wakeham, 1994), such that it is 

somewhat surprising that those lipids are more sensitive to compositional alteration than the 

labile n-alkanoic acids. Rather than arising from greater n-alkane reactivity, this could be 

additional evidence for in-situ production of HMW n-alkanols and n-alkanoic acids (e.g., 

Volkman et al., 1998) with elevated biological CPIs; if so, this could be an additional 

explanation for the greater variability of TARs based on those parameters. Modestly higher n-

alkane CPIs in the deeper depositional environments (e.g. Argentine Basin) are likely a result 

of aeolian sources (Schreuder et al., 2018; Simoneit et al., 1977), which deliver terrestrial-

derived organic matter with low degrees of alteration during transport from sources to 

sediments.  
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Sedimentation rates are also expected to impact the composition of sedimentary 

organic matter, given (i) their indirect association with the proximity to terrestrial sources (i.e. 

high sedimentation rates generally occur in shallow settings), (ii) their direct impact on the 

fluxes of organic matter to the sediments, and (iii) their control on rates of organic matter 

degradation (Arndt et al., 2013). Due to the expected correlation between sedimentation rates 

and water depth (Middelburg et al., 1997), it is not unexpected that TARs exhibit similar 

relationships to both. Like relationships with water depth, n-alkanoic acid TARs exhibit a weak 

correlation with sedimentation rates (r² = 0.05; p = 0.01; n = 103; Figure 5.14d). This arises 

mostly because of low TARs in the Rhone pro-delta, which exhibits high sedimentation rates 

(Pastor et al., 2011), and high TARs in the Arkona Basin, where sedimentation rates are low 

(Mogollón et al., 2012). The n-alkane TARs also have weak correlation with sedimentation 

rate (r² = 0.06; p = 0.01; n = 107) likely because of overall low variability in marginal sediments 

but also relatively high values in deep-sea sediments (Figure 5.14f). BIT indices exhibit a 

strong correlation to sedimentation rates (r² = 0.68; p = < 0.01; n = 93; Figure 5.14g); in fact, 

this correlation is stronger than that observed for water depth (r² = 0.25; p < 0.01; n = 93; 

Figure 5.13d). This likely arises from the fact that br-GDGTs occur in soil and are, therefore, 

intimately associated with terrigenous sedimentation rates (Hopmans et al., 2004; Weijers et 

al., 2007, 2006), as well as the low susceptibility of GDGTs to degradation (Huguet et al., 

2008; Schouten et al., 2013). 

With respect to degradation indicators, the n-alkanoic acid CPIs are relatively invariant 

and therefore have no relationship to changes in sedimentation rates (r² = 0.01; p > 0.05; n = 

103; Figure 5.14a). On the other hand, n-alkanol and n-alkane CPIs increase slightly with 

higher sedimentation rates (Figure 5.14 b – c), and thus exhibit a weak but significant 

correlation with sedimentation rates (n-alkanols: r² = 0.37; p < 0.01; n = 107; n-alkanes: r² = 

0.52; p < 0.01; n = 107). This could simply reflect efficient burial and minimal alteration of 

terrigenous organic matter at high sedimentation rates (e.g., Arndt et al., 2013; Burdige, 2006; 

Middelburg et al., 1997). 
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Figure 5. 14. Sedimentation rate distributions across depositional environments and the relationships 
with (a – c) degree of diagenetic alteration and (d – g) sources of lipid biomarkers determined in all 
individual sediment samples. (a) n-alkanoic acid CPI; (b) n-alkanol CPI; (c) n-alkane CPI; (d) n-alkanoic 
acid TAR; (e) n-alkanol TAR; (f) n-alkane TAR; (g) BIT index. The x-axis denotes sedimentation rates 
(in logarithmical-scale) of each depositional environment. 

 

The composition of organic matter preserved in marine sediments exhibits a high 

degree of complexity, and that derives mainly from the origin of source materials. Here, 

sedimentary organic matter composition was explored in terms of the broad sources of lipid 
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biomarkers, i.e. terrestrial vs. marine. This is a somewhat simplistic approach; however, it has 

proven that even within that context complex relationships emerge. For example, 

transformation during transport has had a significant impact on lipid compositions and different 

biomarker proxies exhibit different behaviour. Therefore, lipid biomarkers retain the original 

signal from organic matter sources but also differentially record the impacts upon organic 

matter transformations due to transport mechanisms and depositional environment conditions. 

That is broadly reflected in the relationships with water depth and sedimentation rates, 

especially in coastal and marginal environments, where terrestrially-derived sources are 

predominant. 

 

5.5 Conclusions 

Using consistent methodology and for a variety of biomarker classes, terrestrial vs. marine 

contributions to organic matter were determined for a vast range of depositional environments, 

from coastal (Severn estuary and Rhone delta) and marginal (Skagerrak) settings to deep-

sea environments (Argentine Basin). As expected, drastic changes in the sources of organic 

matter, expressed in the compositional changes of lipid biomarkers, were documented from 

shallow to deep-sea sediments. Overall, coastal and marginal sediments are characterised by 

the predominance of allochthonous material, whereas deep-sea environments exhibit a 

predominance of autochthonous and terrestrial-derived organic matter, consistent with many 

previous local-scale and seawards transect studies. Nevertheless, the magnitude in the shifts 

of organic matter sources has proven to be complex across distinct lipid biomarkers. For 

example, n-alkanes and to a lesser extent n-alkanols tend to indicate greater terrestrial 

contributions, whereas n-alkanoic acids and GDGTs tend to indicate greater marine 

contributions.  Consequently, terrestrial vs. aquatic indices based on the former are high and 

invariant in coastal settings and the latter are low and invariant in deep sea settings.  Similarly, 

sedimentation rates exhibit a complex relationship with organic matter source, with high rates 
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being associated with greater terrestrial organic matter inputs, especially the BIT proxy based 

on soil bacteria.  

 Compositional changes in lipid biomarkers revealed an increased degree of diagenetic 

alteration of buried organic matter from coastal and marginal to deep-sea sediments. 

However, transport mechanisms add further complexity to this broad relationship. For 

example, due to enhanced degrees of reworking and re-exposure of upper sediments in the 

Severn estuary, organic matter appears to have been strongly altered despite its shallow depth 

and source proximity; conversely, aeolian transport represents a variable source of less 

diagenetically altered organic matter to deep-sea sites like the Argentine Basin. 

Therefore, lipid biomarker compositions have proven to consistently track changes in 

the sources of terrestrial vs. marine organic matter in a broader context, as well as diagenetic 

alterations during transport and deposition in large-scale. Yet, given the complexity of organic 

matter sources, lipid biomarker proxies allowed to further disentangle the distinct pools of 

organic matter and their relative contributions to sediments. 
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Chapter 6 – Developing a quantitative link between reactivity and 

sources of organic matter in marine sediments 
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6.1 Introduction 

Marine sediments are key components in the Earth System. They host one of the largest 

carbon reservoir on Earth, provide the only long-term sink for atmospheric CO2, recycle 

nutrients and represent the most important climate archive. Diagenetic processes in marine 

sediments are thus essential for our understanding of the global biogeochemical cycles and 

climate (Hülse et al., 2017). Almost all diagenetic processes can be traced back directly or 

indirectly to the degradation of organic matter. It thus controls the recycling of carbon and 

nutrients, the dissolution of carbonates and, ultimately, the burial of organic carbon in the 

sedimentary record. As a result, benthic organic matter degradation controls atmospheric 

CO2 and O2 levels (Arndt et al., 2013; Hülse et al., 2017). However, the degradation and burial 

of organic carbon are digenetic processes that do not follow simple patterns but show 

significant spatial and temporal variability (e.g., Arndt et al., 2013; Berner, 2009). 

Benthic degradation is first and foremost, donor controlled, and its variability is, thus, 

driven by the amount and quality of organic matter that rains to the sediment from the euphotic 

zone (e.g., Hedges and Keil, 1995). Whereas the deposition flux of organic matter can be 

observed, quantified or predicted (at least to a first degree) (e.g., Emerson and Hedges, 1988; 

Müller and Suess, 1979; Wakeham et al., 1997), the quality (i.e. its susceptibility towards 

microbial degradation) is poorly quantified. The current lack of an objective framework that 

allows quantifying organic matter reactivity on a global scale (over geological timescales) limits 

our ability to understand the global carbon cycle and in particular its response to perturbations 

and feedbacks on the climate.  A better quantitative understanding of the factors that control 

the observed variability, as well as an efficient way of parametrizing organic matter reactivity 

in global models is thus critical (Arndt et al., 2013; Hülse et al., 2017). 

Large uncertainties are associated in constraining model experiments with generic 

parameters, especially regarding to the distribution and reactivity of organic matter. 

Fluctuations in the input and differences in the degrees of alteration are often oversimplified 
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in model formulation. The uncertainties can be drastically exacerbated when dealing with 

contrasting time-scales, which leads to distinct degrees of alteration for a given sediment 

depth (Hülse et al., 2018). Thus, quantitative information of (i) apparent organic matter 

reactivity, as well as (ii) the factors that might control reactivity are crucially required.  

Reaction-transport models (RTM) that include the full range of redox reaction involved 

in heterotrophic degradation of organic matter, e.g. the Biogeochemical Reaction Network 

Simulator (BRNS) (Aguilera et al., 2005; Regnier et al., 2002), are ideal tools for quantifying 

apparent organic matter reactivity based on observed porewater profiles. By compiling all 

published, model-derived organic matter reactivities, Arndt et al. (2013) made a first step 

towards a better quantitative understanding of apparent organic matter reactivity and its spatial 

variability. While this compilation revealed interesting insights, it is nevertheless limited by the 

reduced comparability of the different model approaches used. The study thus emphasized 

the need for consistent model investigations in global-scale and multidisciplinary approaches 

that help further understand the factors controlling organic matter reactivity in marine 

sediments.  

The classical organic geochemist view on organic matter degradation builds on the 

idea that the reactivity of organic matter degradation primarily reflects its chemical structure 

(e.g., Hedges and Oades, 1997; Sun and Wakeham, 1994). Yet, that marine-derived organic 

matter is relatively less resistant to heterotrophic degradation than terrestrial-derived material 

due to chemical composition of the later (Burdige, 2005; Hoefs et al., 2002; Huguet et al., 

2008; Sinninghe Damsté et al., 2002a), which composition is dominated by more recalcitrant 

biopolymer (e.g., cellulose, lignin, cutin, and cutan) (e.g., De Leeuw and Largeau, 1993). In 

contrast, recent work suggests a more complex relationship between organic matter 

character/source and its reactivity (e.g., Marín-Spiotta et al., 2014). Nevertheless, the source–

reactivity link is an important starting point for a quantitative exploration of control–reactivity 

relationships. 
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A consistent characterization of sources of organic matter to a molecular level, i.e. via 

lipid biomarker proxies, offers a powerful tool to further disentangle the controls on reactivity. 

Lipid biomarkers have specific sources, retain information about the environmental context in 

which they were produced and buried, and are well preserved in the sedimentary archive 

(Meyers, 1997). Due to selective degradation among and within compound classes 

(Zonneveld et al., 2010), lipid biomarkers can also provide qualitative information regarding 

organic matter reactivity. Several studies have employed lipid biomarkers to investigate 

organic matter reactivity in the local-scale (Canuel and Martens, 1996; Haddad et al., 1992; 

Pruski et al., 2015; Sun and Wakeham, 1994), however global, comparative investigations 

across a wide range of different depositional environments are currently missing. 

Here, this problem is tackled by developing a global dataset of sedimentary organic 

matter characteristics, including consistent model-derived estimates of apparent organic 

matter reactivity, as well as consistent characterization of lipid biomarker compositions from a 

variety of contrasting depositional environments. The main goal is to explore quantitative links 

between organic matter degradation parameters and biomarker indices that could potentially 

help developing an objective framework for model parametrisation. Currently, this is one of 

the biggest challenges of model application to data poor areas (e.g. the past, the global-scale, 

the future) (Hülse et al., 2018).  

 The large-scale model-derived organic matter reactivities (Chapter 4) and sedimentary 

lipid biomarker characterizations (Chapter 5) have revealed some broad relationships on the 

controls of organic matter reactivity and sources to marine sediments for a large range of 

depositional environments. Model results revealed a general, albeit weak pattern between 

apparent organic matter reactivity 𝑘 and depositional environment. Settings characterized by 

low sedimentation rates, low fluxes of organic matter and situated at greater water depths 

exhibit low organic matter reactivity, whereas shallow settings with high sedimentation rates 

and fluxes of organic matter usually reveal a high apparent organic matter reactivity. However, 

between those two end-member situations, a large variability can be observed (Chapter 4). 
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Similarly, lipid biomarker characterizations revealed an overall shift from terrestrial-derived to 

marine-derived sources with an increase in water depth and distance from terrestrial sources 

(Chapter 5). However, different molecular ratios indicative of sources of organic matter 

behaved differently across this spectrum, and like model-derived reactivity, the controls 

imposed by the depositional environment vary significantly.  

Combined, those findings raise new questions that are explored here:  

 (i) How do shifts in organic matter sources influence organic matter reactivity?  

(ii) How do degradation-driven compositional changes (i.e. pre-ageing) of organic 

matter influence organic matter reactivity? 

(iii) What additional environmental controls drive organic matter reactivity in marine 

sediments?  

 (iv) Is it possible to establish a large-scale quantitative links between reactivity and 

sources of organic matter in marine sediments?  

Answering all those questions demands a coupled analysis of model-derived reactivity 

𝑘 (and its inclusive Reactive Continuum Model – RCM –  parameters 𝑣 and 𝛼) and lipid 

biomarker compositions. Thus, the aim of this chapter is to explore the possible links between 

organic matter reactivity and its source and degradation state on a global scale. The specific 

objectives are: (1) explore the links between reactivity and lipid biomarkers buried in 

sediments; (2) assess the applicability of lipid biomarker ratios as predictors of organic matter 

reactivity; (3) further understand the discrepancy between organic matter reactivity and 

depositional environment. This is the first large-scale field comparison between organic matter 

reactivity to organic matter compositional features, and thus represents an exciting, but 

challenging analysis.  



Chapter 6 Linking reactivity and sources of organic matter  

 

 

183 
 

6.2 Material and Methods 

The model description for quantifying organic matter reactivity and the lipid biomarker 

analyses are described in greater detail in previous chapters (Chapter 4 and 5, respectively). 

The following subsections briefly summarise those methods. 

 

6.2.1 Model Description 

The BRNS (Aguilera et al., 2005; Regnier et al., 2002) is an adaptive simulation environment 

suitable for large, mixed kinetic-equilibrium reaction networks (Dale et al., 2009; Jourabchi et 

al., 2005; Thullner et al., 2009). The model set-up developed here accounts for the fluxes and 

transformations of organic matter, the full suite of terminal electron acceptors, as well as 

reduces species. For each specie involved in the organic matter heterotrophic degradation, 

the BRNS simulates changes in both solid phase and porewater concentrations as a result of 

transport (advection, molecular diffusion, bioirrigation, and bioturbation), as well 

production/consumption due to reactions (Aguilera et al., 2005; Thullner et al., 2009; 

Wehrmann et al., 2013). 

The model is based in the vertically-resolved mass conservation equation for solids 

and dissolved species in porous media (Berner, 1980; Boudreau, 1997). The reaction network 

implemented here is based on previous studies that investigated diagenetic dynamics across 

different depositional environments and scales (Aguilera et al., 2005; Dale et al., 2011; 

Thullner et al., 2009; Van Cappellen and Wang, 1996; Wehrmann et al., 2013). The rates of 

organic matter oxidation are calculated based on the reactive continuum model (RCM) 

(Boudreau and Ruddick, 1991). Within the bioturbated zone, the RCM is approximated by a 

200-G approach (Chapter 4 – Section 4.2.1.2) to circumvent the difficulty of quantifying organic 

matter ages within the bioturbated layer (Meile and Van Cappellen, 2005). 
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Within the RCM, the free, positive parameters 𝛼 and 𝑣 determine the shape of the 

initial distribution of organic matter over the continuous spectrum of apparent reactivity 𝑘 and 

its evolution in response to degradation during burial (Figure 6.1).  The parameter 𝑣 is a 

dimensionless, scaling parameter of bulk organic matter distribution, whereas 𝛼 is a free shape 

parameter that is generally interpreted as the apparent initial age of organic matter, i.e. a 

measure of degradation state (pre-ageing) of the depositing organic matter (Boudreau and 

Ruddick, 1991). Together 𝛼 and 𝑣 determine the evolution of 𝑘 during burial: 

 

𝑘(𝑧) =  
𝑣

𝛼 + 𝑎𝑔𝑒(𝑧)
 (6.1). 

 

In general, low 𝛼 and high 𝑣 values represent a more reactive, yet more heterogeneous 

mixture of organic matter (Figure 6.1). That results in high apparent bulk organic matter 

reactivity in the upper sediment layers but a fast decrease with burial time as a result of rapid 

loss of more labile components of bulk organic matter. High 𝛼 and low 𝑣 values represent a 

less reactive but more homogeneous bulk organic matter pool (Figure 6.1). Such a 

combination reflects low reactivities at the sediment-water interface and a slow decrease in 𝑘 

with burial depth (for details see Arndt et al., 2013).  

Extending the approach used by Boudreau and Ruddick (1991), the RCM parameters 

𝛼 and 𝑣 were extracted through RTM by determining the parameter couple that produced the 

best-fit between simulation results and observed, present-day sediment depth profiles of 𝑇𝑂𝐶 

and 𝑆𝑂4
2−, which is based on site-specific boundary conditions for each depositional 

environment. Apparent organic matter reactivity 𝑘 was determined based on Eq. 6.1. The 

depth-integrated rate of organic matter degradation (𝛴𝐷𝑒𝑔 𝑟𝑎𝑡𝑒) was calculated for each 

depositional setting by integrating model results. For further details on the model description, 

see Chapter 4. 
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Figure 6. 1. First-order rate constant 𝑘 depth profiles changes as a function of (a) apparent initial age 

𝛼; and (b) dimensionless scaling parameter 𝑣. Sediment depth profiles are calculated assuming 

sedimentation rate 𝜔 = 0.5 cm yr-1. 

 

6.2.2 Lipids Analyses 

Sediment samples from the same depositional environments that RTM analyses were 

performed were analysed to determine the lipid biomarker compositions. Multiple samples 

from each site were analysed to account for the environmental variability of each depositional 

setting.  

 Freeze-dried sediment samples were crushed and homogenised prior extraction. 

Sediment samples were accurately weighted, added a known amount of internal standard, 

and extracted using a solvent mixture (dichloromethane and methanol) to obtain the total lipid 

extract (TLE). Elemental sulphur was removed from TLEs by reaction with activated copper. 

Alkanoic acids present in the TLEs were methylated to their fatty acids methyl esters. Likewise, 

compounds bearing hydroxyl groups were derivatised to their trimethylsilyl derivatives. 

Procedural blanks were analysed every batch throughout the analytical protocol to monitor 

possible contaminations. 
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Derivatised TLEs were subjected to gas chromatography (GC) and gas 

chromatography-mass spectrometry (GC-MS) analyses for identification and quantification of 

lipid biomarkers (e.g., n-alkanoic acids, n-alkanols, n-alkanes). Identification was based on 

retention times and mass spectra of compounds in the TLE and compared to those in the 

literature. Quantification was based in the compound peak area relative to internal standard 

peak area. Non-derivatised TLEs aliquots were filtered with a 0.45 µm PTFE membrane and 

subjected to high performance liquid chromatography/atmospheric pressure chemical 

ionization-mass spectrometry (HPLC/APCI-MS) analyses for identification and quantification 

of GDGTs. GDGTs were identified based on retention times and mass spectra of compounds 

in the TLE and those in the literature. 

Lipid biomarker relative abundances and distributions were used to identify the 

sources of sedimentary organic matter. Additionally, diagnostic ratios of sources and organic 

matter alteration were employed to further constrain lipid biomarker sources and 

compositional changes. The Terrestrial-Aquatic Ratio (TAR) was used to identify the relative 

contributions of aquatic-derived vs. plant-derived sources of n-alkanoic acids, n-alkanols, and 

n-alkanes (Bourbonniere and Meyers, 1996; Meyers, 1997). TARs range from zero, which 

indicates aquatic sources, to 1 that indicate plant waxes sources of organic matter. The 

Branched-Isoprenoid Tetraether (BIT) index was employed to identify the relative contribution 

of archaeal pelagic derived sources vs. soil bacteria derived sources of organic matter based 

on GDGTs distributions. Like TAR, BIT indices range from zero, indicating pelagic sources, to 

1 that indicate soil-derived sources (Hopmans et al., 2016, 2004). Finally, the Carbon 

Preference Index (CPI) was used to identify the degrees of alteration and ageing of plant-

derived n-alkanoic acids, n-alkanols, and n-alkanes (Bray and Evans, 1961; Cooper and Bray, 

1963; Madureira et al., 1995; Matsuda and Koyama, 1977). Low CPI values, close to 1, 

indicate high degrees of alteration, thus extensive ageing of organic matter. In contrast, high 

CPI values, indicate low degrees of diagenetic alteration, thus low ageing of organic matter. 
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Lipid biomarker ratios results are addressed here as the average value of all samples 

analysed at each site. For details on the variability within site, see Chapter 5 and the Appendix 

section. Likewise, for further detail on the analytical protocol and comprehensive discussion 

on the sources of lipid biomarkers, see Chapter 5. 

 

6.3 Results and Discussion 

The large-scale assessments of organic matter reactivity and sources to sediments in 

Chapters 4 and 5 revealed broad, yet weak relationships between organic matter reactivity 

and depositional environment, which agree with the traditional view. However, those weak 

general relationships are overlain by a strong variability that raised further questions regarding 

the controls on organic matter reactivity (see 6.1 Introduction).  To explore those issues, we 

combine the analyses of organic matter reactivity parameters and organic matter source 

parameters. Table 6.1 shows a compilation of model-derived parameters and lipid biomarker 

ratios for the entire range of depositional environments. 

Model-derived organic matter degradation rates (𝛴𝐷𝑒𝑔 𝑟𝑎𝑡𝑒 and its constituent 

parameters 𝑘, 𝑣, 𝛼) refer to the depth integrated rates of organic matter heterotrophic 

degradation across the entire model domain (1000 cmbsf). The lipid biomarker diagnostic 

ratios are represented as the average values of all sediment samples analysed at each site 

(for details see Chapter 5, as well as a discussion of the within site variability). Here, it is 

assumed that average values integrate the environmental variability of each site. Although 

such an assumption might result in an oversimplification, it allows us to explore the lipid 

biomarker proxies in combination with model results in a broader context.  
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Table 6. 1. Model-derived parameters and lipid biomarker ratios (average values) that serve as 
proxies for sedimentary organic matter characteristics. 

 Site 
𝒌 𝜶 𝒗 FOM ΣDeg rate n-alkanoic acid n-alkane GDGT 

yr-1 yr - mmol cm-2 yr-1 TAR CPI CPI BIT 

A Severn 
estuary 

2.0·10-3 50 0.100 8.2·10-1 9.9·10-4 0.54 4.0 3.2 0.22 

B Rhone 
pro-delta 

4.2·10-2 3 0.125 8.3·100 1.5·10-2 0.29 6.1 8.1 0.83 

C Rhone 
shelf 

1.3·10-3 100 0.125 2.3·10-1 4.2·10-4 0.62 5.9 5.0 0.34 

D Aarhus 
Bay 

6.0·10-2 1 0.060 3.3·10-1 8.5·10-4 0.74 7.6 5.2 nd 

E Western 
Baltic 

1.6·10-1 1 0.155 1.1·10-1 7.2·10-4 0.82 7.8 5.3 0.31 

F Helgoland 4.2·10-3 30 0.125 8.9·10-1 1.0·10-3 0.71 6.7 4.5 0.71 

G Skagerrak 
S10 

5.6·10-5 1800 0.100 7.8·10-1 1.0·10-4 nd nd 2.8 0.25 

H Skagerrak 
S11 

1.3·10-2 10 0.130 8.2·10-2 2.7·10-4 0.38 5.2 2.7 0.17 

I Skagerrak 
S13 

3.1·10-5 3500 0.110 9.6·10-1 9.0·10-5 0.5 4.9 2.5 0.12 

J Arabian Sea 
anoxic 

2.5·10-1 1 0.250 2.1·10-1 7.3·10-4 0.25 7.8 3.5 0.02 

K Arabian Sea 
transition 

3.9·10-2 10 0.390 1.9·10-1 4.8·10-4 0.29 6.4 1.9 0.01 

L Arabian Sea 
oxic 

3.3·10-2 10 0.330 8.9·10-1 1.3·10-3 0.15 8.1 2.3 0.01 

M Bering 
Sea 

5.4·10-5 5000 0.270 2.7·10-3 2.8·10-5 0.25 7.6 3.4 0.03 

N Argentine 
Basin 

6.3·10-5 2000 0.125 5.4·10-3 3.1·10-5 0.20 8.4 4.1 0.02 

nd – not determined 
TAR – terrestrial-aquatic ratio 
CPI – carbon preference index 
BIT – branched-isoprenoid tetraether index  

 

6.3.1 Quantity Control: Fluxes and Sources of Organic Matter 

Before exploring the relationships between fluxes and sources of organic matter, we review 

and explore the impacts of organic matter flux (𝐹𝑂𝑀) on the rates of organic matter degradation 

(𝛴𝐷𝑒𝑔 𝑟𝑎𝑡𝑒) (Figure 6.2). Henrichs (1992) observed that rates of organic matter heterotrophic 

degradation in marine sediments strongly correlate with fluxes of organic matter to the 
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sediments, with high fluxes (of typically reactive organic matter) driving high rates of organic 

matter degradation. Likewise, in this large-scale compilation of depositional environments 

𝛴𝐷𝑒𝑔 𝑟𝑎𝑡𝑒 and 𝐹𝑂𝑀 exhibit a strong positive correlation (r² = 0.97; p < 0.01; n = 14; Figure 6.2). 

Nevertheless, this correlation could be false. 𝐹𝑂𝑀 exerts a direct, linear influence on organic 

matter content (Eq. 6.2 and 6.3): 

𝐹𝑂𝑀 = (1 − 𝜑)𝜔𝑃𝑂𝐶0 
for non-bioturbated 

sediments 
(6.2) 

   

   

𝐹𝑂𝑀 = −(1 − 𝜑)𝐷𝑏𝑖𝑜
𝜕𝑃𝑂𝐶0
𝜕𝑧

+ (1 − 𝜑)𝜔𝑃𝑂𝐶0 
for bioturbated 

sediments 
(6.3). 

 

 

 In addition, 𝐹𝑂𝑀 is also linked to sedimentation rates, which in turn control organic matter 

contents, as well as the depth evolution of 𝑘 (Eq. 6.1; Figure 6.1), albeit in a non-linear way. 

Thus, a correlation between 𝛴𝐷𝑒𝑔 𝑟𝑎𝑡𝑒 and 𝐹𝑂𝑀  is not necessarily indicative of a link between 

𝐹𝑂𝑀 and 𝑘. For instance, the Rhone pro-delta has the highest fluxes and rates of organic 

matter degradation, whereas deep-sea sites display the lowest fluxes and rates. Not 

surprisingly, organic matter apparent reactivity 𝑘 does not show a strong correlation with 𝐹𝑂𝑀 

as has been postulated earlier (e.g., Boudreau, 1997; Müller and Suess, 1979). This results 

in a decoupling of 𝛴𝐷𝑒𝑔 𝑟𝑎𝑡𝑒 and 𝐹𝑂𝑀  in some settings, especially the Skagerrak sediments 

(G and I in Figure 6.2), which are characterized by low reactivity and significant terrestrial-

derived input of organic matter (Table 6.1), i.e. high inputs of less reactive organic matter.  

This results clearly show that it is the interplay between organic matter quantity and quality 

that controls organic matter degradation rates. 
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Figure 6. 2. Model-derived fluxes of organic matter at the sediment-water interface vs.: (a) model-
derived depth-integrated rates of organic matter degradation; (b) model-derived apparent organic 
matter reactivity 𝑘. Letters A – N refer to sites on Table 6.1. 

 

Yet, fluxes of organic matter have no significant correlation with apparent reactivity 𝑘 

(r² = 0.003; p > 0.05; n = 14; Figure 6.2b). Part of this could arise from the absence of 

significant correlation between n-alkyl lipid sources and fluxes of organic matter (r² < 0.05; p 

> 0.05; Figure 6.3 a, c and d), and a weak correlation between 𝐹𝑂𝑀 and BIT index (r² = 0.51; 

p < 0.01; n = 14; Figure 6.3b). The n-alkanoic acid TAR, which reflects the relative contribution 

of terrestrial-derived and aquatic-derived organic matter to sediments, shows no clear trend 

(Figure 6.3a), with high 𝐹𝑂𝑀 associated with the entire range of TARs, i.e. both terrestrial and 

marine-dominated settings.  Low TARs, i.e. a predominance of low-molecular-weight (LMW) 

n-alkanoic acids of algal and bacterial sources (Parker et al., 1967; Volkman et al., 1998, 1989; 

Zhukova and Aizdaicher, 1995) spans the entire range of 𝐹𝑂𝑀. Likewise, BIT indices, which 

indicate the relative contribution of soil-derived and aquatic-derived sources of organic matter 

to sediments, have a weak correlation to 𝐹𝑂𝑀 (Figure 6.3b), albeit stronger than that observed 

for TARs, and also with aquatic-dominated settings (Hopmans et al., 2004; Sinninghe Damsté 

et al., 2002b) spanning almost all 𝐹𝑂𝑀 range (Figure 6.3b). These observations are a 

consequence of this particular dataset which, for example, includes marine-dominated 

settings associated with both low (deep sea) and high (Arabian upwelling region) 𝐹𝑂𝑀. In 

contrast, high n-alkanol (Figure 6.3c) and n-alkane (Figure 6.3d) TARs of terrestrial-derived 
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sources (Eglinton et al., 1962; Eglinton and Hamilton, 1967) are not correlated with 𝐹𝑂𝑀. Thus, 

𝐹𝑂𝑀 is not particularly associated with terrestrial vs. aquatic sources, especially for regions 

characterized by aquatic-derived organic matter. Instead, 𝐹𝑂𝑀 relates with settling of the 

predominant source of organic matter. In marginal settings, 𝐹𝑂𝑀 will reflect the input of 

terrestrial-derived organic matter and might exhibit a closer relationship. However, in deep-

sea settings 𝐹𝑂𝑀 is associated with the export of autochthonous organic matter from surface 

waters to sediments. 

These relationships can be better understood by examining them in a regional context. 

High terrigenous inputs (Eglinton et al., 1962; Eglinton and Hamilton, 1967) are associated 

with high 𝐹𝑂𝑀 among Northern European settings; however, 𝑘 varies dramatically amongst 

these sites, evidently reflecting high variability in the bioavailability of those terrigenous inputs. 

Arabian Sea settings display high fluxes of marine-dominated organic matter (very low TAR 

and BIT) as well as high 𝑘 values, all of which is consistent with the high rates and fast sinking 

of planktonic-derived particles from the photic zone to sediments (Cowie, 2005; Luff et al., 

2000). The Rhone pro-delta displays the highest 𝐹𝑂𝑀 and both high terrigenous (high BIT) and 

aquatic inputs (low n-alkanoic acid TARs) as a consequence of high sedimentation rates and 

aquatic productivity (Pastor et al., 2011; Pruski et al., 2015); 𝑘 is generally high but slightly 

lower than those in the Arabian Sea (Table 6.1). These complex relationships between organic 

matter source, 𝑘 and 𝐹𝑂𝑀 reveal why 𝐹𝑂𝑀 exhibits overall no relationships with the lipid 

biomarker degradation proxies (Figure 6.3 e – f). High 𝐹𝑂𝑀 is associated with high fluxes of 

fresh terrestrial organic matter, as expected, but also degraded terrestrial organic matter in 

some settings (i.e. the Severn estuary and some Skagerrak sites). 
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Figure 6. 3. Model-derived fluxes of organic matter at the sediment-water interface vs. lipid biomarker 
diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanol TAR; (d) n-alkane TAR; (e) n-
alkanoic acid CPI; (f) n-alkane CPI. Letters A – N refer to sites on Table 6.1. 
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6.3.2 Quality Control: Reactivity and Sources of Organic Matter 

Changes in lipid biomarker compositions, as shown by n-alkyl CPIs (Bray and Evans, 1961; 

Cooper and Bray, 1963; Madureira et al., 1995; Matsuda and Koyama, 1977) provide 

qualitative evidence for the reactivity of organic matter buried in marine sediments. Overall, 

diagenetic alterations of sedimentary organic matter can be attributed to characteristics of 

depositional environment, such as water depth for a given depositional setting (e.g., Sun and 

Wakeham, 1994; Wakeham et al., 1997). In general, burial at greater water depths is 

associated with a higher degree of organic matter alteration and a decrease in reactivity due 

to extended exposure to oxidising conditions in the water column and upper sediment layers 

(Hartnett et al., 1998; Hoefs et al., 2002). 

The large-scale assessment of lipid biomarker compositions in sediments revealed 

some relationships between depositional environment, i.e. water depth and sedimentation 

rates (and to a lesser extent fluxes of organic matter – see above) and organic matter source 

(Chapter 5). In contrast, reactivity parameters exhibit weak relationships with single 

characteristics of depositional environment in this large-scale dataset, although some regional 

behaviours emerged (Chapter 4). Here, lipid biomarker compositions and reactivity 

parameters are explored together to disentangle the relationships between reactivity and 

sources of organic matter and gain insights into if and how organic matter sources/composition 

control apparent reactivity. We first interrogate these with respect to individual key parameters, 

𝑣 and 𝛼, and then to the overall organic matter apparent reactivity 𝑘. 

 

6.3.2.1 The 𝒗-parameter  

The free scaling parameter 𝑣 of organic matter distribution (Boudreau and Ruddick, 1991) is 

mostly distributed within a narrow range (0.1 < 𝑣 < 0.2), as previously observed from a global 

compilation of model-derived organic matter apparent reactivity (Boudreau and Ruddick, 

1991) indicating that different organic matter types exert a limited control on 𝑣. Thus, it is 
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unexpected that lipid biomarker compositions show any strong correlation with 𝑣 (Figure 6.4). 

In addition, the weak response of lipid biomarker compositions to 𝑣 suggests that bulk organic 

matter is more homogenous, thus recalcitrant than lipid biomarkers show. As such, lipid 

biomarkers are not the best indicators for variations within the narrow range of 𝑣, except for 

cases of high 𝑣-values, i.e. in the more reactive spectrum. In fact, lipid biomarkers have shown 

to be less recalcitrant than bulk organic matter during settling in the water column (Meyers 

and Eadie, 1993; Wakeham et al., 1997) and burial in sediments (Canuel and Martens, 1996; 

Farrington et al., 1977; Haddad et al., 1992; Hoefs et al., 2002; Santos et al., 1994; Sinninghe 

Damsté et al., 2002a; Sun and Wakeham, 1994). Thus, 𝑣 mostly captures the overall 

composition of bulk organic matter, rather than composition of more labile lipid biomarkers, 

which only represent a minor fraction of bulk organic matter composition (Arndt et al., 2013; 

Hedges and Oades, 1997; Henrichs, 1992).  

Nevertheless, in fresh marine-derived organic matter, in which the bulk material is high 

reactive and heterogenous (Westrich and Berner, 1984), 𝑣-values do respond to the 

composition of most labile compounds in the bulk organic matter. In this case, lipid biomarkers 

might serve as good indicators for high 𝑣-values. Therefore, we examine the marine organic 

matter dominated Arabian Sea and Bering Sea sites, characterized by 𝑣 > 0.2 in more detail. 

The high 𝑣-value in the Bering Sea (Table 6.1) is likely derived from non-steady-state 

deposition (Boudreau and Ruddick, 1991), rather than controlled by the sources of organic 

matter. However, 𝑣 > 0.2 in the Arabian Sea appears to result from an enhanced input of fresh 

marine-derived organic matter (Figure 6.3 a – b), consistent with previous model-derived 

studies (Luff et al., 2000) and field investigations on the quality of organic matter (Koho et al., 

2013; Vandewiele et al., 2009). The combined effect of high 𝑣 and low 𝛼 results in high 

apparent reactivity 𝑘 at SWI, and a fast 𝑘 decrease with depth (Figure 6.1) due to fast 

degradation of most labile fractions. The high input of fresh, labile, fast sinking marine-derived 

organic matter in Arabian Sea sediments (Cowie, 2005; Luff et al., 2000) supports our model-
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derived 𝛼, 𝑣, and thus 𝑘 values. Yet, associated to low 𝛼-values (1 – 10 years), such high 𝑣-

values lead to a heterogenous distribution of organic matter (e.g., Wehrmann et al., 2013), 

which likely explains the distinct CPIs for n-alkanoic acids and n-alkanes (Figure 6.4 c – d). 

The high CPIs and low TARs for n-alkanoic acids are evidence for the input of algal-derived 

sources (Volkman et al., 1998), whereas the lower n-alkane CPI reveal an aeolian-transported 

(Schreuder et al., 2018; Simoneit et al., 1977) or laterally-transported terrestrial-derived 

organic matter. 

 

 

Figure 6. 4. Model-derived shaping parameter 𝑣 of organic matter distribution vs. lipid biomarker 
diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanoic acid CPI; (d) n-alkane CPI. 
Letters A – N refer to sites on Table 6.1. 

 



Chapter 6 Linking reactivity and sources of organic matter  

 

 

196 
 

6.3.2.2 The 𝜶-parameter  

The shape parameter 𝛼 (also referred to as the apparent initial age) of organic matter 

distribution (Boudreau and Ruddick, 1991) is the main driver of the observed apparent organic 

matter reactivity 𝑘 (Chapter 4). At its most fundamental level, it serves as an indicator of the 

overall degree of organic matter alteration due to degradation before settling onto the 

sediment, although additional environmental controls can also exert an influence. Overall, 𝛼 

exhibits no significant correlation with lipid biomarker composition proxies TAR (r² = 0.06; p > 

0.05; n = 13) and BIT index (r² = 0.12; p > 0.05; n = 14) (Figure 6.5 a – b). In other words, the 

terrestrial-to-marine shift in organic matter source from coastal and marginal to deep-sea 

environments observed is not paralleled by the shift in 𝛼-values (Chapter 4), indicating that 

changes in organic matter source/composition on their own do not exert a dominant control 

on 𝛼, and thus organic matter reactivity.  

As previously discussed (Chapter 4), 𝛼-values do show regional patterns, which can 

also be recognized within lipid biomarker compositions (Figure 6.5). The Arabian Sea 𝛼 < 10 

years cluster with algal-derived sources of n-alkanoic acids (Perry et al., 1979; Volkman et al., 

1998, 1989; Zhukova and Aizdaicher, 1995) and pelagic-derived archaeal sources of i-GDGTs 

(Schouten et al., 2013; Sinninghe Damsté et al., 2002b). Likewise, the input of fresh aquatic 

and bacterial derived LMW n-alkanoic acids (Pruski et al., 2015) and high loads of soil-derived 

br-GDGTs (Weijers et al., 2007, 2006) in the Rhone pro-delta are associated with low 𝛼-value 

(𝛼 = 3 years; Table 6.1) that increases in the shelf alongside a decrease in BIT and indicators 

of fresh terrestrial organic matter (𝛼 = 100 years). 

The Northern European sediments exhibit an apparent decrease in terrestrial-derived 

predominance of organic matter with the gradual increase of 𝛼 (Figure 6.5 a – b). In both 

cases, the increase in 𝛼-values paralleled with decrease in the terrestrial-derived sources 

indicates the attenuation of terrestrial-derived sources with increase in distance from sources 

and organic matter ageing during transport, which results in overall reactivity decrease. This 
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is evident across the Rhone delta, in which the pro-delta is characterized by the input of fresh 

soil-derived organic matter (𝛼 = 3 years; BIT > 0.8), and there is a shift towards the shelf to 

pre-aged, terrestrial-derived and marine organic matter (Cathalot et al., 2013). Based on both 

𝛼 and BIT indices behaviours in the Northern European sediments, a similar ageing of organic 

matter with increase in distance from terrestrial sources occurs. 

 

 

 

Figure 6. 5. Model-derived apparent initial age 𝛼 of organic matter distributions vs. lipid biomarker 
diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanoic acid CPI; (d) n-alkane CPI. 
Letters A – N refer to sites on Table 6.1. 
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The 𝛼-values, as expected, shows stronger relationships with ageing and degradation 

of the terrestrial organic matter indicated by CPIs (Figure 6.5 c – d). This relationship is 

particularly strong if those sites with extreme case 𝑣 end-member (𝑣 > 0.2) and strong marine 

inputs are omitted (H, J – M, Figure 6.4), as these complicate both age estimates and 

interpretation of CPIs (Volkman et al., 1998). The 𝛼 – CPI relationships are even stronger 

when considering single depositional regimes (i.e. Northern European marginal sites). This 

relationship appears to confirm that the parameter 𝛼 (the apparent initial age) is strongly 

related to the transport and degradation of especially the terrestrial organic matter pool. CPIs 

seem to be robust predictors of terrestrial organic matter history and degradation in coastal 

and marginal sediments; by extension they could also be good predictors of contemporary 𝑘, 

which is explored in the next section. 

 

6.3.2.3 Apparent Organic Matter Reactivity 𝒌 

The controls on organic matter reactivity are extremely complex and dynamic and are weakly 

explained by single characteristics of the depositional environments (Arndt et al., 2013). 

Similarly, the sources of organic matter have often been invoked as an important control on 

organic matter reactivity (e.g., Burdige, 2005; Henrichs, 1992), although a single proxy for 

organic matter character is poorly indicative of bulk organic matter reactivity. Here, 

sedimentary organic matter was characterized based on lipid biomarker compositions, and 

now that is explored in the context of quantitative assessment of organic matter apparent 

reactivity 𝑘 (Figure 6.6). First, 𝑘 is assessed in the context of organic matter compositions and 

their relationships with the depositional environment. Then, the relationship of 𝑘 with organic 

matter ageing proxies is evaluated, also in the environmental context of each depositional 

setting. 
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Figure 6. 6. Model-derived organic matter reactivity 𝑘 (𝑘 = 𝑣/𝛼) at the sediment-water interface vs. lipid 
biomarker diagnostic ratios. (a) n-alkanoic acid TAR; (b) BIT index; (c) n-alkanoic acid CPI; (d) n-alkane 
CPI. Letters A – N refer to sites on Table 6.1. 

 

The 𝒌 – organic matter composition relationship 

Overall, 𝑘 exhibits no significant correlation with the terrestrial-to-marine shift in the sources 

of organic matter (𝑘 − 𝑇𝐴𝑅 and 𝑘 − 𝐵𝐼𝑇: r² < 0.05; p > 0.05), a pattern broadly observed in this 

dataset (Figure 6.6 a – b). Both TARs and BIT indices show terrestrial-derived lipids 

associated with high-reactivity bulk organic matter, and the opposite is also true for marine-

derived lipids, which are associated with low-reactivity bulk organic matter. Thus, 𝑘 is not 

directly associated with terrestrial vs. marine sources but to the degrees of alteration of organic 

matter, and the general context of each depositional environment. This becomes evident at 

the regional and local-scale context. Thus, this is discussed in detail for each group of 
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depositional environments (well-oxygenated deep sea-settings; Arabian Sea OMZ; Rhone 

delta; and Northern European margin). In this assessment, not only organic matter reactivity 

and sources are discussed; other environmental factors, i.e. ageing, redox conditions, 

sedimentation rates, organic matter fluxes, minereral matrix association, and oxygen 

exposure, are integrated for a comprehensive understanding of 𝑘-controls. 

In deep-sea, well-oxygenated sites (Bering Sea – M; and Argentine Basin – N), both 

TARs and BIT indices are indicative of aquatic-derived organic matter (Hopmans et al., 2004; 

Perry et al., 1979; Sinninghe Damsté et al., 2002b; Volkman et al., 1998, 1989), although the 

bulk organic matter is recalcitrant (𝑘 < 10-4 yr-1). Griffith et al. (2010) have shown that organic 

matter experiences an overall ageing when settling in large, well-oxygenated water columns 

due to the alteration processes that take place during transport through water column, which 

result in preferential loss of labile, younger carbon pools. Yet, sediment reworking and re-

exposure due to lateral transport across the shelf also result in organic matter ageing 

(Mollenhauer et al., 2007, 2003). Additionally, pelagic sediments underlying well-oxygenated 

water columns exhibit low organic carbon content ratio relative to sediment mineral surface 

area (OC/SA). Those sediments usually have organic carbon loading in the order of 0.15 mg 

OC·m-2, which is lower than the so-called mono-layer equivalent (ME) coating (e.g., typically 

ME: 0.4 – 1.1 mg OC·m-2), which results in strong mineral matrix protection and thus enhanced 

preservation (Hedges and Keil, 1995; Mayer, 1994a, 1994b). Thus, the combination of large, 

well-oxygenated water columns, intense sediment reworking prior to burial, and low OC:SA 

will render overall pre-aged, low-reactivity organic matter. The Argentine Basin (and the Bering 

Sea, to a lesser extent) meets those conditions. The great, oxygenated water column results 

in an overall bulk organic matter ageing (Griffith et al., 2010; Mollenhauer et al., 2006). 

Additionally, sediments are subject to intense resuspension and lateral transport due to 

surface and bottom currents (Benthien and Müller, 2000; Henkel et al., 2011; Hensen et al., 

2003; Riedinger et al., 2017, 2014), resulting in re-exposure and additional alteration prior 

burial. Yet, although no site-specific information on OC:SA is available, it is likely that the 
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Argentine Basin and Bering Sea fall with the range of OC:SA for pelagic sediments (OC:SA < 

0.15 mg OC·m-2) proposed by Mayer (1994a, 1994b). Altogether, the sediments of those deep-

sea, well-oxygenated settings will receive and accumulate marine-derived, albeit pre-aged 

and recalcitrant organic matter, which is strongly associated with the mineral matrix (Figure 

6.6 a – b; purple dots). 

In the Arabian Sea, lipid biomarker proxies indicate aquatic-derived organic matter 

sources like Argentine Basin and Bering Sea. However, the Arabian Sea sediments exhibit 

high-reactivity organic matter (𝑘 > 10-2 yr-1; Figure 6.6 a – b; orange dots). The well-developed 

oxygen minimum zone (OMZ) between 150 and 1000 meters and high primary productivity in 

surface waters (Cowie, 2005), associated with intense export of plankton-derived material in 

large aggregates and faecal pellets through the water column (Luff et al., 2000) mitigate 

organic matter alteration, thus preventing ageing during settling. Yet, Arabian Sea sediments 

fall above the ME coating of OC:SA, characteristic of low bottom water oxygen and/or high 

productivity depositional regimes (Mayer, 1994a, 1994b). Sediments underlying the OMZ 

exhibit OC:SA loading of 1.1 – 2.3 mg OC·m-2, whereas under oxygenated bottom water 

conditions the OC:SA loading is within the ME interval, i.e. 0.4 – 1.1 mg OC·m-2 (Keil and 

Cowie, 1999). Sediments within the OMZ receive and accumulate higher contents of fresh and 

high quality organic matter than those sediments below the OMZ (Koho et al., 2013; 

Vandewiele et al., 2009). The increase in bottom water oxygen enhances organic matter 

exposure to oxygen, which results in a marked decrease in OC:SA (Keil and Cowie, 1999). 

Overall, this is translated in higher bulk organic matter apparent reactivity within the OMZ and 

a progressive decrease toward transition and below OMZ (Table 6.1; Figure 6.6), albeit 

aquatic-derived sources of lipid biomarkers predominate throughout without significant 

changes. 

In the shallow, high sedimentation rates Rhone pro-delta, the sedimentary bulk organic 

matter exhibits high reactivity (Table 6.1) alongside a mixture of fresh soil-derived organic 

matter, as depicted by high BIT indices (e.g., Hopmans et al., 2004; Weijers et al., 2007, 2006), 
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and aquatic and bacterial sources, as shown by low TARs (Figure 6.6 a – b; case B). The high 

accumulation of fresh soil-derived and aquatic and bacterial sources of organic matter results 

from intense terrigenous and fluvial input in the pro-delta (Pastor et al., 2011; Pruski et al., 

2015). Yet, the high apparent reactivity 𝑘 in those sediments results from low degrees of 

alteration and ageing, consistent with young radiocarbon age of those sediments (Cathalot et 

al., 2013). Additionally, this agrees with the low oxygen penetration depth in the pro-delta 

sediments (1.7±0.4 mm; Rassmann et al., 2016), which, alongside high sedimentation rates 

(Pastor et al., 2011), yields short oxygen exposure times (0.02 yr). The exposure of organic 

matter to oxygenated conditions is thus limited. This prevents extensive organic matter 

degradation (e.g., Hartnett et al., 1998) and thus allows the preservation of labile organic 

matter. Across the delta and towards the shelf, the increased distance from sources, 

attenuation of sedimentation rates (Pastor et al., 2011), and increase in oxygen penetration 

depths (8.2±2.6 mm; Rassmann et al., 2016) result in a shift of sources of organic matter 

preserved in the sediments (Pruski et al., 2015). Additionally, there is a significant decrease 

in apparent reactivity 𝑘 alongside a marked organic matter ageing (Cathalot et al., 2013). The 

lower reactivity 𝑘 in the Rhone shelf (Table 6.1) potentially reflects the OC:SA (0.44 – 0.77 mg 

OC·m-2; Mayer, 1994a) and extended oxygen exposure times (1.6 yr; derived from Pastor et 

al., 2011; Rassmann et al., 2016). Enhanced oxygen exposure times, one order of magnitude 

longer than values observed in the pro-delta, results in organic matter experiencing extensive 

degradation (e.g., Hartnett et al., 1998), thus yielding the loss of labile organic matter and the 

preservation of more recalcitrant material in the sediment. Additionally, the OC:SA values 

found in the shelf represent a strong organic matter association with the mineral matrix as a 

mono-layer equivalent, which in turns also enhance recalcitrance and preservation (Bianchi et 

al., 2018; Hedges and Keil, 1995; Mayer, 1994a, 1994b). 

In the Northern European sediments, a strong terrestrial-derived character of organic 

matter is evident (Aquilina et al., 2010; Oni et al., 2015), associated with high sedimentation 

rates and organic matter fluxes (Anton et al., 1993; Dale et al., 2008b; Hall et al., 1996; 
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Hebbeln et al., 2003; Mogollón et al., 2012; Thamdrup et al., 1994). This is evident with overall 

high TARs (TARs > 0.5). Nevertheless, except from Helgoland, an aquatic source of lipids is 

also evident in low BIT indices (BIT < 0.4; Hopmans et al., 2004; Sinninghe Damsté et al., 

2002b), which shows a decrease in relative proportions of soil-derived organic matter (Weijers 

et al., 2007, 2006). Overall, both lipid biomarker indices show a decrease, i.e. decrease in 

relative proportions of terrestrial-derived organic matter, which is paralleled by a decrease in 

apparent reactivity 𝑘 (Figure 6.6 a – b; green dots). This is the likely combined result of 

distance from sources, reworking, and organic matter ageing (e.g., Cathalot et al., 2013). Yet, 

the drastic changes in 𝑘 are also associated with overall redox conditions of depositional 

environments. The highest 𝑘-values are observed in the hypoxic Aarhus Bay (Aquilina et al., 

2010; Dale et al., 2008b) and Arkona Basin (Mogollón et al., 2012). Like in the Arabian Sea 

OMZ, here hypoxic conditions and additional shallow water depths result in rapid burial and 

low bulk organic matter alteration and ageing. Additionally, given the hypoxic conditions and 

elevated organic carbon contents, it is likely that Aarhus Bay and Arkona Basin will exhibit 

OC:SA > ME levels (Mayer, 1994a, 1994b), and thus have a more labile character (Bianchi et 

al., 2018; Hedges and Keil, 1995). In the Skagerrak deeper waters, as well as oxygenated and 

bioturbated sediments (Canfield et al., 1993; Dale et al., 2008a; Knab et al., 2008), bulk 

organic matter is recalcitrant, with 𝑘 similar to well-oxygenated deep-sea sites (𝑘 < 10-4 yr-1; 

Table 6.1) Across, the Skagerrak, OC:SA loading exibit a modest decrease with water depth 

increase (Mayer, 1994a), which also represent an enhanced recalcitrance of organic matter 

with water depth increase (Hedges and Keil, 1995) associated with extended oxygen exposure 

in the water column (Hartnett et al., 1998) and stronger mineral protection (Mayer, 1994a, 

1994b). 

The high and complex variability in organic matter apparent reactivity 𝑘 is partially 

explained by organic matter compositions (Figure 6.5; Table 6.1). However, as discussed 

above, constraining 𝑘-variability is beyond a single factor (Arndt et al., 2013). Lipid biomarker 

compositions are only robust proxies explaining the controls on organic matter apparent 
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reactivity when considered holistically, i.e. in the broad environmental context of each 

depositional setting. Likewise, simple generalisations like shallow vs. deep-sea do not offer a 

robust control on 𝑘. Again, the environmental context must be considered. 

 

The 𝒌 – organic matter ageing relationship 

As discussed above, lipid biomarker compositions record not only changes in the overall 

sources of organic matter but also changes during transport, ageing and burial, especially for 

terrestrial-derived organic matter. Thus, the lipid biomarker proxies indicative of compositional 

changes and ageing of terrestrial-derived organic matter, i.e. CPI (Bray and Evans, 1961; 

Cooper and Bray, 1963; Madureira et al., 1995; Matsuda and Koyama, 1977), have the 

potential to offer additional constraints on the controls of bulk organic matter apparent 

reactivity 𝑘. This is exciting and represent a significant advance in our understanding of 

organic matter reactivity. Yet, it also helps delineating model parameters and increasing 

accuracy of model-derived results at environmental and global context. Here, the application 

of lipid biomarker ageing proxies for constraining 𝑘 is first evaluated in deep-sea, marine-

derived organic matter settings. Then, this relationship is assessed in coastal and marginal 

settings. The environmental context of each depositional regime is also integrated in these 

analyses. 

 Overall, the relationships between 𝑘 and n-alkanoic acid and n-alkane CPIs are not 

straightforward (Figure 6.6 c – d). This is mostly due to deep-sea sites, where CPIs are 

controlled by both autochthonous sources (Blumer et al., 1971; Perry et al., 1979; Volkman et 

al., 1998, 1989) and allochthonous input via aeolian-transported terrestrial-derived organic 

matter (Schreuder et al., 2018; Simoneit et al., 1977). The high n-alkanoic acid CPIs in the 

deep-sea sites (Arabian and Bering Seas and Argentine Basin) associated with low TARs are 

likely derive from aquatic sources (Volkman et al., 1998). Likewise, n-alkane CPIs could 

represent autochthonous-produced lipids (Blumer et al., 1971), albeit with an admixture of 
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aeolian-transported plant waxes (Schreuder et al., 2018; Simoneit et al., 1977). Altogether, 

those factors complicate the application of CPIs to assess compositional changes, and thus 

ageing of terrestrial-derived organic matter in deep-sea depositional environments.  

The n-alkanoic acid CPIs and 𝑘 exhibit a positive correlation if deep-sea settings are 

omitted (r² = 0.53; p = 0.04; n = 8). The n-alkane CPIs, however, do not exhibit a significant 

correlation with 𝑘 even omitting the deep-sea settings (r² = 0.20; p > 0.05; n = 9). The n-

alkanoic acid CPIs – 𝑘 relationship exhibits a steeper decrease than that observed for n-

alkanes. The n-alkanoic acids are more labile lipids than n-alkanes (Canuel and Martens, 

1996; Haddad et al., 1992; Hoefs et al., 2002; Sinninghe Damsté et al., 2002b; Sun and 

Wakeham, 1994), thus the former experiences faster heterotrophic degradation than the later. 

Consequently, n-alkanoic acid CPIs and 𝑘 show closer response to organic matter 

degradation and ageing processes. 

The n-alkane CPIs in the Rhone pro-delta are above the overall trend for coastal and 

marginal sediments. The high sedimentation rates (Pastor et al., 2011) and low oxygen 

penetration depths (Rassmann et al., 2016) result in rapid burial of organic matter, thus 

preventing intense reworking, compositional changes, and ageing of plant waxes derived 

material. 

Interestingly, CPIs – 𝑘 relationships are not directly related to increase in water depth. 

As discussed above, the general context of each depositional environment delineates organic 

matter compositional changes and ageing. Thus, hypoxic, i.e. Aarhus Bay and Arkona Basin 

(Aquilina et al., 2010; Dale et al., 2008b; Mogollón et al., 2012) and high sedimentation rates 

settings, i.e., Rhone pro-delta (Pastor et al., 2011; Rassmann et al., 2016) will exhibit overall 

low compositional changes and ageing. In contrast, oxygenated and low sedimentation rates 

settings, i.e. Rhone shelf (Pastor et al., 2011; Pruski et al., 2015) and Skagerrak (Canfield et 

al., 1993; Dale et al., 2008a; Knab et al., 2008), which exhibit monolayer equivalen OC:SA 

loading and thus enhanced recalcitrance (Bianchi et al., 2018; Hedges and Keil, 1995; Mayer, 
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1994a, 1994b) will show higher degree of compositional changes and organic matter ageing 

(e.g., Cathalot et al., 2013), as well as stronger association with the mineral matrix. 

 Overall, a good correlation between 𝑘 and compositional changes, thus ageing is 

observed for coastal and marginal settings, which are dominated by terrestrial-derived input 

of organic matter (e.g., Burdige, 2005; Hedges et al., 1997). However, in deep-sea settings 

the additional sources and distinct transport mechanisms compromise CPIs – 𝑘 relationships. 

Yet, the fresh input of autochthonous material can contradict the overall ageing and low 

reactivity of organic matter buried in deep-sea sediments (e.g., Griffith et al., 2010). Likewise, 

in marginal sediments terrestrial-derived organic matter can represent a mixture of fresh, labile 

and young organic matter (e.g., Rhone pro-delta; Cathalot et al., 2013) or have a significant 

input of pre-aged, recalcitrant organic matter (Griffith et al., 2010). Thus, discriminating the 

pools of organic matter based on radiocarbon measurements offer a further constraint to 

understand the environmental controls on organic matter reactivity in global scale. Yet, a broad 

understanding of processes controlling organic matter preservation, e.g. oxygen exposure 

(e.g., Hartnett et al., 1998) and mineral matrix protection (e.g., Bianchi et al., 2018; Hedges 

and Keil, 1995; Mayer, 1994a, 1994b) can also help clarify organic matter reactivity patterns. 

Ultimately, this can help mitigate one of the biggest problems currently faced in large-scale 

and data poor areas for diagenetic modelling, the parametrization of organic matter reactivity 

and its related dynamics (Hülse et al., 2018). 

 

 

 

6.4 Conclusions 

The coupled large-scale model and lipid biomarker approach provides insights on the links 

between reactivity and sources of organic matter in marine sediments. This multidisciplinary 
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approach investigated the quantity and quality controls on apparent organic matter reactivity 

for a variety of contrasting depositional environments. 

 There is no quantitative link between organic matter composition and flux, thus no 

evident quantity control, in the large-scale. However, they do exhibit a regional-scale control, 

a behaviour that mirrors the relationships between fluxes and reactivity of organic matter. In 

contrast, organic matter compositional changes and ageing are poorly associated with fluxes 

of organic matter. 

The scaling parameter 𝑣 is overall not sensitive to changes in lipid biomarker 

composition. Instead, 𝑣 seems to be mostly sensitive to bulk organic matter composition, 

which is more homogenous and less reactive than lipids. However, importantly, the scaling 

parameter 𝑣 seems to be sensitive to lipid biomarker composition in exceptional cases, i.e. 

pure marine-derived organic matter in high productive systems. In such cases, 𝑣-values are 

above the generally observed range due to high reactivity of fresh and labile marine-derived 

organic matter that is rapidly delivered to the sediment. In addition, results show that 

exceptionally high 𝑣-values are associated with low 𝛼-values. From a modelling perspective, 

our findings confirm previous findings that 𝑣 only varies over a narrow range on the global 

scale (0.1 > 𝑣 > 0.2), and that high values are only observed in extreme, albeit well defined 

cases 𝑣 > 0.2. These findings represent a significant advance in our ability to constrain model 

parameters.  

The parameter 𝛼 (apparent initial age), which is responsible for most of the observed 

global variability in 𝑘, does not correlate with the overall terrestrial-to-marine shift observed for 

lipid biomarker sources in the large-scale. However, 𝛼 reveals regional patterns associated 

with lipid biomarker compositional changes and organic matter ageing. Yet, results show that 

the broad environmental characteristics of each depositional setting (water depths, 

sedimentation rates, redox conditions, oxygen exposure, mineral matrix association) also 

impose a strong control on 𝛼-values. Lipid biomarker compositional changes and pre-
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processing/ageing alone cannot provide a quantitative framework for constraining organic 

matter reactivity but need to be considered in the context of the total depositional environment. 

In summary, results show that lipid biomarker degradation proxies and the environmental 

context can help narrow down reasonable limits of 𝛼-values for model parametrization, in 

particular at a regional scale. Broadly, low 𝛼-values (𝛼 < 102 years) are derived from hypoxic, 

shallow, and/or high sedimentation rates settings characterized by a low degree of lipid 

biomarker compositional changes and ageing. In contrast, 𝛼 > 102 years are more often found 

in deep, oxygenated, and/or low sedimentation rates settings, and where lipid biomarkers 

exhibit intense compositional changes and ageing. 

As expected, the apparent organic matter reactivity 𝑘 (and its underlying parameters) 

is a complex function of the total environment. As such, we suggest that the classical view, in 

which organic matter reactivity is mainly controlled by organic matter structure and correlates 

with single environmental characteristics such as water depth, sedimentation rate or organic 

matter flux, need to be re-assessed in the light of our new findings for a better and more 

integrated understanding of the global-scale patterns of organic matter reactivity 𝑘. Our results 

suggest that organic matter reactivity is not an inherent quality, but an environmental property. 

The control of organic matter source/composition on 𝑘 is strongly linked with the depositional 

environment and cannot be evaluated in isolation. A quantitative control imposed by organic 

matter composition/sources on 𝑘 can only be observed in a holistic approach, in which the 

environmental characteristics of depositional settings are accounted for. When considered in 

their environmental context, lipid biomarker compositional changes and ageing proxies (i.e. 

CPIs) provide important quantitative insights into organic matter reactivity and can be 

employed as proxies for apparent organic matter reactivity in coastal and marginal 

depositional environments. This represents an important advance in our ability to constrain 

model parameters in data poor environments (such as a global scale or during past extreme 

events). Results of this study show that 𝑣 parameters typically fall within the range between 

0.1 – 0.2, except for well-defined environmental conditions, whereas a realistic range (order 
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of magnitude) of 𝛼 plausible values can generally be constrained based on information about 

the environment and nature of the depositing organic matter.      

Overall, this large-scale compilation of contrasting depositional environments confirms 

overall patterns in organic matter reactivity in global-scale. Yet, it adds valuable information 

on the controls of organic matter reactivity exerted by its sources and the overall depositional 

environment. Additionally, this study reinforces the need for multidisciplinary and large-scale 

investigations for a better understanding of global controls on reactivity, and ultimately its 

impacts on the past, present, and future global carbon cycle. 
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7.1 Implications, Applicability, and Transferability  

The large-scale multidisciplinary approach on the links between reactivity and sources of 

organic matter in marine sediments and the environmental controls on reactivity revealed 

complex relationships and exciting insights. Those findings have significant impact on our 

understanding of biogeochemical processes in marine sediments and offer an alternative and 

more comprehensive view for the classical organic matter reactivity interpretation. The 

implications of such new findings can have significant ramifications for quantification of benthic 

dynamics and, ultimately on the global carbon cycle. 

 The compilation of distinct depositional environments and consistent model and lipid 

biomarker analyses allow us to offer a more comprehensive assessment on the controls of 

organic matter reactivity compared to the classical view, in which organic matter reactivity is 

controlled by simple mechanisms and single characteristics of the depositional environment. 

An exhaustive analysis of apparent organic matter reactivity (and its underlying parameters) 

alongside lipid biomarker compositions and characteristics of the depositional environment 

(e.g. water depth, sedimentation rate, organic matter flux, ageing, redox conditions, oxygen 

exposure, mineral matrix association) revealed a complex interplay of parameters controlling 

reactivity. Only with a holistic view of depositional settings, organic matter compositions are 

robust proxies for predicting reactivity in marine sediments. Simplifications often assumed 

(e.g. shallow vs. deep and terrestrial vs. marine) cannot satisfactorily explain the global 

patterns in organic matter reactivity. Only with an integrated, multidisciplinary view we can 

constrain the geographical patterns of organic matter reactivity. 

 Differently from local and short-scale studies, this large-scale investigation was 

developed with consistent methods throughout. Thus, the results obtained are robust and 

allow great degree of transferability. One of the most important findings was reinforcing the 

narrow range of 𝑣-values in global-scale for a vast range of organic matter compositions and 

environmental characteristics and the constraint of 𝛼-values based on organic matter 
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compositions and environmental features. Those findings represent a huge advance for model 

parametrization and can help constrain parameters for data poor areas. Yet, they can be used 

as additional parameter for model validation. Our results can be readily incorporated in the 

parametrization of sensitivity studies of benthic dynamics for a vast range of coastal and 

marginal settings, as well as for different time-scales for quantification and better 

understanding of biogeochemical processes. 

 Our findings are the result of a comprehensive multidisciplinary approach. Thus, they 

not only reinforce the importance and need for such approaches but can help delineate future 

investigations. Crucially, we have demonstrated how an integrative approach can produce 

exciting and valuable new insights. However, global-scale multidisciplinary studies are often 

limited due to absence of comprehensive datasets that contemplate organic and inorganic 

geochemistry, as well as physical, biological, ecological, and geological parameters in a broad 

sense. Our results can guide new proposals and collaborative efforts to generate robust 

datasets that allow new comprehensive and multidisciplinary studies for understanding the 

entire environment. Again, that have significant implication for parametrization which would 

allow answering global and (paleo)climate questions. 

 

7.2 Future Work 

Our results have proven significant relevance and applicability for answering global-scale 

biogeochemical questions. Yet, they allow us to identify a series of sensitive points that can 

help strength our findings. Those points are briefly addressed in the following subsections. 

 

7.2.1 Global-scale Datasets 

The large-scale investigation on the controls of organic matter reactivity contemplate a broad 

range of depositional environments and allowed identifying both global and regional-scale 
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patterns. Thus, to increase the confidence of the relationships revealed by our results, an 

expanded dataset is crucial. 

 Future investigations would benefit from the inclusion of additional depositional 

environments more evenly distributed across the globe. That would allow us to reinforce the 

global-scale patterns observed here and possibly offer an even more robust and accurate 

range of parameters controlling reactivity. Yet, here we observed strong regional-scale 

patterns. Thus, not only expand the global dataset with single location per depositional regime 

but also incorporate seaward transects from different regions. That would offer further insights 

on how organic matter reactivity varies in both regional and global-scale. 

 Despite of the narrow range in global-scale, 𝑣-values do show exceptions in particular 

depositional regimes, e.g. Arabian Sea. Thus, the inclusion of more high-productivity, 

upwelling regions, e.g. Peru–Chile margin and Benguela upwelling system, would allow 

probing the exceptionally high 𝑣-values and confirm whether they derive from highly fresh, 

pure marine-derive organic matter.  

 

7.2.2 Comprehensive Site-specific Datasets 

Our model-derived apparent organic matter reactivity results were constrained on site-specific 

present-day measured solid-phase and porewater datasets. That was mostly base to 𝑇𝑂𝐶 and 

𝑆𝑂4
2− datasets, and when possible in additional reduced species (e.g., 𝐶𝐻4 and 𝑁𝐻4

+). 

 Comprehensive datasets that account for the full suite of terminal electron acceptors 

(𝑂2; 𝑁𝑂3
−; 𝑀𝑛𝑂2; 𝐹𝑒(𝑂𝐻)3; and 𝑆𝑂4

2−) and the most common reduced species (𝑁𝐻4
+; 𝐻2𝑆; and 

𝐶𝐻4) are desirable, since they would increase the accuracy of model results. Ultimately, that 

increase the confidence in derived reactivity parameters and estimation of degradation rates.  
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7.2.3 Biomarkers 

The suite of lipid biomarkers adopted for constraining the sources, composition and degrees 

of alteration of organic matter revealed interesting and exciting patterns on both regional and 

global-scale. Yet, the source proxies behaved differently across the dataset, given they 

measure distinct pools of organic matter. That allows us to investigate how different sources 

of organic matter (e.g. plant-derived and soil-derived) play a role on the controls of organic 

matter reactivity.  

 Given the complexity of organic matter, further information regarding the sources and 

degrees of degradation and their impact upon reactivity could be constrained from additional 

pools of organic matter. Additional marine pools of organic matter, i.e. alkenones and diols 

could reveal further insights on the reactivity of marine-derived organic matter in different 

environmental contexts.  

 Yet, more information could be obtained from sterols. Several studies have 

demonstrated the sterols are sensitive to organic matter alteration during settling and burial 

(Hernandez et al., 2008; Hernández-Sánchez et al., 2014; Hoefs et al., 2002; Sinninghe 

Damsté et al., 2002a; Sun and Wakeham, 1994; Wakeham et al., 1997). Additionally, amino 

acids distributions and their degradation indices could also be coupled to investigate the role 

of more labile pools on organic matter reactivity. Previous works have shown their suitability 

for investigating diagenetic processes (Alkhatib et al., 2012; Dauwe et al., 1999; Koho et al., 

2013; Vandewiele et al., 2009). Thus, incorporating both sterols and amino acids in future 

investigations could reveal another layer on the controls on reactivity. 

 

7.2.4 Radiocarbon Measurements 

Organic matter reactivity is intimately related to organic matter alteration and ageing. Lipid 

biomarker proxies were used to estimate the degrees of alteration and ageing of organic 
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matter, which showed to be closely related with reactivity. Additionally, when available, 

radiocarbon data (e.g., Cathalot et al., 2013; Griffith et al., 2010) improved our interpretations 

on the controls of organic matter reactivity. A comprehensive dataset on organic matter 𝛥14𝐶 

ages could significantly improve our understanding in global scale. Global datasets, e.g. 

Griffith et al. (2010) and MOSAIC (Modern Ocean Sedimentary Archive and Inventory of 

Carbon – ETH Zurich) can be coupled to our findings of organic matter reactivity to produce a 

vast, comprehensive dataset to inform global diagenetic model parametrization. Crucially, that 

would result in a robust advance of diagenetic modelling and predictive capability of model 

results. 

 

7.2.5 Microbial Ecology Data 

Organic matter degradation is mediated by microbial activity, which in turns varies significantly 

according to environmental conditions. Here, the microbial component was not constrained. 

This is mostly due to lack of consistent global datasets that could have helped further constrain 

our findings. However, for a complete understanding of factors controlling organic matter 

reactivity, future investigation should also consider this additional variable. Current 

multidisciplinary investigations, e.g. ChAOS (Changes in Arctic Ocean Seafloor – NERC/UK) 

have incorporated microbial ecology as part of the vast range of environmental variables to 

understand biogeochemical processes in marine sediments. Hopefully, other multidisciplinary 

studies will do the same. That would help further constrain the controls on organic matter 

reactivity on global-scale. 
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Table A. 1. Individual samples n-alkanoic acid relative distributions: Severn estuary and Rhone delta.  
  Depth n-alkanoic acid 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Severn estuary 
(ST1) 

3 n.d. n.d. 1.5 0.6 10.1 0.8 8.5 0.8 5.4 0.8 5.5 1.8 11.7 2.7 15.1 4.3 8.8 4.0 8.0 1.1 6.4 0.4 1.6 

9 n.d. 0.2 4.3 1.2 12.3 1.4 9.2 0.5 6.3 1.1 4.4 1.3 15.9 2.9 12.3 4.7 7.5 1.1 7.0 0.8 4.8 n.d. 0.6 

15 0.3 0.5 2.6 1.0 21.0 1.5 16.7 0.8 8.8 1.0 6.7 1.7 12.8 2.4 9.0 1.4 3.8 0.7 5.2 0.3 n.d. n.d. 1.6 

Severn estuary 
(ST3) 

3 n.d. n.d. 1.5 0.8 11.6 0.7 9.1 0.1 6.6 1.4 6.1 1.9 9.0 0.4 15.1 3.6 8.4 3.8 8.8 1.0 6.9 1.1 2.2 

21 n.d. n.d. 0.9 0.5 7.6 0.7 7.2 0.8 5.6 1.0 6.4 1.6 12.6 4.0 16.7 3.8 7.3 3.9 9.9 1.7 7.7 n.d. n.d. 

25 n.d. 0.3 3.2 1.3 20.6 1.6 13.4 1.0 7.1 1.5 6.8 2.1 13.7 3.7 1.4 2.3 6.6 3.6 5.4 0.6 2.9 n.d. 0.8 

Rhone pro-delta 
(A) 

1.0 ̶ 1.5 n.d. n.d. 5.3 2.7 36.4 1.2 16.0 0.7 9.8 0.9 7.5 1.6 6.4 1.1 4.2 0.3 3.2 n.d. 2.0 n.d. 0.6 n.d. n.d. 

1.5 ̶ 2.0 n.d. 0.2 2.5 1.3 16.4 0.7 9.6 0.3 3.9 0.7 4.9 1.7 10.1 2.3 12.3 1.9 14.5 1.1 8.7 1.4 4.2 0.3 1.0 

8 ̶ 9 n.d. 0.2 6.0 1.8 31.8 1.2 14.7 0.6 7.7 1.1 10.3 1.7 8.3 1.3 4.7 0.4 3.1 n.d. 4.0 n.d. 1.0 n.d. n.d. 

9 ̶ 10 n.d. 0.2 7.6 2.4 34.7 1.4 16.3 0.8 8.5 1.3 1.1 1.9 8.7 1.4 5.0 0.8 3.9 n.d. 2.7 n.d. 1.4 n.d. n.d. 

20 ̶ 25 n.d. n.d. 4.9 1.8 28.3 1.0 14.9 0.7 8.6 1.1 12.7 2.0 9.8 1.6 5.5 0.8 3.3 n.d. 1.8 n.d. 1.1 n.d. n.d. 

30 ̶ 35 n.d. n.d. 5.5 1.1 27.6 1.0 19.4 0.6 8.2 1.3 12.1 1.9 9.0 1.2 4.2 0.0 3.3 n.d. 2.7 n.d. 0.9 n.d. n.d. 

Rhone pro-delta  
(AK) 

2 ̶ 3 1.6 0.4 6.2 2.2 24.7 1.3 11.5 0.7 7.1 1.2 10.9 2.8 10.2 2.2 6.6 1.3 5.6 n.d. 2.8 n.d. 0.7 n.d. n.d. 

3 ̶ 4 n.d. 0.2 5.4 2.6 27.9 1.6 14.1 1.0 8.0 1.2 10.2 2.2 9.3 1.7 6.2 0.9 4.6 n.d. 1.9 n.d. 0.9 n.d. n.d. 

8 ̶ 9 1.4 0.5 8.4 3.3 29.0 1.4 14.3 0.7 8.4 0.9 9.9 1.7 8.4 1.9 5.1 0.7 3.8 n.d. n.d. n.d. n.d. n.d. n.d. 

9 ̶ 10 1.3 0.5 8.0 3.2 28.5 2.0 13.0 0.6 6.0 0.9 8.8 2.1 9.4 2.0 6.6 0.8 5.3 n.d. n.d. n.d. 1.0 n.d. n.d. 

20 ̶ 25 n.d. n.d. 6.0 2.8 32.8 1.7 14.2 0.5 5.6 0.9 9.5 2.1 9.6 2.1 6.4 0.4 4.9 n.d. n.d. n.d. 0.5 n.d. n.d. 

30 ̶ 35 n.d. n.d. 5.3 2.5 30.4 1.2 13.8 0.8 6.5 0.9 10.2 2.2 10.2 2.4 6.6 1.2 5.1 n.d. n.d. n.d. 0.6 n.d. n.d. 

Rhone shelf  
(C) 

1.0 ̶ 1.5 n.d. n.d. 1.2 1.1 14.9 0.6 10.6 0.3 4.3 0.6 5.6 1.6 10.3 2.3 12.3 1.7 14.2 1.9 9.5 1.5 4.3 0.3 0.9 

8 ̶ 9 n.d. n.d. 1.0 0.6 9.5 0.5 7.1 0.4 3.5 0.9 6.1 2.0 12.8 2.5 14.8 2.2 16.3 3.0 10.1 1.0 4.2 0.3 1.1 

9 ̶ 10 n.d. 0.1 1.8 0.9 16.3 0.8 10.8 0.7 4.1 0.6 4.9 1.5 9.1 2.0 11.4 1.7 13.6 1.8 10.0 1.3 4.8 0.2 1.4 

20 ̶ 25 n.d. n.d. 1.1 0.6 9.8 0.6 8.3 0.4 4.1 0.6 5.8 1.9 12.7 2.4 13.0 1.6 14.2 3.1 11.6 1.8 5.1 0.0 1.4 

n.d.: not determined. 
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Table A. 2. Individual samples n-alkanoic acid relative distributions: Aarhus Bay, Arkona Basin, and Helgoland. 

  Depth n-alkanoic acid 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Aarhus Bay 
(174GC) 

23 0.1 n.d. 0.5 0.3 14.6 0.4 6.4 0.7 6.1 0.6 7.5 1.2 15.2 2.1 21.5 1.8 12.7 0.9 6.1 0.8 0.8 n.d. n.d. 

46 0.2 0.1 1.3 0.7 21.2 0.5 8.5 0.7 8.5 0.8 11.8 1.5 16.6 1.8 13.7 1.0 6.4 0.5 3.2 0.3 0.6 n.d. n.d. 

92 0.1 0.1 0.9 0.7 17.3 0.5 7.7 0.6 6.7 0.7 8.0 1.4 17.0 2.3 19.9 1.5 9.4 0.8 3.4 0.2 0.9 n.d. n.d. 

124 0.1 0.1 0.7 0.4 15.0 0.5 6.5 0.6 6.2 0.6 6.2 1.2 15.7 2.6 23.3 1.9 12.3 0.9 4.0 0.5 0.8 n.d. n.d. 

154 n.d. n.d. 0.5 0.5 9.3 0.6 6.5 0.8 5.6 1.4 8.6 2.3 19.9 2.6 17.6 2.1 11.9 1.5 6.0 0.7 1.7 n.d. n.d. 

165 0.4 0.2 2.6 1.8 14.2 1.0 6.7 0.9 5.2 1.1 7.2 2.3 17.4 3.3 16.8 2.2 9.0 1.0 4.3 0.8 1.6 n.d. n.d. 

185 0.2 0.2 1.4 1.0 8.8 0.7 5.2 0.6 4.4 1.0 7.1 2.3 19.3 4.0 20.3 2.6 11.5 1.5 5.5 0.6 1.7 n.d. n.d. 

205 0.1 n.d. 1.3 1.1 10.4 0.6 4.0 0.8 3.0 0.5 4.1 1.5 18.0 3.4 26.6 2.7 14.2 1.4 4.6 0.4 1.2 n.d. n.d. 

216 n.d. n.d. 0.1 0.1 2.8 0.2 3.3 0.3 3.3 0.7 5.6 1.7 21.1 3.3 25.7 2.5 18.1 1.5 7.2 0.8 1.9 n.d. n.d. 

224 n.d. 0.1 0.6 0.8 7.2 0.9 4.3 0.8 4.6 1.2 6.4 2.0 19.8 3.3 23.6 2.3 13.9 1.1 5.0 0.5 1.6 n.d. n.d. 

244 n.d. n.d. n.d. 0.2 5.1 0.4 3.8 0.4 2.8 0.6 4.8 1.7 19.3 3.7 26.7 3.0 16.8 1.7 6.4 0.6 1.9 n.d. n.d. 

264 n.d. n.d. 0.6 0.7 9.5 0.7 6.2 0.7 5.7 1.4 9.4 2.5 27.7 3.8 18.8 1.5 6.5 0.7 3.4 0.3 n.d. n.d. n.d. 

304 0.1 0.1 0.7 0.5 8.8 0.5 5.7 0.6 5.1 1.1 9.3 2.6 30.9 3.9 20.3 1.0 5.8 0.4 2.3 0.3 n.d. n.d. n.d. 

Arkona Basin 
(351GC) 

85 n.d. n.d. 0.4 0.4 9.4 0.4 3.9 0.6 4.9 1.4 8.8 1.4 15.9 2.9 28.8 2.5 12.6 0.7 4.0 0.5 0.6 n.d. n.d. 

122 n.d. n.d. 0.3 0.2 6.8 0.3 3.7 0.5 4.9 0.9 8.8 1.3 14.1 3.1 30.0 3.1 16.0 1.1 3.2 0.5 0.9 0.1 0.1 

145 n.d. n.d. 0.2 0.2 9.0 0.3 4.3 0.4 6.4 0.7 11.7 1.2 14.8 2.7 26.5 2.4 14.3 0.8 3.1 0.3 0.7 n.d. n.d. 

165 n.d. n.d. 0.3 0.2 8.6 0.3 3.7 0.5 5.5 1.1 10.9 1.4 13.5 3.1 27.2 3.2 15.3 1.0 2.9 0.3 0.8 n.d. 0.1 

175 n.d. n.d. 0.2 0.2 6.4 0.2 2.9 0.3 5.5 0.7 12.2 1.2 13.4 3.1 28.3 3.2 16.3 0.8 3.8 0.4 1.0 n.d. 0.0 

186 n.d. n.d. 0.2 0.2 6.2 0.3 3.4 0.5 5.3 1.0 11.9 1.6 15.1 3.3 28.5 3.3 14.4 1.0 2.8 0.3 0.7 n.d. n.d. 

196 0.1 0.1 0.5 0.4 8.8 0.5 3.9 0.8 7.2 1.7 11.9 1.9 13.6 3.0 24.1 2.9 13.4 1.0 3.1 0.4 0.7 0.1 n.d. 

206 n.d. n.d. 0.4 0.3 8.2 0.2 3.6 0.3 6.9 0.6 10.3 1.4 15.0 3.1 27.3 2.9 13.9 0.9 3.5 0.4 0.7 n.d. n.d. 

245 n.d. n.d. 0.3 0.2 8.2 0.2 3.1 0.3 4.7 0.6 8.6 1.3 14.8 3.1 29.1 3.1 16.4 1.0 3.3 0.4 1.0 0.1 0.2 

287 n.d. n.d. 0.3 0.3 7.8 0.5 5.4 1.0 13.3 2.0 13.1 2.2 17.0 3.0 20.6 1.7 8.0 0.6 2.1 0.2 0.6 n.d. n.d. 

Helgoland 
(HE443/10) 

0 ̶ 1 0.1 0.1 5.3 2.7 25.2 1.6 7.9 0.7 4.8 0.9 3.7 1.1 10.7 2.1 13.9 1.8 9.8 1.0 3.4 0.7 1.9 0.3 0.4 

23 ̶ 24 n.d. n.d. 0.2 0.1 6.2 0.3 7.7 0.4 8.0 0.7 5.9 1.2 15.5 2.4 21.6 1.7 16.8 1.3 5.5 1.0 3.2 0.0 0.4 

50 n.d. n.d. 0.8 0.5 10.3 0.6 8.0 0.6 11.4 0.9 6.4 1.8 15.0 3.1 17.5 2.1 12.0 1.1 3.9 0.5 2.8 0.2 0.5 

70 n.d. n.d. 1.2 0.6 11.9 0.6 7.3 0.6 8.3 0.7 4.9 1.5 13.8 2.8 18.0 2.1 13.5 1.5 5.6 0.8 3.8 0.2 0.5 

200 n.d. n.d. 0.9 0.4 6.8 0.4 4.3 0.4 5.9 0.6 4.7 1.5 15.3 3.7 21.4 2.9 16.4 1.7 6.0 1.0 4.3 0.2 1.1 

400 n.d. n.d. 0.3 0.2 6.6 0.4 5.4 0.5 8.1 0.7 5.6 1.6 16.3 3.4 21.1 2.3 15.8 1.3 5.2 0.8 3.2 0.2 0.8 

n.d.: not determined. 
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Table A. 3. Individual samples n-alkanoic acid relative distributions: Skagerrak transect. 

  Depth n-alkanoic acid 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Skagerrak 
S10 

(808GC) 

50 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

70 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

80 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

108 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

118 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Skagerrak 
S11 

(836GC) 

12 n.d. n.d. 3.0 3.0 39.0 3.6 22.8 1.1 2.3 1.3 3.9 1.1 5.7 1.2 5.4 0.7 3.7 0.3 1.5 0.1 0.2 n.d. n.d. 

22 n.d. n.d. 2.0 1.9 27.7 2.3 23.4 0.8 2.1 1.5 4.1 1.4 7.7 1.9 8.9 1.6 7.2 1.0 3.1 0.3 0.9 0.1 0.1 

52 n.d. n.d. 1.1 1.4 27.6 2.2 24.0 0.9 2.3 1.5 4.0 1.3 7.9 1.9 9.4 1.5 7.3 0.9 3.3 0.3 1.0 0.1 0.2 

164 n.d. n.d. 0.3 0.4 17.2 0.9 31.4 0.6 2.1 0.8 3.1 1.2 10.5 2.3 12.8 1.8 9.3 1.0 3.4 0.2 0.8 n.d. n.d. 

189 n.d. n.d. 1.0 0.4 17.5 0.8 24.0 0.4 1.8 0.5 2.7 1.2 10.8 2.4 14.9 2.3 11.0 1.5 4.3 0.5 1.3 0.2 0.2 

224 n.d. n.d. 1.0 0.5 17.1 0.8 22.7 0.7 2.5 0.7 3.9 1.7 13.3 2.5 14.9 2.1 9.9 1.1 3.4 0.3 0.9 n.d. n.d. 

259 n.d. n.d. 0.3 0.3 14.0 0.7 23.7 0.7 2.5 0.8 3.7 1.6 12.6 2.9 15.1 2.3 10.6 1.5 4.3 0.5 1.6 n.d. n.d. 

Skagerrak 
S12  

(820GC) 

0 n.d. n.d. 2.1 1.6 13.3 1.5 12.3 1.7 4.9 1.7 8.0 3.5 22.5 3.2 13.0 1.4 5.1 0.8 2.4 0.3 0.9 n.d. n.d. 

100 n.d. n.d. 1.8 1.6 14.0 1.6 13.3 1.9 5.1 1.7 7.8 3.3 20.6 3.5 12.9 1.4 5.0 0.9 2.1 0.3 1.0 n.d. n.d. 

175 n.d. n.d. 0.9 1.1 11.9 1.3 12.2 1.6 4.7 1.7 7.6 3.1 21.4 3.5 14.5 2.1 6.9 1.2 2.7 0.4 1.3 n.d. n.d. 

275 n.d. n.d. 1.2 0.8 8.1 0.8 6.6 1.0 3.0 1.1 4.9 2.7 19.1 4.2 20.3 3.4 12.4 2.1 5.1 0.8 2.4 n.d. n.d. 

375 n.d. 0.1 2.2 1.3 12.4 1.2 9.3 1.4 4.0 1.6 6.5 3.1 20.8 4.0 16.2 2.4 7.5 1.3 2.9 0.4 1.6 n.d. n.d. 

Skagerrak 
S13  

(786GC) 

22 n.d. n.d. 0.9 1.1 15.3 1.7 15.3 1.8 4.8 2.1 6.2 2.6 15.6 2.5 12.2 1.9 7.5 1.3 3.7 0.6 2.1 0.3 0.4 

34 n.d. n.d. n.d. n.d. 12.1 1.4 40.9 0.5 1.8 1.5 2.7 1.1 9.2 2.3 11.2 2.0 7.5 1.2 2.8 0.3 1.1 n.d. 0.4 

44 n.d. n.d. 0.1 0.5 9.4 1.0 15.9 0.9 2.3 1.5 3.9 2.3 15.6 3.8 19.3 3.0 11.4 1.8 4.0 0.7 1.9 0.2 0.4 

54 n.d. n.d. 0.4 1.1 18.8 2.2 14.6 1.8 3.8 2.0 6.6 2.8 20.6 3.5 14.2 1.6 4.3 0.3 1.1 n.d. 0.5 n.d. n.d. 

64 n.d. n.d. 0.6 1.2 18.5 2.0 13.0 1.9 3.4 2.7 6.4 2.6 17.3 3.2 14.1 1.8 6.4 1.0 2.4 0.5 1.0 n.d. n.d. 

74 n.d. n.d. n.d. 0.6 15.7 1.6 19.3 0.8 2.4 0.9 4.8 1.8 12.6 2.8 15.9 2.4 10.5 1.7 4.2 0.5 1.6 n.d. n.d. 

84 n.d. n.d. n.d. n.d. 10.8 1.0 20.2 1.4 3.1 1.3 4.7 2.1 16.0 3.4 18.6 2.1 10.3 1.5 3.1 n.d. 0.6 n.d. n.d. 

n.d.: not determined. 
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Table A. 4. Individual samples n-alkanoic acid relative distributions: Arabian Sea, Bering Sea, and Argentine Basin. 

  Depth n-alkanoic acid 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Arabian Sea 
Anoxic 

(GeoB12312) 

50 n.d. n.d. 4.3 2.5 35.1 1.9 23.2 0.8 4.5 1.7 5.7 1.0 7.5 1.0 6.3 0.5 3.5 n.d. n.d. n.d. 0.5 n.d. n.d. 

90 n.d. n.d. 5.1 2.4 37.2 2.3 17.3 1.2 5.4 1.9 6.8 1.1 8.1 0.8 5.8 0.6 3.2 n.d. n.d. n.d. 0.6 n.d. n.d. 

190 n.d. n.d. 4.1 2.8 34.1 2.0 18.2 0.9 5.5 1.5 6.1 0.9 10.2 1.0 7.9 0.5 4.3 n.d. n.d. n.d. n.d. n.d. n.d. 

350 n.d. n.d. 2.9 1.7 34.8 n.d. 23.9 0.9 4.7 1.0 4.4 1.1 9.0 1.1 7.5 1.0 4.8 n.d. n.d. n.d. 1.2 n.d. n.d. 

450 n.d. n.d. 3.4 2.4 30.3 1.9 20.3 0.9 6.6 1.7 10.1 1.2 9.5 0.8 6.6 0.4 4.1 n.d. n.d. n.d. n.d. n.d. n.d. 

Arabian Sea 
 transition 

(GeoB12309) 

50 n.d. n.d. 8.9 2.9 37.4 1.8 3.4 1.6 5.2 1.7 8.2 1.2 10.1 1.4 9.4 0.6 3.5 1.0 1.7 n.d. n.d. n.d. n.d. 

70 n.d. n.d. 9.9 3.0 31.6 1.8 17.6 1.2 4.8 1.8 6.8 1.0 7.7 1.1 7.6 0.7 2.3 0.7 0.7 n.d. n.d. n.d. n.d. 

90 n.d. n.d. 5.3 3.2 28.9 2.0 21.5 1.5 6.0 1.2 6.3 1.1 8.3 1.0 6.6 0.6 4.5 0.7 1.4 n.d. n.d. n.d. n.d. 

110 n.d. n.d. 5.7 2.6 30.7 1.8 17.0 1.6 5.7 1.6 7.6 1.0 9.2 1.0 7.2 0.9 3.4 1.1 1.9 n.d. n.d. n.d. n.d. 

210 n.d. n.d. 3.6 1.9 27.2 1.7 17.9 1.7 6.1 2.0 8.0 1.3 9.4 1.3 9.1 1.1 4.4 1.0 1.7 n.d. n.d. n.d. n.d. 

250 n.d. n.d. 3.4 2.3 24.2 1.8 18.1 1.0 4.7 2.0 6.4 1.1 10.6 1.4 12.1 1.5 6.1 1.4 1.9 n.d. n.d. n.d. n.d. 

270 n.d. n.d. 2.8 1.6 27.3 1.8 19.4 1.4 4.9 1.9 7.8 1.0 9.6 1.4 11.2 1.2 6.8 n.d. n.d. n.d. n.d. n.d. n.d. 

310 n.d. n.d. 4.2 1.9 27.6 2.0 18.5 1.5 5.2 1.9 7.0 1.1 9.5 1.8 9.8 1.1 3.9 1.1 1.4 n.d. n.d. n.d. n.d. 

410 n.d. n.d. 4.7 1.5 39.0 0.8 25.0 0.9 4.7 1.5 7.8 0.5 6.5 0.7 4.8 0.5 1.3 n.d. n.d. n.d. n.d. n.d. n.d. 

510 n.d. n.d. 2.9 1.6 25.8 1.5 23.0 1.2 5.1 1.4 5.6 1.2 10.3 1.6 9.7 1.2 5.8 1.1 0.9 n.d. n.d. n.d. n.d. 

Arabian Sea 
oxic  

(GeoB12308) 

30 n.d. n.d. 2.4 1.8 36.2 2.1 30.2 1.1 5.1 1.1 6.1 0.9 6.1 0.8 4.2 0.6 1.2 n.d. n.d. n.d. n.d. n.d. n.d. 

90 n.d. n.d. 4.2 2.3 37.7 2.1 23.0 1.1 4.4 1.1 6.0 0.9 7.3 1.0 5.7 0.6 2.6 n.d. n.d. n.d. n.d. n.d. n.d. 

150 n.d. n.d. 0.3 0.3 19.0 1.5 51.8 1.6 6.7 1.7 5.8 0.8 5.6 0.8 3.3 0.0 0.8 n.d. n.d. n.d. n.d. n.d. n.d. 

230 n.d. n.d. 0.4 0.6 27.6 1.1 38.5 0.4 3.2 0.4 2.3 0.4 21.3 0.5 2.0 0.6 0.7 n.d. n.d. n.d. n.d. n.d. n.d. 

310 n.d. n.d. n.d. 0.7 37.9 1.6 45.3 0.6 3.3 0.5 2.3 0.4 3.1 0.4 2.6 0.5 0.9 n.d. n.d. n.d. n.d. n.d. n.d. 

Bering Sea  
(SO202-22) 

30 n.d. n.d. 3.7 3.7 41.1 1.3 21.0 1.8 5.7 1.0 5.1 1.1 7.7 0.6 4.9 0.3 0.8 n.d. n.d. n.d. n.d. n.d. n.d. 

210 n.d. n.d. 3.3 2.4 27.8 1.3 13.9 1.5 9.4 1.3 9.6 2.4 11.7 1.8 7.3 0.8 4.8 0.7 n.d. n.d. n.d. n.d. n.d. 

410 n.d. n.d. 2.7 2.6 34.3 1.6 15.9 1.3 9.1 1.0 8.7 1.5 9.5 1.2 6.1 0.4 4.1 n.d. n.d. n.d. n.d. n.d. n.d. 

590 n.d. n.d. 2.1 1.6 28.9 1.5 18.3 1.5 12.6 1.5 11.5 1.7 9.9 0.9 5.2 0.3 2.6 n.d. n.d. n.d. n.d. n.d. n.d. 

800 n.d. n.d. 1.4 1.7 31.9 1.2 19.3 1.5 10.6 1.1 9.5 1.1 9.6 0.9 5.7 0.5 3.9 n.d. n.d. n.d. n.d. n.d. n.d. 

890 n.d. n.d. 3.5 2.5 34.8 1.3 18.4 1.1 10.9 1.0 9.5 1.2 9.1 1.0 4.0 0.3 1.4 n.d. n.d. n.d. n.d. n.d. n.d. 

Argentine Basin 
(GeoB13863) 

45 n.d. n.d. 2.7 1.7 39.0 1.1 19.9 1.0 6.2 0.9 6.7 0.9 7.5 0.8 6.4 0.0 3.9 n.d. 1.5 n.d. n.d. n.d. n.d. 

305 n.d. n.d. 4.6 1.2 41.8 1.2 21.0 1.6 6.6 1.1 5.4 0.7 6.2 0.7 4.5 0.4 2.4 n.d. 0.7 n.d. n.d. n.d. n.d. 

425 n.d. n.d. 5.6 1.9 40.7 1.0 16.9 1.3 5.6 1.0 4.7 1.0 7.4 0.6 6.1 0.6 5.0 n.d. 0.5 n.d. n.d. n.d. n.d. 

505 n.d. n.d. 2.3 1.1 41.4 1.2 24.1 1.1 6.9 1.0 4.9 1.0 6.4 0.6 4.9 0.3 2.9 n.d. 0.0 n.d. n.d. n.d. n.d. 

565 n.d. n.d. 1.6 0.7 37.6 0.9 11.7 1.6 10.5 1.0 6.9 1.7 10.0 0.9 7.7 0.8 5.6 n.d. 0.7 n.d. n.d. n.d. n.d. 

705 n.d. n.d. 1.9 n.d. 41.9 1.3 20.3 1.5 6.3 0.9 4.8 1.1 7.5 1.1 7.2 0.8 2.6 n.d. 0.7 n.d. n.d. n.d. n.d. 

790 n.d. n.d. 2.9 1.1 41.6 1.2 24.2 0.9 7.5 0.9 5.0 0.8 5.8 0.7 4.4 0.5 1.7 n.d. 0.9 n.d. n.d. n.d. n.d. 

n.d.: not determined. 
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Table A. 5. Individual samples n-alkanol relative distributions: Severn estuary and Rhone delta. 

  Depth n-alkanol 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Severn estuary 
 (ST1) 

3 0.5 n.d. 0.7 0.4 1.0 n.d. 1.3 n.d. 1.2 n.d. 3.2 1.2 6.6 1.4 42.4 1.9 20.5 1.6 10.3 1.2 4.3 n.d. n.d. 

9 0.8 n.d. 0.2 2.6 2.4 0.9 1.9 n.d. 1.3 0.7 5.4 1.4 7.0 2.2 36.9 1.6 19.1 1.6 10.2 0.7 3.1 n.d. n.d. 

15 0.7 1.2 3.2 0.6 3.3 1.5 2.9 n.d. 3.6 0.6 10.3 2.2 11.6 0.6 31.9 1.2 14.4 n.d. 8.6 0.0 1.7 n.d. n.d. 

Severn estuary 
 (ST3) 

3 0.4 n.d. 0.5 0.0 1.7 0.8 2.3 n.d. 2.3 0.4 5.2 2.2 8.0 1.8 40.4 1.3 17.9 2.4 8.4 1.2 2.9 n.d. n.d. 

21 n.d. n.d. 0.5 0.4 1.1 0.9 1.3 n.d. 2.2 0.7 6.2 1.7 8.3 1.0 39.9 1.9 17.9 3.1 8.2 1.2 3.4 n.d. n.d. 

25 0.6 0.2 0.7 0.6 2.3 1.1 3.5 n.d. 3.3 0.6 6.7 1.9 8.6 1.5 38.4 1.7 15.5 3.3 7.5 1.0 1.1 n.d. n.d. 

Rhone pro-delta  
(A) 

1.0 ̶ 1.5 1.6 n.d. 4.0 4.4 6.0 n.d. 22.2 1.9 5.4 n.d. 10.2 1.5 10.7 0.7 15.2 0.0 7.7 n.d. 6.2 0.0 2.4 n.d. n.d. 

1.5 ̶ 2.0 1.2 n.d. 1.3 1.4 2.1 2.7 14.3 0.9 2.1 1.8 8.4 0.8 11.3 1.0 27.5 1.8 13.0 n.d. 7.2 0.0 1.2 n.d. n.d. 

8 ̶ 9 1.2 n.d. 1.1 1.4 5.2 1.7 18.3 0.5 5.1 0.4 12.5 1.9 12.0 1.0 17.2 1.1 11.7 n.d. 5.5 0.9 1.2 n.d. n.d. 

9 ̶ 10 1.4 n.d. 1.4 2.0 5.4 1.7 14.5 0.5 4.9 1.0 13.5 1.1 12.0 0.8 18.3 1.4 11.2 n.d. 6.2 1.0 1.8 n.d. n.d. 

20 ̶ 25 0.7 n.d. 0.9 1.6 5.0 1.4 13.4 0.4 3.7 1.1 13.8 1.5 12.7 1.0 20.5 1.6 10.8 n.d. 6.0 1.2 2.7 n.d. n.d. 

30 ̶ 35 0.0 n.d. 1.0 0.9 8.7 1.1 12.6 1.1 6.7 0.9 17.7 1.1 12.7 0.9 15.9 1.8 9.0 n.d. 7.9 n.d. n.d. n.d. n.d. 

Rhone pro-delta 
 (AK) 

2 ̶ 3 1.7 n.d. 1.1 1.5 3.7 0.7 8.5 0.6 3.4 0.7 10.4 0.8 10.4 1.3 19.7 1.0 15.2 n.d. 16.9 n.d. 2.4 n.d. n.d. 

3 ̶ 4 0.9 n.d. 1.3 2.0 5.6 0.9 14.0 0.5 3.3 0.8 9.6 0.9 10.2 1.3 17.0 1.0 12.4 n.d. 15.2 1.3 1.8 n.d. n.d. 

8 ̶ 9 1.8 n.d. 2.4 1.7 4.9 0.8 14.4 1.4 4.2 0.5 9.4 1.1 9.7 1.1 17.0 0.9 12.4 n.d. 14.1 n.d. 2.2 n.d. n.d. 

9 ̶ 10 2.8 n.d. 2.0 1.7 5.5 1.1 7.8 0.5 3.4 0.6 10.1 1.2 10.3 0.9 20.0 1.2 13.1 n.d. 14.4 0.9 2.6 n.d. n.d. 

20 ̶ 25 0.6 n.d. 1.3 1.1 4.4 1.4 7.5 0.5 3.0 0.7 10.2 1.0 10.8 0.9 19.8 1.4 15.7 n.d. 17.5 n.d. 2.3 n.d. n.d. 

30 ̶ 35 n.d. n.d. 1.9 1.1 5.7 0.9 6.8 n.d. 2.6 1.0 10.6 1.0 9.9 1.2 22.2 1.4 14.2 n.d. 16.6 n.d. 2.8 n.d. n.d. 

Rhone shelf  
(C) 

1.0 ̶ 1.5 0.3 n.d. 0.4 0.9 2.0 0.3 12.4 0.5 1.8 0.9 7.4 1.0 11.4 1.0 27.8 1.0 18.8 n.d. 8.4 1.3 2.5 n.d. n.d. 

8 ̶ 9 0.7 n.d. 1.4 1.4 4.2 2.4 9.1 n.d. 2.4 0.6 7.9 2.1 15.3 1.8 37.6 n.d. 13.2 n.d. n.d. n.d. n.d. n.d. n.d. 

9 ̶ 10 0.4 n.d. 0.6 1.3 2.7 2.8 24.1 0.6 2.1 1.1 5.7 1.1 8.7 1.1 23.3 1.6 15.0 1.6 6.1 0.4 n.d. n.d. n.d. 

20 ̶ 25 0.2 n.d. 0.4 0.5 1.5 0.7 0.7 0.4 2.4 0.9 5.1 2.2 10.7 1.6 26.3 2.0 21.0 2.7 14.0 1.5 4.0 n.d. 1.1 

n.d.: not determined. 
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Table A. 6. Individual samples n-alkanol relative distributions: Aarhus Bay, Arkona Basin, and Helgoland. 

  Depth n-alkanol 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Aarhus Bay  
(174GC) 

23 n.d. 0.5 0.3 0.3 0.4 0.9 0.9 0.4 1.3 0.5 11.5 2.8 30.6 3.4 20.1 2.2 14.4 1.6 6.0 0.0 1.8 n.d. n.d. 

46 n.d. 0.3 0.3 0.3 0.6 1.7 1.1 0.7 1.8 0.6 12.2 3.7 31.5 4.2 19.2 2.2 11.0 1.2 4.5 0.0 2.6 n.d. n.d. 

92 n.d. 0.5 0.4 0.3 1.3 1.0 1.8 0.6 2.2 0.8 14.4 3.5 30.3 4.6 18.0 1.9 10.8 1.3 2.5 1.6 2.3 n.d. n.d. 

124 n.d. 1.2 0.3 0.1 0.2 0.4 0.2 0.1 0.6 n.d. 6.9 1.6 26.0 4.4 22.2 2.4 19.8 1.7 6.6 2.1 2.9 n.d. n.d. 

154 0.2 0.2 0.0 0.1 0.2 0.1 0.5 0.0 0.5 n.d. 7.6 2.2 18.6 2.6 21.0 3.4 24.1 2.5 13.0 1.2 1.9 n.d. n.d. 

165 n.d. 0.5 0.5 0.2 1.2 0.3 1.7 0.8 2.5 1.0 17.3 3.2 22.8 3.3 19.7 1.4 12.2 1.7 4.9 1.0 4.0 n.d. n.d. 

185 n.d. 0.4 0.3 0.2 0.7 0.9 0.9 0.3 2.0 1.1 18.3 3.4 21.5 3.0 18.6 2.0 14.9 1.6 5.8 0.9 3.0 n.d. n.d. 

205 n.d. 0.3 0.3 0.2 0.9 0.1 0.9 0.2 1.3 0.8 16.6 3.3 21.8 3.6 19.2 2.3 17.0 1.1 5.4 2.0 2.6 n.d. n.d. 

216 n.d. 0.1 0.1 0.1 0.3 0.2 0.4 0.1 0.8 0.6 12.4 2.8 20.2 2.9 17.3 3.6 21.2 2.1 11.4 1.7 1.8 n.d. n.d. 

224 n.d. 0.9 0.3 0.1 0.5 0.2 0.4 0.1 1.2 1.3 19.1 3.9 24.4 3.9 19.2 1.5 12.8 1.7 4.7 0.9 2.8 n.d. n.d. 

244 n.d. 0.3 0.2 0.5 0.6 1.1 0.8 0.3 1.3 0.9 16.9 3.6 21.0 3.7 19.0 1.7 16.8 1.2 6.0 1.6 2.4 n.d. n.d. 

264 n.d. 0.5 0.2 0.1 0.5 0.5 0.7 0.2 1.8 1.7 23.1 4.8 24.6 3.9 17.3 1.1 10.8 2.2 3.1 0.4 2.5 n.d. n.d. 

304 n.d. 0.8 0.4 0.8 0.5 1.1 0.7 0.6 1.9 2.0 19.1 4.2 21.9 3.1 14.8 1.9 11.0 4.5 5.7 n.d. 5.1 n.d. n.d. 

Arkona Basin  
(351GC) 

85 0.2 0.1 n.d. n.d. n.d. 0.5 0.6 0.2 0.4 0.2 9.4 2.9 25.7 4.4 18.6 4.1 17.2 2.2 9.7 1.3 2.5 n.d. n.d. 

122 0.1 0.2 0.1 0.2 0.3 1.6 0.7 0.5 0.9 0.5 11.8 3.4 26.4 4.7 17.8 3.9 15.0 2.3 7.1 0.9 1.4 n.d. n.d. 

145 0.1 0.2 n.d. 0.1 0.1 0.5 0.7 0.2 0.6 0.4 8.7 2.9 26.4 5.5 19.6 4.4 16.0 2.5 8.3 1.0 1.6 n.d. n.d. 

165 0.1 0.1 n.d. 0.0 n.d. 0.2 0.4 0.1 0.9 0.2 12.5 3.1 30.9 4.5 18.4 3.9 14.0 2.3 6.2 0.9 1.3 n.d. n.d. 

175 0.1 0.1 n.d. 0.1 0.1 0.1 0.7 0.1 1.0 0.4 13.5 3.5 30.6 4.8 16.9 4.0 13.5 2.2 6.1 0.8 n.d. n.d. n.d. 

186 0.1 0.1 0.1 0.1 0.2 1.5 0.8 0.2 1.7 0.6 11.7 3.0 29.8 3.8 18.4 3.6 14.0 2.0 6.3 1.2 0.7 n.d. n.d. 

196 0.1 0.1 0.1 0.2 0.3 0.9 1.1 0.3 2.1 0.8 12.2 3.4 26.6 5.0 19.0 4.2 13.4 2.3 5.9 0.6 1.4 n.d. n.d. 

206 0.1 0.1 n.d. 0.1 0.1 0.8 1.1 0.1 1.4 0.5 8.7 2.7 25.0 4.5 19.7 4.6 16.9 2.6 8.4 0.6 1.7 n.d. n.d. 

245 0.2 0.2 0.1 0.1 0.3 0.7 1.2 0.3 2.2 0.7 11.0 3.2 26.2 4.5 19.6 3.9 14.3 2.4 6.7 1.0 1.1 n.d. n.d. 

287 0.2 0.5 0.2 0.2 0.4 1.1 1.6 0.3 2.6 0.7 13.1 2.7 28.1 3.3 17.5 3.5 13.8 2.0 6.3 0.8 1.2 n.d. n.d. 

Helgoland  
(HE443/10) 

0 ̶ 1 n.d. n.d. 1.4 2.6 5.3 1.1 3.2 0.4 2.9 0.7 12.9 2.5 14.1 2.3 21.3 1.0 14.5 1.4 11.1 0.8 0.6 n.d. n.d. 

23 ̶ 24 n.d. 0.1 0.4 0.5 1.7 0.4 2.1 0.3 2.7 0.6 15.7 2.1 18.0 1.8 21.6 0.8 18.4 1.0 10.6 0.6 0.9 n.d. n.d. 

50 0.1 n.d. 0.4 0.5 2.2 0.7 3.5 0.5 4.2 1.6 21.8 3.4 19.0 2.4 17.7 1.4 13.8 0.9 3.1 1.2 1.2 n.d. 0.2 

70 0.1 n.d. 0.6 0.7 2.7 0.7 2.8 0.4 3.7 1.2 16.7 3.1 15.6 2.3 17.6 1.4 15.4 1.5 9.5 2.0 1.7 n.d. 0.4 

200 0.1 n.d. 0.4 0.4 1.7 0.4 1.9 0.3 2.9 0.9 14.8 2.9 16.5 2.6 20.6 1.8 17.5 1.3 8.9 1.2 2.0 n.d. 0.5 

400 0.1 n.d. 0.2 0.4 0.2 0.5 2.4 0.4 3.5 1.2 18.4 2.8 18.2 2.3 20.1 1.2 16.4 1.2 7.2 1.4 2.0 n.d. n.d. 

n.d.: not determined.  
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Table A. 7. Individual samples n-alkanol relative distributions: Skagerrak transect. 

  Depth n-alkanol 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Skagerrak 
S10  

(808GC) 

50 0.6 1.8 0.8 0.6 3.1 0.3 7.8 0.1 6.4 0.7 12.2 1.6 11.3 2.1 18.1 1.8 16.7 1.1 8.7 0.7 3.3 n.d. n.d. 

70 0.1 0.9 0.8 0.5 2.1 0.7 5.9 0.2 4.8 0.7 12.1 1.7 11.5 2.2 18.6 1.9 18.7 2.3 9.3 0.8 4.1 n.d. n.d. 

80 0.6 1.8 0.9 0.5 2.0 0.6 5.2 0.2 4.5 0.6 10.0 1.9 11.8 2.3 20.2 2.0 18.7 2.5 9.0 0.9 3.8 n.d. n.d. 

108 1.4 3.0 1.4 0.5 2.5 0.6 6.8 0.3 5.6 0.7 12.1 2.0 12.4 2.6 19.3 1.4 14.7 2.4 7.1 0.6 2.6 n.d. n.d. 

118 1.7 3.7 1.0 0.5 1.1 0.3 2.8 0.5 2.7 0.6 8.8 1.8 12.2 2.5 21.4 2.1 19.8 2.7 9.4 0.8 3.8 n.d. n.d. 

Skagerrak 
S11 

(836GC) 

12 0.6 1.3 0.8 0.3 4.4 0.5 14.7 0.3 15.2 0.7 22.4 0.5 5.2 0.5 5.9 0.4 13.7 0.9 5.7 0.5 5.6 n.d. n.d. 

22 0.4 1.0 0.5 0.2 3.5 0.3 12.7 0.5 14.2 0.6 23.3 0.9 6.9 0.6 7.2 0.7 14.4 1.4 5.7 0.4 4.7 n.d. n.d. 

52 0.3 0.9 0.4 0.1 3.4 0.6 13.1 0.4 14.2 0.5 21.9 0.7 6.2 0.7 7.3 0.5 14.4 1.0 7.2 0.5 5.5 n.d. n.d. 

164 0.2 1.1 0.4 0.6 2.1 0.2 3.1 0.8 2.5 1.0 10.4 1.5 13.3 2.1 21.9 1.8 22.1 1.6 8.8 0.8 1.2 2.5 n.d. 

189 0.1 0.4 0.2 0.5 1.1 0.2 2.0 0.2 1.6 0.5 7.5 1.4 10.6 1.8 19.5 1.7 20.6 2.3 10.8 0.0 13.0 3.9 n.d. 

224 0.6 1.3 0.4 0.5 1.3 0.2 1.6 0.2 1.6 0.9 8.3 1.5 11.6 2.2 19.3 2.0 19.9 1.4 8.4 1.4 12.7 2.9 n.d. 

259 0.2 1.1 0.3 0.2 0.9 0.9 1.3 0.2 1.7 0.9 9.0 1.8 12.5 2.2 21.0 2.1 21.1 2.4 7.0 1.3 8.4 3.7 n.d. 

Skagerrak 
S12  

(820GC) 

0 0.5 0.7 0.5 1.1 0.8 2.6 2.3 0.7 2.8 0.7 11.1 1.9 12.8 2.8 15.4 1.5 27.3 2.5 4.4 1.6 6.1 n.d. n.d. 

100 0.3 0.6 0.8 0.1 1.3 0.3 2.9 0.3 3.8 1.0 11.9 1.5 13.6 2.2 17.5 1.4 19.9 2.3 11.4 2.0 4.7 n.d. n.d. 

175 0.8 1.4 0.9 0.4 1.8 0.2 3.2 0.2 2.9 0.9 13.4 4.3 14.3 2.3 20.4 1.2 22.3 0.0 4.7 0.9 3.4 n.d. n.d. 

275 0.0 0.6 0.8 0.3 1.5 n.d. 2.1 0.3 2.5 0.6 12.9 1.9 14.4 1.5 21.4 1.9 22.5 4.6 6.7 0.6 2.9 n.d. n.d. 

375 0.4 0.8 0.7 0.9 1.7 0.3 2.1 0.1 2.6 1.0 12.2 2.7 13.8 2.4 22.9 1.6 22.9 2.2 4.4 0.9 3.5 n.d. n.d. 

Skagerrak 
S13  

(786GC) 

22 0.2 0.6 0.5 0.5 1.8 2.1 3.5 0.4 3.7 1.0 10.3 1.6 10.5 1.6 17.7 2.5 17.7 5.4 6.5 0.9 11.3 n.d. n.d. 

34 n.d. n.d. n.d. 1.4 1.7 6.3 4.7 1.5 3.9 0.9 11.4 2.5 16.7 1.1 17.1 1.9 15.7 2.5 10.8 n.d. n.d. n.d. n.d. 

44 n.d. 0.9 0.9 0.4 2.3 1.5 6.3 0.5 5.0 1.5 16.5 1.9 14.0 1.8 18.0 1.3 16.0 2.0 9.2 n.d. n.d. n.d. n.d. 

54 n.d. 0.8 0.7 0.2 3.1 1.6 9.5 0.0 8.4 0.9 21.8 1.8 10.7 1.3 13.8 1.2 14.8 1.7 7.9 n.d. n.d. n.d. n.d. 

64 0.2 1.1 0.7 0.5 3.2 1.6 9.8 0.6 8.5 0.9 21.0 1.6 10.9 1.5 13.2 1.5 14.9 1.7 6.4 n.d. n.d. n.d. n.d. 

74 n.d. 0.2 0.4 0.1 3.7 0.9 12.9 0.3 12.5 0.8 23.1 1.2 9.1 0.8 8.7 1.2 15.1 1.1 7.9 n.d. n.d. n.d. n.d. 

84 n.d. n.d. n.d. n.d. 2.3 0.3 8.3 0.6 9.0 1.0 18.8 1.1 11.2 1.5 11.9 1.6 18.3 1.9 12.2 n.d. n.d. n.d. n.d. 

n.d.: not determined. 
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Table A. 8. Individual samples n-alkanol relative distributions: Arabian Sea, Bering Sea, and Argentine Basin. 

  Depth n-alkanol 

Site cm 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 

Arabian Sea 
anoxic 

(GeoB12312) 

50 n.d. n.d. 1.8 3.4 13.1 3.0 16.0 3.3 10.3 2.6 8.4 1.9 12.6 1.2 12.1 n.d. 10.4 n.d. n.d. n.d. n.d. n.d. n.d. 

90 n.d. n.d. 3.5 2.7 11.4 0.0 14.8 5.1 10.5 2.9 11.1 2.0 13.7 1.4 13.7 n.d. 7.2 n.d. n.d. n.d. n.d. n.d. n.d. 

190 n.d. n.d. 1.3 4.0 12.6 3.0 10.7 5.6 9.4 0.0 11.0 0.0 14.2 0.0 18.8 n.d. 9.4 n.d. n.d. n.d. 0.0 n.d. n.d. 

350 n.d. n.d. 1.3 2.1 12.1 n.d. 8.1 3.6 7.1 0.0 11.4 2.9 16.0 1.8 15.7 n.d. 12.7 n.d. n.d. n.d. 5.1 n.d. n.d. 

450 n.d. n.d. 0.9 2.6 7.9 n.d. 10.2 1.7 8.5 1.8 11.3 1.9 13.1 1.3 13.5 n.d. 25.4 n.d. n.d. n.d. n.d. n.d. n.d. 

Arabian Sea 
transition 

(GeoB12309) 

50 n.d. n.d. 6.6 5.6 10.5 2.5 8.9 3.2 6.6 1.6 10.4 2.9 14.7 2.9 12.3 n.d. 11.1 n.d. n.d. n.d. n.d. n.d. n.d. 

70 n.d. n.d. 8.1 4.8 10.9 3.6 13.1 2.2 7.2 1.3 10.4 2.8 15.8 1.6 11.8 n.d. 6.6 n.d. n.d. n.d. n.d. n.d. n.d. 

90 n.d. n.d. 5.7 9.0 9.2 3.2 13.1 3.4 7.0 1.9 10.4 2.2 13.2 1.4 7.5 n.d. 9.1 n.d. n.d. n.d. 3.7 n.d. n.d. 

110 n.d. n.d. 4.0 5.5 9.5 2.1 11.8 4.5 7.1 1.4 9.8 1.9 13.7 1.3 11.5 n.d. 10.6 n.d. n.d. n.d. 5.5 n.d. n.d. 

210 n.d. n.d. 3.3 4.9 7.6 3.9 11.5 4.6 5.4 2.1 8.1 3.0 16.0 2.8 16.3 n.d. 7.1 n.d. n.d. n.d. 3.4 n.d. n.d. 

250 n.d. n.d. 3.7 2.3 6.4 2.6 11.1 3.9 6.2 1.2 11.0 2.1 20.8 1.5 14.9 n.d. 9.7 n.d. n.d. n.d. 2.5 n.d. n.d. 

270 n.d. n.d. 2.1 3.7 6.7 2.1 17.1 8.0 6.1 1.0 8.6 2.0 16.1 1.9 11.5 n.d. 9.7 n.d. n.d. n.d. 3.6 n.d. n.d. 

310 n.d. n.d. 3.6 3.8 8.5 2.6 12.2 1.4 6.2 1.1 9.0 2.7 15.9 2.5 10.7 4.1 12.1 n.d. n.d. n.d. 3.8 n.d. n.d. 

410 n.d. n.d. 3.4 n.d. 7.0 2.6 47.9 n.d. 5.1 n.d. 8.7 2.0 10.4 0.5 7.3 n.d. 5.2 n.d. n.d. n.d. n.d. n.d. n.d. 

510 n.d. n.d. n.d. 3.1 5.1 1.2 14.3 1.4 4.3 1.0 6.7 2.1 14.0 1.5 11.6 n.d. 7.9 n.d. n.d. n.d. 25.7 n.d. n.d. 

Arabian Sea 
oxic  

(GeoB12308) 

30 n.d. 1.1 4.9 4.2 20.6 3.3 18.2 2.3 8.5 n.d. 13.2 2.3 11.7 2.1 6.7 n.d. 0.0 n.d. n.d. n.d. n.d. n.d. n.d. 

90 n.d. n.d. 4.1 n.d. 14.7 2.4 9.4 n.d. 5.1 n.d. 10.8 1.7 12.8 1.8 8.3 n.d. 21.4 n.d. n.d. n.d. 7.4 n.d. n.d. 

150 n.d. n.d. 2.0 1.7 10.7 2.0 16.3 5.4 7.5 n.d. 16.1 2.3 14.4 2.2 7.6 n.d. 11.7 n.d. n.d. n.d. n.d. n.d. n.d. 

230 n.d. n.d. 4.6 n.d. 14.7 n.d. 15.8 n.d. 6.0 n.d. 15.4 n.d. 9.6 3.6 9.3 n.d. 20.9 n.d. n.d. n.d. n.d. n.d. n.d. 

310 n.d. n.d. 4.4 2.9 17.1 1.7 18.3 5.7 3.5 n.d. 7.6 n.d. 9.2 2.1 5.1 n.d. 15.4 n.d. n.d. n.d. 6.9 n.d. n.d. 

Bering Sea 
(SO202-22) 

30 n.d. n.d. 2.4 1.7 19.0 2.1 9.1 0.7 13.0 1.5 17.0 2.9 11.9 1.0 10.0 n.d. 5.7 n.d. 2.2 n.d. n.d. n.d. n.d. 

210 0.6 n.d. 1.2 0.8 5.5 1.3 3.7 0.9 8.0 1.9 16.9 3.5 16.3 2.2 13.3 1.3 18.4 1.2 2.4 n.d. 0.7 n.d. n.d. 

410 0.3 0.5 1.9 1.3 9.0 1.8 4.0 1.2 6.8 1.8 14.4 3.1 12.9 2.3 13.2 1.2 20.5 n.d. 3.0 n.d. 1.0 n.d. n.d. 

590 0.2 0.3 0.8 0.9 6.1 1.0 3.4 1.0 8.0 2.3 18.0 4.6 15.8 3.1 13.5 1.6 16.4 n.d. 2.3 n.d. 0.4 n.d. n.d. 

800 0.2 0.2 1.3 1.2 8.6 1.6 3.6 0.7 7.4 2.0 14.9 4.2 14.3 2.6 12.8 1.3 20.5 n.d. 2.6 n.d. n.d. n.d. n.d. 

890 0.2 n.d. 1.4 1.0 7.8 1.4 4.7 0.4 9.2 2.0 16.5 3.9 14.1 2.4 12.8 1.6 19.2 n.d. 1.6 n.d. n.d. n.d. n.d. 

Argentine Basin 
(GeoB13863) 

45 n.d. n.d. 2.2 1.9 12.0 1.0 6.0 0.5 3.6 1.0 11.1 1.9 11.5 1.5 16.5 1.0 13.7 3.1 6.6 1.0 4.0 n.d. n.d. 

305 n.d. n.d. 2.0 1.6 10.3 1.2 6.5 1.2 5.2 1.2 16.1 3.2 14.5 1.9 14.3 0.9 11.5 1.6 4.1 n.d. 2.8 n.d. n.d. 

425 n.d. n.d. 1.7 0.6 9.7 0.9 5.6 0.9 4.8 0.8 13.5 2.2 12.5 1.2 15.0 1.0 14.2 2.3 7.7 0.7 4.6 n.d. n.d. 

505 n.d. n.d. 1.4 1.7 10.3 1.9 5.5 1.0 5.0 1.2 15.1 2.3 13.9 2.0 15.2 0.8 12.3 2.3 5.0 0.6 2.4 n.d. n.d. 

565 n.d. n.d. n.d. 1.3 8.8 0.9 3.5 0.8 3.8 0.9 13.6 0.3 13.9 2.2 16.3 1.0 13.5 6.6 9.1 0.8 2.6 n.d. n.d. 

705 n.d. n.d. 1.6 1.4 10.0 1.5 5.6 3.2 4.6 1.0 12.6 2.5 13.7 1.8 16.6 1.0 12.4 2.5 5.4 n.d. 2.4 n.d. n.d. 

790 n.d. n.d. 1.2 1.6 9.7 0.9 5.0 1.4 5.0 1.2 13.9 3.1 14.3 1.9 15.3 1.0 11.4 2.7 6.1 0.8 3.2 n.d. n.d. 

n.d.: not determined. 
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Table A. 9. Individual samples n-alkane relative distributions: Severn estuary and Rhone delta. 

  Depth n-alkane 

Site cm 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 

Severn estuary 
(ST1) 

3 1.4 4.3 2.0 2.6 1.8 2.5 2.5 2.9 1.8 3.1 2.2 15.5 6.3 13.5 3.6 29.3 4.9 n.d. n.d. n.d. 

9 2.5 5.5 3.2 3.5 2.1 3.4 3.4 5.9 2.3 3.3 2.7 15.1 6.9 10.1 2.4 20.1 n.d. 7.6 n.d. n.d. 

15 1.7 9.6 4.3 6.2 3.6 9.0 4.4 6.7 5.6 8.2 3.9 6.2 3.7 8.6 2.5 16.0 n.d. n.d. n.d. n.d. 

Severn estuary 
(ST3) 

3 2.9 4.7 1.5 2.7 1.8 1.9 2.1 2.7 2.2 1.8 2.0 11.9 6.2 10.2 3.8 11.2 4.1 16.9 1.2 8.1 

21 1.4 2.0 1.0 1.7 1.3 2.0 2.1 2.8 1.3 2.9 2.1 13.1 6.2 12.8 0.0 20.9 3.6 9.9 4.5 8.3 

25 2.6 4.7 1.8 2.8 2.5 2.4 3.1 3.6 2.4 4.1 1.9 13.7 4.4 10.9 2.9 17.3 3.0 10.0 1.8 4.2 

Rhone pro-delta 
(A) 

1.0 ̶ 1.5 n.d. 2.1 14.4 2.1 6.0 5.6 2.7 4.0 1.2 3.7 1.4 14.9 1.7 21.4 1.6 16.0 1.1 n.d. n.d. n.d. 

1.5 ̶ 2.0 n.d. 1.7 13.2 3.1 5.0 0.0 2.4 2.1 1.4 3.2 1.8 9.6 3.2 16.5 1.0 18.0 2.7 13.4 1.7 n.d. 

8 ̶ 9 n.d. 2.7 3.0 3.3 1.7 3.7 1.3 2.4 0.7 3.9 1.8 17.1 1.7 23.8 1.5 18.0 0.7 12.9 n.d. n.d. 

9 ̶ 10 n.d. 2.4 5.5 2.3 2.4 2.8 1.8 2.2 1.2 4.4 1.8 19.4 2.1 26.9 1.4 22.3 1.0 n.d. n.d. n.d. 

20 ̶ 25 n.d. n.d. 1.9 1.9 2.7 3.3 1.8 2.2 1.0 6.3 1.8 18.6 2.5 29.4 2.4 23.3 0.9 n.d. n.d. n.d. 

30 ̶ 35 n.d. n.d. 1.1 2.8 2.2 4.2 2.6 3.4 1.1 5.4 2.1 18.6 2.7 28.5 1.8 23.4 n.d. n.d. n.d. n.d. 

Rhone pro-delta 
(AK) 

2 ̶ 3 n.d. 0.8 2.9 1.8 3.0 2.6 1.7 2.9 1.4 3.7 1.8 18.7 1.8 25.8 1.3 18.6 n.d. 11.3 n.d. n.d. 

3 ̶ 4 n.d. 1.1 3.8 2.8 3.9 3.7 3.2 2.4 1.6 5.6 2.1 16.5 2.2 23.8 1.5 17.7 n.d. 6.6 1.3 n.d. 

8 ̶ 9 1.7 2.2 5.6 4.6 4.9 3.4 3.9 3.0 1.4 3.7 2.2 15.5 1.7 24.9 1.6 19.8 n.d. n.d. n.d. n.d. 

9 ̶ 10 n.d. 1.8 3.9 3.9 3.8 5.0 2.2 3.0 1.3 5.8 1.4 15.5 2.3 25.3 1.9 22.0 0.8 n.d. n.d. n.d. 

20 ̶ 25 n.d. 1.4 6.1 n.d. 4.9 6.1 3.1 3.8 2.2 3.6 2.1 17.1 1.7 24.3 2.0 21.7 n.d. n.d. n.d. n.d. 

30 ̶ 35 n.d. 0.9 3.4 3.2 2.9 4.5 2.8 3.5 1.9 5.4 2.2 17.4 2.5 23.9 2.1 22.4 1.2 n.d. n.d. n.d. 

Rhone shelf  
(C) 

1.0 ̶ 1.5 n.d. n.d. 4.5 1.5 2.4 3.2 2.0 1.8 1.6 2.4 2.3 9.8 20.9 14.3 1.4 17.3 2.8 9.3 2.5 0.0 

8 ̶ 9 n.d. 0.6 3.6 2.2 3.3 1.3 1.9 2.2 1.6 3.9 n.d. 10.0 3.1 22.3 2.9 23.9 2.3 11.3 1.8 1.7 

9 ̶ 10 n.d. 1.7 8.2 3.5 4.5 4.5 3.1 3.2 1.9 4.3 2.3 8.7 2.1 14.8 2.0 18.4 2.1 11.3 2.3 1.0 

20 ̶ 25 n.d. 0.6 4.4 2.2 3.4 2.1 2.5 3.4 1.8 7.0 3.1 8.1 2.1 12.3 3.9 22.8 2.3 14.6 3.3 0.0 

n.d.: not determined. 
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Table A. 10. Individual samples n-alkane relative distributions: Aarhus Bay, Arkona Basin, and Helgoland. 

  Depth n-alkane 

Site cm 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 

Aarhus Bay 
(174GC) 

23 n.d. 0.8 0.4 1.9 0.6 6.9 1.6 11.1 2.6 12.2 2.4 17.2 2.9 17.6 1.4 14.4 0.8 4.1 0.2 0.8 

46 n.d. 0.9 0.4 0.6 0.8 7.7 1.9 12.3 2.8 13.4 2.9 19.0 3.1 18.0 0.9 12.2 0.4 2.2 0.1 0.3 

92 n.d. 0.3 0.4 0.2 1.4 7.5 2.5 13.2 3.2 14.1 3.4 18.2 2.5 17.0 0.7 13.3 0.4 1.8 n.d. n.d. 

124 n.d. 0.5 0.5 0.1 1.0 5.7 2.2 11.0 3.1 13.2 3.4 19.0 3.9 18.6 1.3 14.1 0.4 2.0 n.d. n.d. 

154 0.4 1.1 1.3 1.5 1.7 3.5 2.8 8.8 4.3 11.9 3.8 17.0 3.7 16.5 2.5 13.4 0.8 4.2 0.3 0.7 

165 n.d. 0.8 1.4 1.3 2.2 5.3 3.4 11.4 4.4 15.0 4.6 18.4 3.6 15.3 1.0 9.6 0.6 1.7 n.d. n.d. 

185 n.d. 1.0 1.6 1.7 2.2 6.8 3.9 14.2 4.7 16.0 4.2 17.6 3.7 13.4 0.9 6.8 0.4 1.2 n.d. 0.0 

205 n.d. 0.2 0.4 1.4 1.5 5.3 3.2 12.6 4.2 16.5 4.4 20.1 3.9 14.7 1.1 8.6 0.3 1.4 n.d. 0.3 

216 0.1 0.7 0.6 1.1 1.3 3.9 2.5 9.7 3.5 13.3 3.8 18.2 3.3 17.5 2.2 13.0 0.5 4.0 0.2 0.5 

224 n.d. 0.6 1.0 2.1 2.1 7.8 4.0 14.8 4.7 16.8 4.3 17.8 3.6 12.0 0.6 6.5 0.3 0.9 n.d. n.d. 

244 n.d. 0.3 0.7 2.3 1.9 7.0 4.1 16.3 4.5 18.6 3.7 19.4 3.6 12.0 0.2 5.5 n.d. n.d. n.d. n.d. 

264 n.d. 1.5 2.0 2.3 2.4 8.0 4.1 15.6 4.9 17.5 4.4 18.2 3.5 9.9 0.5 4.2 0.2 0.4 0.1 0.1 

304 n.d. 0.6 1.7 2.4 2.4 7.5 4.7 17.0 5.2 18.1 4.1 15.8 3.7 10.4 0.5 4.9 0.4 0.8 0.0 0.0 

Arkona Basin 
(351GC) 

85 n.d. 0.2 0.2 0.8 0.5 4.2 1.8 10.8 3.2 16.4 3.2 20.1 2.6 16.6 1.9 13.1 0.5 3.6 0.1 n.d. 

122 0.2 0.3 0.4 0.9 0.8 5.3 1.6 11.5 3.9 17.5 3.4 19.1 3.0 14.4 2.1 12.3 0.4 2.8 n.d. n.d. 

145 n.d. 0.2 0.4 1.1 0.9 5.0 2.0 10.9 3.9 16.8 3.8 17.4 2.9 14.9 2.2 12.3 0.8 3.9 0.3 0.3 

165 n.d. 0.1 0.3 1.0 0.7 6.3 2.2 12.1 4.5 17.0 4.3 17.7 2.7 14.5 1.9 10.5 0.5 3.0 0.2 0.2 

175 0.1 0.2 0.3 1.1 0.9 6.3 2.1 11.2 4.2 17.0 4.0 17.4 2.8 14.5 2.1 11.5 0.3 3.3 0.2 0.4 

186 n.d. 0.1 0.2 0.7 0.6 5.2 1.9 10.5 3.9 17.4 3.4 19.2 2.1 15.6 2.1 12.2 0.4 3.6 0.2 0.5 

196 n.d. 0.2 0.3 1.2 0.9 5.8 2.1 11.5 4.1 15.6 4.0 18.0 3.3 15.4 2.2 11.1 0.7 3.2 0.2 0.3 

206 n.d. 0.1 0.2 0.8 0.5 4.5 1.8 10.6 3.6 16.5 3.5 19.9 2.6 17.0 1.9 12.4 0.9 2.9 0.1 0.3 

245 0.2 0.3 0.6 1.4 1.1 5.9 2.2 11.7 4.4 16.0 3.9 17.9 2.8 14.6 1.7 10.8 0.6 3.5 0.2 0.3 

287 0.2 0.4 0.6 1.3 0.9 5.8 2.1 12.1 4.4 16.2 3.4 19.3 4.6 16.2 1.9 8.6 0.5 1.5 n.d. n.d. 

Helgoland 
(HE443/10) 

0 ̶ 1 n.d. n.d. n.d. 11.5 2.7 n.d. 4.2 7.5 1.7 11.3 3.5 14.8 2.3 13.3 2.0 13.7 2.2 9.1 n.d. n.d. 

23 ̶ 24 n.d. n.d. n.d. 1.1 0.5 3.0 2.9 8.5 4.3 12.4 3.1 14.2 2.8 15.0 1.2 17.4 2.5 11.1 n.d. n.d. 

50 n.d. n.d. n.d. 2.3 0.9 4.0 2.7 11.7 5.4 14.7 4.8 15.9 2.7 11.6 0.7 20.7 n.d. 1.9 n.d. n.d. 

70 n.d. n.d. n.d. 2.2 1.0 n.d. 3.6 10.4 4.1 12.6 3.2 14.6 2.4 12.1 1.0 18.9 1.4 12.6 n.d. n.d. 

200 n.d. 1.0 n.d. 2.6 0.8 n.d. 2.4 8.4 4.5 11.4 3.7 15.0 2.3 13.5 1.1 18.1 1.5 13.8 n.d. n.d. 

400 n.d. 0.3 0.3 1.3 0.6 2.1 3.1 7.5 7.4 14.6 9.2 14.5 5.1 9.9 1.3 13.9 0.9 8.2 n.d. n.d. 
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Table A. 11. Individual samples n-alkane relative distributions: Skagerrak transect. 

  Depth n-alkane 

Site cm 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 

Skagerrak 
S10 

(808GC) 

50 n.d. 0.4 1.3 2.3 3.0 4.5 4.3 7.5 5.7 9.9 4.8 13.4 6.1 15.0 3.6 13.3 1.1 3.9 n.d. n.d. 

70 n.d. 0.4 1.6 2.6 2.9 3.8 4.1 6.5 5.8 8.9 4.5 13.2 5.3 15.5 3.5 15.1 1.2 5.1 n.d. n.d. 

80 n.d. 0.7 1.9 2.9 2.7 3.8 3.7 6.5 5.1 8.8 4.4 13.7 6.0 14.9 3.6 14.7 1.2 5.5 n.d. n.d. 

108 n.d. 0.7 1.9 2.8 2.7 4.1 3.8 6.8 5.3 10.1 5.0 14.3 3.9 15.4 3.4 14.9 0.8 3.9 n.d. n.d. 

118 0.3 1.3 2.9 3.1 3.0 4.0 3.9 7.0 5.4 9.6 5.0 14.2 4.7 15.1 3.3 13.0 0.9 3.3 n.d. n.d. 

Skagerrak 
S11  

(836GC) 

12 0.1 1.2 3.1 4.0 4.2 5.0 5.7 6.5 5.8 7.4 5.7 9.2 3.8 11.0 3.8 11.7 2.5 4.8 1.8 2.6 

22 0.1 0.5 1.9 2.8 3.3 4.5 5.8 7.0 6.6 7.9 6.8 10.3 4.0 11.9 3.1 12.4 1.9 5.4 1.7 1.9 

52 n.d. 0.3 1.5 2.7 3.2 4.8 5.7 7.1 6.5 7.8 6.4 10.6 4.3 12.1 3.0 12.7 2.4 5.3 1.7 1.6 

164 n.d. n.d. n.d. 0.0 0.4 1.6 3.0 5.5 5.4 9.5 6.2 14.3 5.6 17.9 3.3 18.5 3.3 5.6 0.0 n.d. 

189 n.d. n.d. n.d. 0.0 2.0 2.9 3.5 5.9 5.0 10.1 6.3 16.0 5.1 19.2 2.9 16.4 1.8 3.0 n.d. n.d. 

224 0.1 0.5 1.2 1.8 2.0 3.4 3.1 6.1 4.7 9.6 5.7 14.8 5.2 17.7 2.4 16.7 2.0 3.1 n.d. n.d. 

259 n.d. 0.2 0.6 1.5 1.7 3.2 3.1 6.4 4.6 10.0 5.2 15.6 4.3 18.8 1.7 18.2 2.1 2.8 n.d. n.d. 

Skagerrak 
S12  

(820GC) 

0 0.2 1.0 1.7 2.0 2.2 3.9 3.4 6.3 5.1 9.5 5.5 12.5 4.9 14.0 3.1 14.5 2.9 6.1 0.7 0.4 

100 0.3 0.9 1.5 1.6 2.0 3.3 3.1 5.7 4.6 9.4 5.5 12.6 4.9 14.3 3.2 14.0 6.1 5.9 0.6 0.4 

175 0.2 0.9 1.4 1.6 1.8 2.9 2.9 5.2 4.4 8.4 5.6 12.6 5.2 14.6 3.8 14.4 6.8 5.8 0.9 0.6 

275 0.2 0.8 1.4 1.5 1.6 2.8 2.5 4.7 4.0 7.5 5.2 11.6 5.1 14.4 3.7 16.0 6.5 7.7 1.4 1.2 

375 0.2 0.8 1.2 1.2 1.4 2.7 2.2 4.2 3.7 7.2 5.4 11.0 5.6 14.6 4.4 15.5 7.5 7.5 2.0 1.8 

Skagerrak 
S13  

(786GC) 

22 n.d. n.d. n.d. n.d. n.d. 2.5 2.3 4.2 3.9 6.8 5.4 11.7 5.8 15.6 4.8 18.2 6.1 9.2 2.3 1.3 

34 n.d. n.d. n.d. n.d. n.d. 2.3 3.9 5.2 5.4 11.6 5.8 13.5 5.3 15.9 3.1 17.4 4.1 6.5 n.d. n.d. 

44 n.d. n.d. n.d. n.d. 1.3 2.1 2.1 3.4 3.2 7.4 5.6 14.0 6.6 19.6 4.2 19.7 3.0 6.9 0.6 0.3 

54 0.2 2.0 2.8 2.2 2.0 3.8 4.0 6.4 5.6 8.9 6.4 14.1 5.7 15.4 3.2 13.2 n.d. 4.2 n.d. n.d. 

64 0.3 2.3 3.0 2.3 2.2 3.5 3.5 5.8 5.7 8.8 6.3 13.1 5.5 15.7 2.7 14.6 n.d. 4.8 n.d. n.d. 

74 n.d. n.d. 1.7 1.2 2.3 5.1 5.4 6.7 6.4 11.3 7.4 12.4 4.9 15.4 2.7 11.2 2.9 2.9 n.d. n.d. 

84 n.d. n.d. 0.6 1.1 2.0 2.9 3.5 5.4 5.9 10.5 5.9 13.9 5.4 15.1 4.2 14.0 5.4 4.1 n.d. n.d. 

n.d.: not determined. 
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Table A. 12. Individual samples n-alkane relative distributions: Arabian Sea, Bering Sea, and Argentine Basin. 

  Depth n-alkane 

Site cm 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 

Arabian Sea 
anoxic 

(GeoB12312) 

50 n.d. n.d. n.d. 13.9 4.2 31.0 3.8 7.4 3.3 3.1 2.7 5.5 n.d. 6.8 3.3 14.9 n.d. n.d. n.d. n.d. 

90 n.d. n.d. n.d. 14.6 n.d. 44.8 n.d. 9.1 0.0 2.7 3.1 5.4 n.d. 6.4 n.d. 13.9 n.d. n.d. n.d. n.d. 

190 n.d. n.d. n.d. 14.4 n.d. 28.2 1.9 9.8 10.9 2.7 4.0 4.5 n.d. 11.5 n.d. 12.1 n.d. n.d. n.d. n.d. 

350 n.d. n.d. 4.2 10.0 2.4 19.3 3.1 12.1 3.9 7.0 6.2 5.2 n.d. 9.4 n.d. 17.3 n.d. n.d. n.d. n.d. 

450 n.d. n.d. 3.8 8.9 3.2 28.0 4.9 9.2 3.3 4.8 5.9 8.1 n.d. 10.3 n.d. 9.4 n.d. n.d. n.d. n.d. 

Arabian Sea 
transition 

(GeoB12309) 

50 n.d. n.d. 5.6 n.d. 16.9 11.4 8.7 8.9 6.2 8.2 2.6 11.0 0.3 7.9 3.7 8.5 n.d. n.d. n.d. n.d. 

70 n.d. n.d. 6.8 n.d. 12.0 8.9 12.4 9.0 6.5 6.9 2.1 11.1 6.3 7.6 3.5 7.0 n.d. n.d. n.d. n.d. 

90 n.d. n.d. 7.0 11.6 11.1 10.7 10.0 6.4 5.0 5.4 3.4 7.6 2.0 5.6 2.8 11.3 n.d. n.d. n.d. n.d. 

110 n.d. n.d. 4.7 n.d. 10.1 17.0 10.0 5.8 6.2 8.9 3.2 12.1 2.6 9.2 3.9 6.2 n.d. n.d. n.d. n.d. 

210 n.d. n.d. 4.8 12.9 9.2 8.7 8.7 4.5 6.0 8.7 4.2 12.8 2.3 7.4 3.0 6.7 n.d. n.d. n.d. n.d. 

250 n.d. n.d. 0.0 n.d. 8.8 6.7 13.0 7.1 6.8 7.1 3.1 13.9 3.9 12.6 7.4 9.7 n.d. n.d. n.d. n.d. 

270 n.d. n.d. 4.7 n.d. 8.5 18.9 12.2 6.1 7.0 4.8 6.0 13.3 5.3 9.4 3.8 n.d. n.d. n.d. n.d. n.d. 

310 n.d. n.d. 5.6 9.6 14.1 8.8 11.3 6.2 4.2 5.0 4.0 10.8 3.4 6.7 3.4 6.9 n.d. n.d. n.d. n.d. 

410 n.d. n.d. 8.9 n.d. n.d. 7.7 n.d. 16.3 6.6 15.3 10.7 15.4 7.6 5.6 n.d. 6.0 n.d. n.d. n.d. n.d. 

510 n.d. n.d. 4.7 n.d. 7.6 6.8 8.7 5.9 7.2 7.1 3.6 12.7 4.9 15.8 3.4 7.3 4.2 n.d. n.d. n.d. 

Arabian Sea 
Oxic 

 (GeoB12308) 

30 n.d. 1.9 1.2 16.4 12.1 8.7 5.1 4.6 3.8 0.0 3.3 5.5 n.d. 9.5 2.7 9.8 1.9 13.7 n.d. n.d. 

90 n.d. 1.7 1.7 11.4 5.3 11.2 3.8 2.8 2.3 0.0 2.8 5.1 n.d. 10.4 3.6 12.9 5.7 19.5 n.d. n.d. 

150 n.d. n.d. n.d. 1.7 3.0 5.9 7.3 9.6 8.9 0.0 7.1 9.5 n.d. 16.4 4.2 14.7 n.d. 11.7 n.d. n.d. 

230 n.d. 7.1 1.1 5.8 9.1 7.1 6.3 5.8 5.6 0.0 4.0 6.1 n.d. 11.5 2.7 13.4 2.1 12.4 n.d. n.d. 

310 n.d. n.d. 1.6 9.5 10.3 5.9 7.2 6.4 4.5 0.0 4.2 9.1 n.d. 12.4 3.8 12.5 n.d. 12.7 n.d. n.d. 

Bering Sea 
(SO202-22) 

30 n.d. n.d. 2.8 2.6 6.3 15.0 11.4 6.9 4.6 10.7 3.4 15.6 2.5 13.8 2.0 n.d. n.d. 2.4 n.d. n.d. 

210 n.d. n.d. 1.1 1.2 2.5 7.2 5.6 12.1 5.8 14.6 3.8 19.8 2.8 10.3 0.9 7.8 n.d. 4.4 n.d. n.d. 

410 n.d. n.d. 1.7 3.6 3.4 8.9 8.4 12.5 5.1 10.8 4.0 15.2 2.6 9.8 0.9 8.6 n.d. 4.6 n.d. n.d. 

590 n.d. n.d. 0.8 1.9 2.7 7.1 8.3 15.2 6.6 14.3 4.7 16.6 2.1 8.3 0.7 8.4 n.d. 2.3 n.d. n.d. 

800 n.d. n.d. 1.1 2.6 3.1 9.3 9.6 14.8 5.5 11.7 3.6 15.5 1.9 9.3 0.9 7.5 n.d. 3.6 n.d. n.d. 

890 n.d. n.d. 1.0 2.3 3.4 8.7 9.4 15.6 6.6 12.7 3.7 16.1 2.3 7.9 0.9 8.1 n.d. 1.5 n.d. n.d. 

Argentine Basin 
(GeoB13863) 

45 n.d. n.d. 1.7 3.6 2.6 4.7 4.4 4.8 3.0 4.9 2.6 10.5 2.1 20.2 1.7 19.2 2.3 9.3 n.d. 2.3 

305 n.d. n.d. 1.6 3.1 2.9 4.9 6.1 5.1 5.0 7.0 4.0 12.7 3.0 19.8 2.1 15.1 1.5 5.1 n.d. 1.0 

425 n.d. 0.4 1.1 2.0 1.5 1.9 3.2 2.5 2.3 4.6 2.3 12.6 3.4 27.3 2.4 23.6 2.8 6.1 n.d. n.d. 

505 n.d. n.d. 1.2 2.8 2.3 4.0 6.5 4.9 4.7 6.7 3.3 13.2 2.8 22.4 2.4 16.3 2.0 4.6 n.d. n.d. 

565 n.d. n.d. 0.6 1.5 2.0 3.5 4.5 3.8 3.6 5.8 3.0 12.9 3.2 26.3 2.6 20.1 n.d. 6.5 n.d. n.d. 

705 n.d. n.d. n.d. 2.8 2.4 4.6 6.8 5.2 4.7 6.9 3.0 15.9 3.2 23.1 2.2 14.3 n.d. 4.7 n.d. n.d. 

790 n.d. n.d. 1.3 2.3 2.1 4.0 5.5 5.5 5.5 9.1 6.4 15.3 3.9 20.4 2.3 13.0 n.d. 3.3 n.d. n.d. 

n.d.: not determined. 
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Table A. 13. Individual samples GDGT relative distributions: Severn estuary and Rhone delta. 

  Depth GDGT 

Site cm 0 1 2 3 Cren Cren' Ia Ib Ic IIa IIa' IIb IIb' IIc IIc' IIIa IIIa' IIIb IIIb' IIIc IIIc' 

Severn estuary 
(ST1) 

3 34.8 3.5 1.5 0.4 43.7 0.5 3.7 2.1 0.8 3.2 1.1 1.0 0.7 0.15 0.14 1.59 1.0 0.09 0.06 0.03 0.01 

9 36.1 3.2 1.3 0.5 39.3 0.2 5.9 2.3 1.0 4.9 0.8 1.1 0.7 0.16 0.09 1.52 0.9 0.07 n.d. n.d. n.d. 

15 30.9 3.3 1.4 1.1 39.6 0.6 6.4 2.8 1.1 5.2 1.6 1.3 0.8 0.14 0.07 2.11 1.2 0.14 0.11 n.d. n.d. 

Severn estuary 
(ST3) 

3 36.8 4.1 1.7 0.5 43.8 0.4 3.4 1.7 0.7 2.9 0.4 0.8 0.6 0.07 0.11 1.26 0.8 0.07 0.02 n.d. n.d. 

21 37.2 3.9 1.4 0.4 41.7 0.3 3.9 1.9 0.7 3.4 1.1 0.9 0.8 0.09 0.14 1.43 0.7 0.07 0.03 n.d. n.d. 

25 35.6 3.8 1.4 0.5 42.1 0.1 3.8 2.1 0.7 3.7 1.4 1.0 0.8 0.12 0.16 1.56 1.0 0.08 0.02 n.d. n.d. 

Rhone pro-delta 
(A) 

1.0 ̶ 1.5 21.7 2.1 1.1 0.4 19.7 0.3 9.8 4.8 1.2 10.1 8.5 3.2 3.8 0.31 0.40 5.13 6.6 0.24 0.51 0.06 0.10 

1.5 ̶ 2.0 23.9 2.3 1.3 0.4 18.2 0.2 10.4 4.1 1.2 10.8 8.1 2.5 3.6 0.27 0.37 4.65 6.6 0.33 0.58 0.07 0.15 

8 ̶ 9 17.0 1.2 0.9 0.3 12.5 0.3 11.0 5.1 1.2 11.7 11.3 4.0 5.3 0.33 0.54 6.45 9.2 0.32 0.89 0.13 0.24 

9 ̶ 10 16.6 1.4 0.8 0.3 13.0 0.2 11.4 6.2 1.2 11.7 12.1 2.7 3.7 0.31 0.61 6.35 9.4 0.28 1.17 0.13 0.26 

20 ̶ 25 12.8 1.0 0.5 0.3 5.5 0.2 13.9 6.3 1.3 13.0 14.2 3.5 4.8 0.39 0.55 7.69 12.1 0.50 1.04 0.12 0.28 

30 ̶ 35 12.3 1.0 0.7 0.2 7.6 0.2 12.8 5.5 1.3 12.3 15.5 3.5 5.7 0.32 0.52 6.75 12.2 0.33 0.83 0.12 0.31 

Rhone pro-delta 
(AK) 

2 ̶ 3 4.0 0.7 1.3 0.4 14.9 0.5 12.8 6.3 1.2 13.9 11.5 4.5 4.9 0.64 0.60 8.51 11.1 0.63 1.15 0.16 0.22 

3 ̶ 4 2.4 0.2 0.9 0.2 5.4 0.2 14.7 7.7 1.2 16.0 18.3 4.4 5.5 0.69 0.86 1.50 17.3 0.72 1.28 0.22 0.41 

8 ̶ 9 13.1 1.3 0.7 0.2 9.5 0.1 10.8 6.4 1.2 13.6 9.6 4.7 6.3 0.57 0.45 6.37 13.2 0.53 1.25 0.08 0.17 

9 ̶ 10 7.0 0.2 0.2 0.0 4.6 0.1 13.1 5.9 1.2 15.5 15.4 4.6 4.1 0.49 0.63 7.61 16.8 0.59 1.38 0.13 0.36 

20 ̶ 25 8.0 1.1 0.7 0.3 7.6 0.2 12.3 5.3 1.5 15.3 13.7 5.0 6.1 0.53 1.02 7.27 11.9 0.65 1.07 0.16 0.42 

30 ̶ 35 2.1 0.2 0.6 0.2 10.5 0.2 13.0 6.0 1.6 14.5 14.0 4.6 6.3 0.47 0.54 9.62 13.5 0.47 1.17 0.22 0.17 

Rhone shelf  
(C) 

1.0 ̶ 1.5 32.1 3.7 1.7 0.9 30.1 0.5 5.2 3.3 1.0 4.4 5.0 1.6 2.3 0.16 0.29 2.84 4.3 0.17 0.31 0.05 0.07 

8 ̶ 9 30.4 3.3 1.5 0.7 35.6 0.5 4.8 3.2 1.2 4.2 4.1 1.7 2.2 0.16 0.36 2.10 3.3 0.13 0.28 0.09 0.11 

9 ̶ 10 29.5 3.8 1.8 0.8 36.6 0.5 4.8 3.2 1.4 3.7 3.4 1.5 2.6 0.15 0.29 2.26 3.3 0.17 0.27 0.07 0.09 

20 ̶ 25 30.9 3.2 1.4 0.6 40.7 0.4 4.1 2.8 1.1 3.3 3.3 1.5 1.5 0.15 0.31 1.83 2.5 0.14 0.23 0.03 0.05 

n.d.: not determined. 
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Table A. 14. Individual samples GDGT relative distributions: Aarhus Bay, Arkona Basin, and Helgoland. 

  Depth GDGT 

Site cm 0 1 2 3 Cren Cren' Ia Ib Ic IIa IIa' IIb IIb' IIc IIc' IIIa IIIa' IIIb IIIb' IIIc IIIc' 

Aarhus Bay 
(174GC) 

23 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

46 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

92 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

124 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

154 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

165 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

185 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

205 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

216 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

224 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

244 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

264 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

304 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Arkona Basin 
(351GC) 

85 29.3 2.1 1.2 0.3 39.2 n.d. 5.7 5.8 2.3 5.5 n.d. 3.8 n.d. 0.5 n.d. 3.7 n.d. 0.4 n.d. 0.1 n.d. 

122 27.3 3.5 2.3 0.3 40.0 n.d. 5.8 5.3 2.0 5.6 n.d. 3.2 n.d. 0.4 n.d. 3.8 n.d. 0.3 n.d. n.d. n.d. 

145 25.8 5.0 4.7 0.3 36.3 n.d. 6.6 5.5 2.5 6.0 n.d. 3.4 n.d. 0.5 n.d. 3.2 n.d. 0.3 n.d. n.d. n.d. 

165 27.6 2.0 1.0 0.3 40.3 n.d. 5.4 5.7 2.4 6.2 n.d. 3.9 n.d. 0.5 n.d. 4.2 n.d. 0.4 n.d. 0.1 n.d. 

175 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

186 25.5 2.7 2.9 0.4 39.4 n.d. 6.4 5.5 2.4 6.7 n.d. 3.6 n.d. 0.5 n.d. 3.5 n.d. 0.4 n.d. n.d. n.d. 

196 27.1 1.6 0.6 0.3 37.8 n.d. 6.9 5.8 2.5 7.0 n.d. 4.2 n.d. 0.5 n.d. 5.2 n.d. 0.5 n.d. 0.1 n.d. 

206 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

245 27.3 1.7 0.7 0.4 38.5 n.d. 7.2 5.8 2.5 6.9 n.d. 3.7 n.d. 0.5 n.d. 4.1 n.d. 0.4 n.d. n.d. n.d. 

287 27.5 1.5 0.5 0.3 36.6 n.d. 7.0 5.7 2.2 7.4 n.d. 4.4 n.d. 0.5 n.d. 5.9 n.d. 0.5 n.d. 0.1 n.d. 

Helgoland 
(HE443/10) 

0 ̶ 1 29.9 2.4 0.6 0.3 27.3 0.1 12.7 5.2 2.5 7.4 2.0 2.1 1.5 0.3 0.6 3.3 1.4 0.2 0.2 0.05 0.05 

23 ̶ 24 21.7 2.2 0.6 0.4 21.0 0.2 20.1 6.0 3.2 10.9 2.9 2.3 0.9 0.4 0.2 4.3 2.0 0.2 0.2 0.07 0.04 

50 16.7 1.7 0.6 0.3 13.2 0.1 26.6 7.1 3.0 15.0 4.2 2.6 1.5 0.5 0.5 5.1 0.7 0.2 0.2 0.07 0.08 

70 19.6 1.7 0.7 0.4 13.6 0.1 23.8 6.6 2.5 15.7 2.9 2.4 1.4 0.5 0.4 5.3 1.9 0.2 0.2 0.04 0.05 

200 17.8 1.8 0.5 0.2 14.4 0.1 24.7 6.0 2.6 16.8 2.6 2.5 1.3 0.5 0.3 5.2 2.2 0.2 0.2 0.06 0.06 

400 19.2 1.7 0.8 0.4 17.1 0.1 21.2 7.5 2.3 15.5 2.8 2.7 1.0 0.5 0.3 4.2 2.2 0.2 0.2 0.06 0.04 

n.d.: not determined.  
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Table A. 15. Individual samples GDGT relative distributions: Skagerrak transect. 

  Depth GDGT 

Site cm 0 1 2 3 Cren Cren' Ia Ib Ic IIa IIa' IIb IIb' IIc IIc' IIIa IIIa' IIIb IIIb' IIIc IIIc' 

Skagerrak  
S10  

(808GC) 

50 38.9 2.1 0.7 0.4 37.0 0.2 4.6 3.8 1.9 4.2 n.d. 2.4 n.d. 0.6 n.d. 3.0 n.d. 0.2 n.d. n.d. n.d. 

70 28.9 28.9 0.5 0.3 27.0 n.d. 3.3 2.5 1.2 3.0 n.d. 1.6 n.d. 0.4 n.d. 2.1 n.d. 0.2 n.d. n.d. n.d. 

80 39.3 2.1 1.0 0.5 36.7 0.2 5.2 3.4 1.7 3.9 n.d. 2.4 n.d. 0.6 n.d. 2.7 n.d. 0.2 n.d. 0.1 n.d. 

108 42.0 2.1 0.7 0.4 34.7 n.d. 4.7 3.2 1.8 4.3 n.d. 2.2 n.d. 0.5 n.d. 3.0 n.d. 0.2 n.d. n.d. n.d. 

118 39.1 2.0 0.7 0.4 36.8 n.d. 4.7 3.6 1.7 4.5 n.d. 2.6 n.d. 0.5 n.d. 3.2 n.d. 0.2 n.d. n.d. n.d. 

Skagerrak 
S11 

 (836GC) 

12 44.0 2.1 0.7 0.3 39.2 n.d. 2.8 2.6 1.4 2.6 n.d. 1.8 n.d. 0.4 n.d. 1.8 n.d. 0.1 n.d. n.d. n.d. 

22 43.5 2.0 0.7 0.3 38.2 n.d. 3.4 3.0 1.4 3.1 n.d. 1.9 n.d. 0.4 n.d. 1.9 n.d. 0.2 n.d. n.d. n.d. 

52 42.6 2.0 0.7 0.3 39.0 n.d. 3.5 2.7 1.3 3.3 n.d. 1.9 n.d. 0.4 n.d. 2.0 n.d. 0.2 n.d. 0.1 n.d. 

164 42.0 2.0 0.6 0.3 40.2 n.d. 3.2 2.5 1.3 3.2 n.d. 2.0 n.d. 0.4 n.d. 2.2 n.d. 0.2 n.d. n.d. n.d. 

189 42.0 2.2 0.8 0.3 41.4 n.d. 2.4 2.4 1.3 2.7 n.d. 1.8 n.d. 0.4 n.d. 2.1 n.d. 0.2 n.d. n.d. n.d. 

224 42.7 2.3 0.7 0.4 39.0 0.8 3.2 2.6 1.2 2.7 n.d. 1.8 n.d. 0.4 n.d. 2.0 n.d. 0.1 n.d. n.d. n.d. 

259 40.6 2.0 0.6 0.4 39.9 1.2 3.0 2.6 1.3 3.2 n.d. 2.2 n.d. 0.5 n.d. 2.3 n.d. 0.2 n.d. n.d. n.d. 

Skagerrak 
S12  

(820GC) 

0 42.4 2.0 0.7 0.4 38.2 n.d. 2.5 3.1 1.6 2.8 n.d. 2.8 n.d. 0.6 n.d. 2.7 n.d. 0.2 n.d. 0.1 n.d. 

100 45.5 2.5 0.7 0.4 38.9 n.d. 1.9 2.5 1.1 2.2 n.d. 2.1 n.d. 0.5 n.d. 1.6 n.d. 0.2 n.d. n.d. n.d. 

175 42.3 2.3 0.7 0.4 41.3 0.2 1.9 2.7 1.3 2.3 n.d. 2.0 n.d. 0.6 n.d. 1.9 n.d. 0.2 n.d. 0.1 n.d. 

275 45.4 1.7 0.5 0.3 40.9 n.d. 1.8 2.2 1.2 1.9 n.d. 1.7 n.d. 0.4 n.d. 1.9 n.d. 0.1 n.d. n.d. n.d. 

375 43.3 2.2 0.8 0.4 39.6 n.d. 2.3 2.8 1.4 2.3 n.d. 2.2 n.d. 0.5 n.d. 2.1 n.d. 0.2 n.d. 0.1 n.d. 

Skagerrak 
S13 

 (786GC) 

22 44.7 2.5 0.7 0.4 38.2 n.d. 2.0 2.6 1.2 2.5 n.d. 2.2 n.d. 0.5 n.d. 2.2 n.d. 0.2 n.d. 0.1 n.d. 

34 45.8 2.0 0.6 0.6 42.0 n.d. 1.5 2.0 1.0 1.5 n.d. 1.3 n.d. 0.3 n.d. 1.5 n.d. 0.0 n.d. n.d. n.d. 

44 45.6 2.4 0.7 0.3 40.2 n.d. 1.9 2.0 1.0 1.7 n.d. 1.6 n.d. 0.4 n.d. 2.1 n.d. 0.1 n.d. n.d. n.d. 

54 44.3 2.1 0.5 0.3 41.5 n.d. 1.5 2.0 0.9 2.1 n.d. 1.9 n.d. 0.4 n.d. 2.3 n.d. 0.1 n.d. n.d. n.d. 

64 44.6 2.2 0.6 0.3 39.3 n.d. 1.9 2.5 1.2 2.1 n.d. 2.2 n.d. 0.5 n.d. 2.3 n.d. 0.1 n.d. n.d. n.d. 

74 44.5 1.8 0.5 0.3 43.4 n.d. 1.6 2.0 1.0 1.4 n.d. 1.6 n.d. 0.4 n.d. 1.3 n.d. 0.1 n.d. n.d. n.d. 

84 45.5 1.9 0.6 0.3 41.9 n.d. 1.5 2.0 1.0 1.7 n.d. 1.7 n.d. 0.4 n.d. 1.3 n.d. 0.1 n.d. n.d. n.d. 

n.d.: not determined. 
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Table A. 16. Individual samples GDGT relative distributions: Arabian Sea, Bering Sea, and Argentine Basin. 

  Depth GDGT 

Site cm 0 1 2 3 Cren Cren' Ia Ib Ic IIa IIa' IIb IIb' IIc IIc' IIIa IIIa' IIIb IIIb' IIIc IIIc' 

Arabian Sea 
anoxic 

(GeoB12312) 

50 17.0 6.9 7.3 2.1 60.2 5.7 0.32 0.06 0.04 0.12 0.06 0.03 0.01 n.d. 0.01 0.11 0.18 n.d. n.d. n.d. n.d. 

90 22.0 7.5 8.0 2.4 53.8 5.1 0.39 0.09 0.05 0.13 0.10 0.03 0.02 0.01 0.01 0.18 0.23 0.01 0.01 n.d. n.d. 

190 16.4 7.2 7.8 2.8 55.7 8.9 0.37 0.08 0.05 0.15 0.10 0.03 0.01 0.01 0.01 0.14 0.24 n.d. n.d. n.d. n.d. 

350 21.2 7.9 8.1 2.0 53.0 6.8 0.37 0.10 0.06 0.15 0.07 0.03 0.02 0.00 0.01 0.11 0.13 n.d. n.d. n.d. n.d. 

450 20.9 7.6 7.0 2.2 54.3 6.4 0.51 0.14 0.08 0.19 0.14 0.04 0.02 0.01 0.01 0.17 0.20 n.d. n.d. n.d. n.d. 

Arabian Sea 
transition 

(GeoB12309) 

50 18.5 6.4 7.1 1.7 59.6 5.4 0.37 0.10 0.06 0.14 0.07 0.03 0.02 0.01 0.01 0.16 0.27 n.d. n.d. n.d. n.d. 

70 16.2 5.7 6.7 2.1 64.1 4.5 0.19 0.07 0.04 0.07 0.04 0.02 0.03 0.01 n.d. 0.09 0.12 n.d. n.d. n.d. n.d. 

90 20.6 6.8 6.9 2.1 57.1 5.3 0.24 0.09 0.04 0.11 0.08 0.03 0.06 0.03 n.d. 0.14 0.33 0.01 0.01 n.d. n.d. 

110 17.9 5.7 6.0 1.6 62.8 5.0 0.25 0.09 0.05 0.10 0.06 0.04 0.03 0.01 n.d. 0.13 0.22 n.d. n.d. n.d. n.d. 

210 16.2 7.0 6.7 2.1 60.9 6.0 0.30 0.11 0.06 0.12 0.07 0.04 0.03 0.01 n.d. 0.12 0.16 n.d. n.d. n.d. n.d. 

250 4.1 6.6 5.1 1.7 73.8 7.7 0.28 0.12 0.07 0.11 0.07 0.03 0.03 0.01 n.d. 0.07 0.15 n.d. n.d. n.d. n.d. 

270 6.7 2.0 7.4 3.0 73.2 6.2 0.45 0.14 0.10 0.22 0.11 0.05 0.03 0.00 0.03 0.19 0.19 n.d. n.d. n.d. n.d. 

310 19.8 7.9 8.5 2.7 51.8 7.9 0.37 0.13 0.08 0.14 0.10 0.05 0.05 0.03 0.01 0.18 0.24 0.01 0.01 n.d. n.d. 

410 20.7 7.2 8.5 2.2 54.3 5.6 0.42 0.15 0.09 0.16 0.12 0.07 0.08 0.01 0.04 0.18 0.29 0.01 n.d. n.d. n.d. 

510 19.4 6.8 7.8 2.0 56.5 6.2 0.34 0.16 0.10 0.17 0.11 0.04 0.05 0.01 0.05 0.18 0.16 0.01 n.d. n.d. n.d. 

Arabian Sea 
 oxic 

(GeoB12308) 

30 10.6 3.8 3.2 1.1 78.5 2.0 0.18 0.11 0.07 0.09 0.02 0.04 0.04 0.03 0.02 0.17 0.09 n.d. n.d. n.d. n.d. 

90 20.8 6.9 7.9 1.9 54.1 7.0 0.28 0.15 0.09 0.11 0.09 0.09 0.12 0.07 n.d. 0.19 0.23 0.01 0.01 0.01 0.00 

150 20.4 6.8 7.9 2.0 55.3 6.4 0.26 0.14 0.09 0.09 0.08 0.07 0.11 0.04 n.d. 0.14 0.22 0.01 0.02 0.01 0.00 

230 19.7 6.6 6.9 1.6 58.6 5.2 0.26 0.16 0.10 0.05 0.05 0.12 0.09 0.07 n.d. 0.21 0.32 0.02 0.04 0.00 0.01 

310 19.2 6.0 6.8 1.4 60.3 5.3 0.18 0.13 0.08 0.06 0.06 0.11 0.07 0.04 0.01 0.13 0.22 0.01 0.02 0.00 0.00 

Bering Sea 
(SO202-22) 

30 44.2 5.7 3.0 0.4 44.9 0.7 0.13 0.10 0.04 0.04 0.06 0.09 0.18 0.02 0.05 0.19 0.26 0.01 0.03 n.d. 0.01 

210 47.8 4.8 2.1 0.3 42.2 0.7 0.38 0.12 0.04 0.29 0.11 0.09 0.17 0.01 0.06 0.45 0.27 0.01 0.03 n.d. 0.01 

410 51.4 3.7 1.5 0.3 40.1 0.5 0.56 0.12 0.05 0.50 0.16 0.14 0.19 0.02 0.07 0.47 0.17 0.02 0.03 n.d. 0.02 

590 45.0 3.3 1.2 0.2 47.6 0.5 0.48 0.11 0.05 0.43 0.13 0.13 0.18 0.01 0.06 0.41 0.20 0.01 0.03 n.d. 0.01 

800 49.5 3.7 1.3 0.2 42.3 0.4 0.66 0.13 0.04 0.56 0.12 0.10 0.29 0.01 0.07 0.50 0.16 0.01 0.02 0.01 0.01 

890 45.1 2.9 1.1 0.2 48.2 0.3 0.47 0.12 0.05 0.34 0.14 0.13 0.25 0.01 0.08 0.41 0.16 0.01 0.04 n.d. 0.02 

Argentine Basin 
(GeoB13863) 

45 47.9 4.4 1.6 0.3 42.5 0.4 0.41 0.19 0.13 0.20 0.21 0.74 0.06 0.24 n.d. 0.29 0.22 0.04 0.08 0.01 0.04 

305 46.8 4.0 1.2 0.3 44.6 0.4 0.35 0.18 0.12 0.11 0.16 0.79 0.10 0.29 n.d. 0.18 0.18 0.04 0.07 0.01 0.06 

425 49.1 4.5 1.3 0.3 41.4 0.6 0.37 0.21 0.12 0.15 0.17 0.88 0.06 0.33 n.d. 0.17 0.14 0.06 0.09 0.02 0.07 

505 53.9 4.3 1.3 0.3 39.0 0.5 0.13 0.07 0.05 0.05 0.06 n.d. n.d. 0.11 n.d. 0.08 0.08 0.01 0.05 n.d. 0.03 

565 48.0 3.7 1.0 0.3 43.1 0.6 0.41 0.20 0.14 0.14 0.14 1.10 0.10 0.38 n.d. 0.30 0.19 0.04 0.09 0.01 0.07 

705 43.1 4.3 1.1 0.4 48.1 0.4 0.32 0.19 0.12 0.12 0.12 0.82 0.06 0.26 n.d. 0.23 0.17 0.05 0.07 0.01 0.06 

790 53.0 4.2 1.2 0.3 39.2 0.4 0.27 0.16 0.08 0.07 0.09 0.19 0.44 0.17 0.02 0.16 0.15 0.03 0.05 0.01 0.05 

n.d.: not determined.   
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Table A. 17. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 
of alteration (CPI): Severn estuary and Rhone delta. 

  Depth n-alkanoic acid n-alkanol n-alkane GDGT 

Site cm TAR CPI TAR CPI TAR CPI BIT TEX86 

Severn estuary 
(ST1) 

3 0.64 3.57 0.96 12.33 0.86 3.65 0.20 0.40 

9 0.58 4.30 0.93 10.46 0.79 3.42 0.26 0.39 

15 0.39 5.42 0.86 17.99 0.55 2.53 0.30 0.49 

Severn estuary 
(ST3) 

3 0.60 4.35 0.94 9.45 0.78 2.17 0.17 0.38 

21 0.70 3.62 0.96 9.26 0.89 4.23 0.20 0.36 

25 0.37 2.67 0.91 8.29 0.81 3.41 0.21 0.34 

Rhone pro-delta 
(A) 

1.0 ̶ 1.5 0.19 6.70 0.51 22.55 0.84 7.58 0.67 0.46 

1.5 ̶ 2.0 0.56 6.33 0.74 14.85 0.90 4.89 0.69 0.45 

8 ̶ 9 0.24 7.63 0.62 12.87 0.86 9.82 0.80 0.56 

9 ̶ 10 0.23 4.53 0.66 14.31 0.90 9.55 0.80 0.48 

20 ̶ 25 0.28 6.60 0.70 12.05 0.93 8.81 0.92 0.52 

30 ̶ 35 0.24 8.30 0.63 14.92 0.91 8.87 0.89 0.51 

Rhone pro-delta 
(AK) 

2 ̶ 3 0.35 5.25 0.77 21.11 0.92 9.76 0.80 0.77 

3 ̶ 4 0.30 5.89 0.65 15.33 0.88 7.40 0.93 0.85 

8 ̶ 9 0.25 5.71 0.64 18.53 0.86 7.57 0.85 0.43 

9 ̶ 10 0.30 5.70 0.74 16.81 0.86 8.49 0.94 0.55 

20 ̶ 25 0.28 6.02 0.78 20.45 0.89 7.39 0.89 0.53 

30 ̶ 35 0.31 5.13 0.76 17.95 0.88 6.87 0.86 0.85 

Rhone shelf  
(C) 

1.0 ̶ 1.5 0.58 6.12 0.80 17.88 0.90 1.59 0.42 0.45 

8 ̶ 9 0.71 5.63 0.82 17.59 0.93 6.41 0.34 0.44 

9 ̶ 10 0.54 6.16 0.63 9.54 0.81 4.55 0.32 0.44 

20 ̶ 25 0.67 5.68 0.96 7.98 0.90 4.01 0.27 0.44 

TAR: Terrestrial-Aquatic ratio 
CPI: Carbon Preference index 
BIT: Branched-Isoprenoid Tetraether index 
n.d.: not determined. 
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Table A. 18. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 
of alteration (CPI): Aarhus Bay, Arkona Basin, and Helgoland.  

  Depth n-alkanoic acid n-alkanol n-alkane GDGT 

Site cm TAR CPI TAR CPI TAR CPI BIT TEX86 

Aarhus Bay 
(174GC) 

23 0.70 9.57 0.98 8.10 0.84 6.84 n.d. n.d. 

46 0.54 9.66 0.97 6.75 0.84 6.87 n.d. n.d. 

92 0.64 8.93 0.94 6.11 0.86 6.81 n.d. n.d. 

124 0.70 8.62 0.99 7.25 0.89 5.85 n.d. n.d. 

154 0.75 6.79 0.99 7.43 0.89 4.24 n.d. n.d. 

165 0.65 5.62 0.94 7.23 0.85 4.49 n.d. n.d. 

185 0.77 5.65 0.97 7.10 0.80 4.37 n.d. n.d. 

205 0.79 7.12 0.97 6.83 0.86 4.74 n.d. n.d. 

216 0.91 7.99 0.99 6.58 0.90 5.01 n.d. n.d. 

224 0.82 7.16 0.98 6.61 0.78 4.43 n.d. n.d. 

244 0.88 6.86 0.97 6.93 0.79 5.11 n.d. n.d. 

264 0.76 7.01 0.97 6.03 0.73 4.24 n.d. n.d. 

304 0.79 7.97 0.97 4.95 0.75 4.13 n.d. n.d. 

Arkona Basin 
(351GC) 

85 0.81 8.30 0.99 5.67 0.91 6.34 0.28 0.41 

122 0.85 7.62 0.98 5.19 0.88 5.57 0.28 0.43 

145 0.80 9.21 0.99 4.92 0.88 5.10 0.30 0.50 

165 0.82 7.46 0.99 5.74 0.85 4.82 0.28 0.38 

175 0.86 8.32 0.99 5.30 0.85 5.01 n.d. n.d. 

186 0.86 7.41 0.98 6.04 0.89 5.91 0.30 0.55 

196 0.79 6.71 0.97 4.94 0.86 4.77 0.34 0.37 

206 0.82 8.06 0.98 5.22 0.90 5.87 n.d. n.d. 

245 0.84 8.08 0.97 5.24 0.85 5.02 0.32 0.38 

287 0.77 6.96 0.96 6.40 0.85 4.66 0.36 0.35 

Helgoland 
(HE443/10) 

0 ̶ 1 0.47 6.10 0.83 9.33 0.78 4.75 0.49 0.28 

23 ̶ 24 0.79 8.81 0.93 13.30 0.92 4.78 0.66 0.36 

50 0.70 6.23 0.89 7.94 0.88 4.98 0.80 0.35 

70 0.69 6.39 0.89 7.58 0.95 5.22 0.79 0.40 

200 0.82 6.01 0.93 8.01 0.93 4.93 0.78 0.31 

400 0.81 6.83 0.95 9.07 0.91 2.41 0.73 0.43 

TAR: Terrestrial-Aquatic ratio 
CPI: Carbon Preference index 
BIT: Branched-Isoprenoid Tetraether index 
n.d.: not determined. 
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Table A. 19. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and degrees 
of alteration (CPI): Skagerrak transect. 

  Depth n-alkanoic acid n-alkanol n-alkane GDGT 

Site cm TAR CPI TAR CPI TAR CPI BIT TEX86 

Skagerrak  
 S10 

 (808GC) 

50 n.d. n.d. 0.80 9.24 0.85 2.57 0.24 0.40 

70 n.d. n.d. 0.85 7.85 0.87 2.73 0.24 0.03 

80 n.d. n.d. 0.86 7.42 0.85 2.71 0.24 0.46 

108 n.d. n.d. 0.81 7.27 0.85 3.08 0.26 0.35 

118 n.d. n.d. 0.92 7.30 0.83 2.82 0.25 0.35 

Skagerrak  
 S11  

(836GC) 

12 0.19 4.82 0.55 17.63 0.76 1.97 0.16 0.33 

22 0.31 4.54 0.63 13.93 0.82 2.03 0.18 0.36 

52 0.32 4.86 0.62 16.39 0.82 2.07 0.18 0.34 

164 0.40 5.72 0.91 9.59 0.97 2.78 0.18 0.30 

189 0.46 5.48 0.94 9.08 0.95 3.08 0.15 0.34 

224 0.48 5.70 0.94 8.29 0.90 3.15 0.17 0.46 

259 0.50 5.13 0.95 7.46 0.91 3.74 0.17 0.52 

Skagerrak  
 S12  

(820GC) 

0 0.59 5.16 0.94 7.23 0.86 2.61 0.17 0.35 

100 0.57 4.79 0.91 8.23 0.87 2.45 0.13 0.30 

175 0.63 4.88 0.91 8.49 0.88 2.31 0.13 0.36 

275 0.77 4.61 0.93 7.42 0.89 2.41 0.12 0.34 

375 0.65 4.56 0.93 7.69 0.90 2.19 0.14 0.35 

Skagerrak  
 S13  

(786GC) 

22 0.53 4.68 0.89 5.22 0.95 2.34 0.15 0.31 

34 0.34 4.45 0.89 8.51 0.95 2.69 0.10 0.36 

44 0.65 4.52 0.83 9.49 0.96 2.90 0.12 0.27 

54 0.54 5.11 0.75 10.64 0.84 2.54 0.12 0.29 

64 0.54 4.58 0.74 9.66 0.84 2.65 0.14 0.28 

74 0.53 5.16 0.66 13.70 0.86 2.24 0.09 0.33 

84 0.59 5.45 0.80 11.22 0.92 2.28 0.10 0.32 

TAR: Terrestrial-Aquatic ratio 
CPI: Carbon Preference index 
BIT: Branched-Isoprenoid Tetraether index 
n.d.: not determined. 
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Table A. 20. Individual samples diagnostic ratios of organic matter sources (TAR and BIT) and 
degrees of alteration (CPI): Arabian Sea, Bering Sea, and Argentine Basin. 

  Depth n-alkanoic acid n-alkanol n-alkane GDGT 

Site cm TAR CPI TAR CPI TAR CPI BIT TEX86 

Arabian Sea 
anoxic 

(GeoB12312) 

50 0.22 6.61 0.53 7.31 0.38 3.37 0.01 0.69 

90 0.22 6.94 0.54 15.09 0.30 12.17 0.02 0.67 

190 0.28 8.96 0.63 10.97 0.40 2.58 0.02 0.73 

350 0.26 6.92 0.67 15.25 0.52 4.35 0.02 0.68 

450 0.27 9.36 0.73 17.44 0.43 3.57 0.02 0.67 

Arabian Sea 
transition 

(GeoB12309) 

50 0.32 6.35 0.59 7.36 0.71 2.60 0.02 0.69 

70 0.23 5.84 0.52 8.87 0.74 1.69 0.01 0.70 

90 0.26 6.86 0.52 8.82 0.52 2.00 0.02 0.68 

110 0.27 6.17 0.59 11.74 0.62 2.02 0.01 0.69 

210 0.32 5.71 0.64 6.94 0.55 2.02 0.01 0.68 

250 0.39 5.83 0.68 13.40 0.84 1.82 0.01 0.69 

270 0.36 7.74 0.59 10.49 0.54 1.19 0.02 0.89 

310 0.32 5.26 0.61 4.82 0.57 1.72 0.02 0.71 

410 0.15 8.57 0.28 12.91 0.78 2.35 0.02 0.69 

510 0.33 5.54 0.63 9.89 0.84 1.91 0.02 0.70 

Arabian Sea 
oxic 

(GeoB12308) 

30 0.14 6.14 0.30 9.69 0.48 2.21 0.01 0.62 

90 0.20 7.11 0.60 9.46 0.54 2.33 0.02 0.71 

150 0.12 6.46 0.54 n.d. 0.84 2.10 0.01 0.71 

230 0.26 15.01 0.53 12.00 0.61 2.24 0.01 0.67 

310 0.07 5.84 0.43 15.71 0.69 2.51 0.01 0.69 

Bering Sea 
(SO202-22) 

30 0.17 7.21 0.48 9.94 0.63 2.56 0.01 0.41 

210 0.35 5.21 0.82 7.41 0.82 4.01 0.03 0.39 

410 0.27 7.95 0.76 8.58 0.73 3.39 0.04 0.39 

590 0.27 8.04 0.82 6.29 0.79 3.44 0.03 0.37 

800 0.27 9.37 0.78 7.14 0.73 3.54 0.04 0.35 

890 0.20 7.95 0.77 7.29 0.75 3.32 0.03 0.36 

Argentine Basin 
(GeoB13863) 

45 0.22 12.21 0.67 6.98 0.86 4.66 0.03 0.34 

305 0.16 8.26 0.68 7.45 0.86 3.33 0.02 0.33 

425 0.23 8.69 0.71 8.45 0.94 5.33 0.02 0.32 

505 0.17 7.83 0.71 7.38 0.88 3.65 0.01 0.33 

565 0.31 7.88 0.78 6.02 0.92 4.72 0.03 0.34 

705 0.21 6.54 0.71 7.35 0.88 3.94 0.02 0.30 

790 0.15 7.24 0.72 6.25 0.89 3.04 0.02 0.30 

TAR: Terrestrial-Aquatic ratio 
CPI: Carbon Preference index 
BIT: Branched-Isoprenoid Tetraether index 
n.d.: not determined. 
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