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Abstract 

This thesis aims to enhance the current understanding of the response of SW Iberian 

ecosystems to abrupt and orbital-scale climate changes. The last ~28 thousand years can 

provide such insight, containing several abrupt North Atlantic climate events superimposed on 

orbital-scale global changes. This study presents new high-resolution pollen and leaf-wax n-

alkane records combined with palaeoceanographic proxies from the same deep-sea cores 

(SHAK06-5K and MD01-2444) on the Southwestern (SW) Iberian Margin. The chronology of 

these records is based on high-resolution Accelerator Mass Spectrometry radiocarbon dating 

of planktonic foraminifer Globigerina bulloides from cores SHAK06-5K and MD01-2444. 

 

Changes in temperate and steppe records during the Last Glacial Maximum and subsequent 

deglaciation are closely coupled with changes in sea surface temperatures (SSTs), and global 

ice volume. This coupling continues during the onset of the Holocene, with the peak in 

thermophilous woodland lagging the boreal insolation maxima by ~2 kyr. This possibly arises 

from the persistence of residual high-latitude ice-sheets into the Holocene. A close correlation 

between rapid oscillations in pollen percentages and millennial/centennial-scale variations in 

SSTs, planktonic d18O, and lithology suggests extrinsically-forced SW Iberian ecosystem changes 

in response to abrupt North Atlantic climate events. In contrast, the abrupt thermophilous 

woodland decline at ~7.8 thousand years before present (cal ka BP) indicates an intrinsically-

mediated abrupt vegetation response to the gradually declining boreal insolation, resulting in 

the crossing of an ecological threshold.  

 

The leaf-wax n-alkane d13C  record from SHAK06-5K combined with the pollen record from the 

same core and modern leaf-wax n-alkane d13C  data from SW Iberia suggest that this 

geochemical proxy is directly or indirectly driven by SW Iberian climate variations. Two 
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potential mechanisms are proposed: i) n-alkane d13C  is directly controlled by changes in 

regional moisture availability; or ii) climate change leads to a turnover of plant species with 

inherently different n-alkane d13C signatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: 

Last Glacial Maximum, Deglaciation, MIS 2, Holocene, SW Iberian Margin, Portuguese Margin, 

Western Iberia, Climate change, Abrupt events, Vegetation change, Pollen, Leaf-wax 

biomarkers, n-alkanes, d13C, Shackleton site 

 



 iv 

Impact Statement 

The western Mediterranean is already experiencing significant, tangible effects of 

anthropogenic climate change. Rising temperatures in this region have exceeded the global 

mean over the past few decades and drought stress is projected to increase in future (Lionello 

et al., 2014 and references therein). These climate changes will impact western Mediterranean 

vegetation, which is cause for both ecological and socio-economic concern. Consequently, 

there is an urgent need for better understanding of the response and sensitivity of western 

Mediterranean vegetation to changing background conditions. 

 

To better understand the dynamics of Mediterranean ecosystem responses to anthropogenic 

climate change, this research explores the response and sensitivity of Southwest (SW) Iberian 

vegetation communities to changing background conditions on (sub)millennial-to-orbital 

timescales. These dynamics are investigated with complementary high-resolution 

palaeoenvironmental records: high-resolution pollen records from SW Iberian Margin 

sediment cores SHAK06-5K and MD01-2444, and high-resolution leaf-wax n-alkane records 

from core SHAK06-5K, spanning the last ~28 kyr within which several abrupt changes occurred 

(including the cold events of Heinrich Stadials 1 & 2, the Younger Dryas, and the 8,200 year 

event, and the warm event at the onset of the Bølling-Allerød interstadial) superimposed onto 

orbital-scale global changes. The fossil leaf-wax n-alkane palaeoenvironmental reconstructions 

were ground-truthed through molecular and isotopic (d13C) assessment of leaf-wax n-alkanes 

in contemporary plants of SW Iberia as a means to explore down-core signatures of these 

proxies as a (hydro)climate signal within a C3-vegetation environment. The overarching goal is 

to use fossil leaf-wax n-alkane records in combination with the pollen record and existing 

palaeoceanographic records from within the same core to provide further insight into the 

response and sensitivity of SW Iberian vegetation to changing background conditions.  
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This work is also a crucial part of a wider research project on sediments from core SHAK06-5K 

(JC089 James Cook cruise), led by an international interdisciplinary team of scientists at the 

University of Cambridge, ETH Zürich, and University College London. SW Iberian marine 

sediment cores provide continuous and high-fidelity records due to its unique geographical 

features which allow for direct correlation of marine and terrestrial records with ice-core 

records from Greenland and Antarctica. This project’s overall aim is to produce coeval high-

resolution records of marine and terrestrial proxies from within a single marine core, enabling 

an in situ exploration of the relative timing of climate change in marine and terrestrial 

environments of SW Iberia over the past ~28 kyr. 

 

Gaining insights into the response and sensitivity of SW Iberian vegetation to gradual and 

abrupt climate change will contribute towards the development of an empirical knowledge that 

can help assess the future ecological impacts and socio-economic consequences of 

anthropogenic climate change in the Mediterranean region. 
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Fig. 7.10: Box plots for total concentration (μg g-1) split by: a. plant functional group; b. 

ecoregion; c. heat resistance; d. drought tolerance; e. site of sample collection. Data from this 

study, Schäfer et al., (2016), and Norström et al., (2017). 

Fig. 7.11: Box plots for ACL split by: a. plant functional group; b. ecoregion; c. heat resistance; 

d. drought tolerance; e. site of sample collection. Data from this study, Schäfer et al., (2016), 

and Norström et al., (2017). 

Fig. 7.12: Changes over time (cal yrs BP) in a. atmospheric CO2 concentration (ppmv); b. d13C of 

atmospheric CO2; c. n-alkane d13CC31 from SHAK06-5K (‰ VPDB); d. n-alkane ACL from SHAK06-
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5K; e. temperate pollen (%) from SHAK06-5K; f. steppe pollen (%) from SHAK06-5K; g. Ericaceae 

pollen (%) from SHAK06-5K; h. June boreal insolation (40°N; Wm2). 

Fig. 8.1: From core SHAK06-5K: a. Sediment accumulation rate (cm ka-1); b. bulk density (g cm-

3); c. ln(Ca/Ti); d. n-alkane concentration (C27 – C33; ng g-1); e. n-alkane mass accumulation rate 

(C27 – C33) (ng cm-2 ka-1); f. pollen concentration (grains g-1); g. pollen mass accumulation rate 

(grains cm-2 ka-1); and h. pollen concentration of core MD01-2444 (grains g-1); i. pollen 

concentration of core D1385 (grains g-1); j. ice rafted debris from core SHAK06-5K (grains g-1). 

Fig. 8.2: Climate records over the past 27.4 kyr (cal yrs BP) of: a. North Greenland d18Oice (‰ 

VSMOW); b. Zr/Sr from SHAK06-5K; c. d18O planktonic foraminifera from SHAK06-5K (‰ VPDB); 

d. d18O benthic foraminifera from MD95-2042 (‰ VPDB); e. UK’37 -derived sea surface 

temperature (°C) from SHAK06-5K and MD01-2444; f. temperate pollen from SHAK06-5K and 

MD01-2444 (%); g. Mediterranean pollen from SHAK06-5K and MD01-2444 (%); h. steppe 

pollen from SHAK06-5K and MD01-2444 (%); i. Ericaceae pollen from SHAK05-5K and MD01-

2444 (%); j. n-alkane d13CC31 from SHAK06-5K (‰ VPDB); k. boreal insolation at 40°N (Wm2); l. 

ice-rafted debris (grains g-1). 

Fig. 8.3: In SW Iberian Margin cores over HS1 and HS2, changes in: a. Zr/Sr from SHAK06-5K; b. 

ln(Ca/Ti) from SHAK06-5K; c. UK’37 -derived sea surface temperature (°C) from SHAK06-5K and 

MD01-2444; d. Eurosiberian pollen from SHAK06-5K (%); e. Mediterranean pollen from 

SHAK06-5K (%); f. pioneer pollen from SHAK06-5K (%); g. steppe pollen from SHAK06-5K (%); h. 

Ericaceae pollen from SHAK06-5K (%); i. n-alkane d13CC31 from SHAK06-5K (‰ VPDB); j. ice 

rafted debris (IRD; grains g-1). 

Fig. 8.4: Changes over time (cal ka BP) in the normalised rates of change and resampled climate 

and vegetation records of simulated annual precipitation (cm yr-1) (a. & b.); simulated 

December to February surface air temperature (°C) (c. & d.); UK’
37-derived sea surface 

temperatures from MD01-2444 (°C) (e. & f.); temperate taxa from SHAK06-5K (%) (g. & h.); and 
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steppe taxa from SHAK06-5K (%) (i. & j.); and changes over time of: k. boreal insolation at 40°N 

(Wm2); l. ice-rafted debris (IRD; grains g-1).  

Fig. 8.5: SW Iberian pollen records of temperate, steppe, and Ericaceae vegetation change over 

MIS2 and the Holocene, from cores MD95-2042, MD01-2444, U1385, SHAK06-5K, D13882, and 

Charco da Candieira. 
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Chapter 1: Introduction 

 

Palaeoclimate science provides critical insight into past changes in global circulation systems, 

hydrological patterns, and the biosphere. While no previous geological period can serve as a 

direct analogue for anthropogenic climate change due to the unprecedented rate and nature 

of today’s global warming (Haywood et al., 2011), palaeoclimate records provide insight into 

the direct and indirect impacts of rising temperatures on the Earth’s system. One region that is 

already seeing significant effects of anthropogenic climate change is the western 

Mediterranean. Temperature rise in this region has exceeded the global mean over the past 

couple of decades (Giorgi, 2006; Diffenbaugh et al., 2007; Lionello et al., 2014; Dubrovsky et 

al., 2014; Cramer et al., 2018) and the future projections of enhanced heat stress and 

increasingly severe and regular droughts is cause for ecological and socio-economic concern 

(Giorgi, 2006; Giorgi & Lionello, 2008; Lionello, 2012; Lionello et al., 2014). Situated in a 

transition zone between temperate central Europe and arid North Africa, the western 

Mediterranean experiences hot/dry summers and cool/wet winters. This region is heavily 

affected by mid-latitude and sub-tropical interactions making it particularly sensitive to 

variations in the general circulation (Giorgi & Lionello, 2008; Lionello, 2012). Consequently, 

there is a need for greater knowledge of the response of western Mediterranean vegetation to 

changing background conditions, both on orbital and millennial timescales. Marine isotope 

stage 2 (MIS 2; 26 – 11.7 ka) and the Holocene (11.7 ka – present) can provide this 

understanding, as they contain the Last Glacial Maximum (LGM) and several abrupt North 

Atlantic climate events superimposed onto orbital-scale global changes that include expansion 

of Northern Hemisphere ice sheets, deglaciation, and the establishment of interglacial 

conditions. This time period includes the abrupt cold events of Heinrich Stadials 1 & 2 (HS2; 

HS1), the Younger Dryas (YD), and the 8,200 year (8.2 ka) event, and the abrupt warm onset of 

the Bølling-Allerød (BA) period.  

 

The Southwest (SW) Iberian Margin has emerged as one of the most important locations for 

investigating orbital- and millennial-scale changes in the coupled ocean-land system, where 

analyses of palaeoceanographic and terrestrial proxies from the same marine samples enable 

the relative timing of changes to be explored in situ (e.g. Shackleton et al., 2000, 2003; Sanchez 

Goñi et al., 2000; Tzedakis et al., 2004, 2018; Margari et al., 2010; 2020). This is a direct 

consequence of the region’s geography. The combined effects of two major rivers, the Tagus 

and the Sado, which have supplied the SW Iberian Margin throughout glacial and interglacial 
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periods (Jouanneau et al., 1998), and a narrow continental shelf (30 – 50 km wide) with a steep 

slope into the abyssal plain lead to the rapid transport of terrestrial material to deep-water 

environments (Vanney and Mougenot, 1981; Naughton et al., 2007). This enables a direct 

correlation with marine proxies (Hodell et al., 2013a; Hodell et al., 2015). Additionally, on 

millennial timescales, planktonic and benthic foraminifera isotope records from the Iberian 

Margin are closely correlated with ice core temperature records from Greenland and 

Antarctica, respectively (Blunier et al., 1998; Petit et al., 1999; Shackleton et al., 2000), with 

millennial-scale variability in planktonic d18O (d18Oplanktonic) from this region closely related to 

changes in SST (Shackleton et al., 2000; Skinner & Shackleton, 2005; Skinner et al., 2007). 

 

This research will explore SW Iberian vegetation changes over the past 28,000 years (28 kyr), 

using Iberian Margin sediment cores SHAK06-5K and MD01-2444 from within the vicinity of the 

Shackleton site (Shackleton et al., 2000), a location that has provided continuous and high-

fidelity records due to its unique geographical features (Hodell et al., 2013a; Hodell et al., 

2015).  

 

1.1. Aims and objectives 

The aim of this research is to better understand the ecological responses of SW Iberian 

vegetation to both orbital and millennial/centennial-scale climate change over the past 28 kyr, 

in order to assess the sensitivity of these ecosystems to different climate forcings. To address 

this research aim, the key objectives are as follows: 

 

1. Generate two high-resolution pollen records from cores SHAK06-5K and MD01-2444 

and a detailed 14C chronology to assess the absolute timing of SW Iberian vegetation 

changes on orbital and millennial timescales over the LGM, last deglaciation and 

Holocene. 

2. Generate a high-resolution leaf-wax n-alkane d13C record from SHAK06-5K, interpret 

the climate/physiological drivers of this signal using modern leaf-wax n-alkane d13C 

records from dominant SW Iberian vegetation, and explore the potential use of this 

proxy as a climate change signal. 

3. Use these records alongside existing palaeoceanographic analyses from the same cores 

to assess the relative timing of changes in these records and the response and 

sensitivity of SW Iberian vegetation to orbital-scale climate variability and abrupt 

climate events over the past 28 kyr. 
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1.2. Thesis structure 

This thesis is organised as follows: 

Chapter 2 presents the physical setting of the research area: SW Iberia and the SW Iberian 

Margin. Chapter 3 discusses the existing palaeoclimate knowledge of global and regional 

mechanisms responsible for western Mediterranean climate, oceanographic and vegetation 

conditions over the past 28 kyr. Chapter 4 describes the laboratory methods of the pollen 

preparation and analysis from cores SHAK06-5K and MD01-2444, and presents and describes 

the results, referring to changes with depth. Chapter 5 describes the laboratory methods of the 

leaf-wax n-alkane preparation and analysis from core SHAK06-5K, and presents and describes 

the results, referring to changes with depth. Chapter 6 presents the chronology of the records, 

produced using existing 14C dates from core SHAK06-5K (n = 40) and new 14C dates from MD01-

2444 (n = 7). Chapter 7 describes the field and laboratory methods used to produce the modern 

leaf-wax n-alkane record from the Tagus catchment basin in Portugal. These results are then 

presented and interpreted, and subsequently used in the interpretation of the SHAK06-5K fossil 

n-alkane record. Chapter 8 discusses the overall interpretation of terrestrial vegetation records 

(pollen and n-alkane) from SHAK06-5K and MD01-2444 and compares these to existing SW 

Iberian vegetation and palaeoceanographic records. Chapter 9 draws together the main 

conclusions and limitations of this research and suggests future directions following on from 

this work. 

 

1.3. Conventions 

Ages are given in calendar years before present (cal yrs BP), with ‘ka’ used for thousand years 

before present and ‘kyr’ used for durations. Uncalibrated radiocarbon ages are presented as 

‘14C’. The terms glacial/stadial refer to relatively cold and/or arid periods, while the terms 

interglacial/interstadial refer to relatively warm and/or humid periods. Botanical nomenclature 

follows Mabberley’s Plant-book (Mabberley, 2017). d13C is the ratio of carbon-13 (13C) to 

carbon-12 (12C), calibrated using the Vienna Pee Dee Belemnite (VPDB) reference standard, 

while d18O is the ratio of oxygen-18 (18O) to oxygen-16 (16O), with ice core records calibrated 

using the Vienna Standard Mean Ocean Water (VSMOW) reference standard and carbonate 

records calibrated using VPDB reference standard (Coplen, 1994). Both isotope ratios are 

reported in parts per thousand (per mil; ‰). The ‘n-‘ prefix in n-alkane refers ‘normal’ meaning 

the isomers are straight-chain. n-Alkane homologues are distinguished by the number of 

carbon atoms present in the compound, prefixed by ‘C’. 
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Chapter 2: Location and Environmental Setting 
 

This chapter provides the present-day environmental setting for the marine sediment cores 

SHAK06-5K and MD01-2444. A brief site description and outline of the scientific importance of 

this location is followed by the present-day oceanographic, climatic, and terrestrial conditions. 

The present-day sediment transport to the core sites is explored, with particular reference to 

the changes in this transport over MIS 2 and the Holocene. The potential impact of 

resuspension, redeposition, and allochthonous lateral transport on sediment delivered to 

SHAK06-5K and MD01-2444 are also discussed. 
 

2.1. Sites SHAK06-5K and MD01-2444 

The 3.44 m long SHAK06-5K kasten core was recovered from 2,646 m water depth on the SW 

Iberian Margin, in the vicinity of the Shackleton sites during the 2013 James Cook cruise JC089 

(37°34 N, 10°09 W) (Hodell et al., 2014). The site is located on the Promontório do Príncipe de 

Avis spur, ~115 km east of the Portuguese coast and southwest of the Tagus and Sado river 

mouths (Fig. 2.1). The MD01-2444 27.5 m long Calypso piston core was retrieved from the same 

area (37°34 N, 10°09 W) at a depth of 2,637 m during the 2001 R/V Marion Dufresne II 

Geosciences Cruise (Vautravers & Shackleton, 2006; Hodell et al., 2013a). 
 

 
 

Fig. 2.1: Site of cores SHAK06-5K and MD01-2444, highlighting the Tagus (pink) and Sado (blue) 

river catchments. PC = Portugal Current ; PCC = Portugal Coastal Counter Current. 
Basemap sourced from: https://www.arcgis.com/home/item.html?id=ed712cb1db3e4bae9e85329040fb9a49 
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2.2. Present-day western Iberian climate 

Western Iberia has an oceanic climate. The Tagus and Sado basins in SW Iberia are 

characterized by the high-seasonality of the Mediterranean climate, with warm, dry summers 

and mild winters, where mean annual precipitation is <600 mm, while mean winter 

temperature is ~10°C and mean summer temperature is ~23°C (Fick & Hijmans, 2017). Annual 

precipitation in this region has a slight bimodal pattern, with high winter precipitation from 

October-January, declining February-March, rising again in April-May, before decreasing from 

June-September (IAEA/WISER; http://nucleus.iaea.org/wiser). Annual temperature has a 

strong unimodal pattern, with high summer temperatures peaking in July and coinciding with 

lowest precipitation levels (Quezel, 1985). Although the Tagus and Sado rivers have a 

continuous discharge throughout the year, (with a mean of 400 m3 s-1 yr-1 and 10 m3 s-1 yr-1, 

respectively), the flow is highly seasonal (Vale & Sundby, 1987; Vale et al., 1993; Jouanneau et 

al., 1998). During winter months, the discharge increases substantially, reducing in Spring 

through to Autumn. 

 

Western Iberian climate is heavily influenced by the North Atlantic Oscillation (NAO), although 

this influence is highest in SW Iberia, decreasing eastwards across the Peninsula, (Alcara Ariza 

et al., 1987; Vicente-Serrano & Heredia-Laclaustra, 2004). Inter-annual climate variability, 

particularly winter precipitation, is heavily influenced by NAO changes, caused by pressure 

gradient fluctuations between the Icelandic Low and Azores High (Hurrell, 1995). A positive 

NAO index sees an increased pressure gradient which strengthens and displaces the westerly 

winds northwards, reducing Iberian Peninsula winter precipitation; a negative NAO sees this 

gradient reduced, resulting in the opposite effect which increases river discharge (Trigo et al., 

2004). A positive winter NAO trend has been seen over the past 30 years (Gouveia et al., 2008). 

 

Although this region’s dominant winds are northerly and westerly sourced (Fig. 2.2; Hurrell, 

1995), winds can occasionally be sourced from the south, transporting Saharan dust to western 

Iberia (Rodrıǵuez et al., 2001).  
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Fig. 2.2: Vertically integrated dominant moisture transport during: a. positive NAO; and b. 

negative NAO modes (Hurrell, 1995) 

 

2.3. Present-day western Iberian oceanography 

The Portugal Current (PC) is the dominant surface current (Fig. 2.1), transporting cold surface 

waters equatorward (Pérez et al., 2001). Between June and September this is enhanced with 

the summer strengthening of the Azores anticyclonic cell and weakening of the Icelandic low, 

intensifying northerly and northwesterly winds along the Portuguese Coast (Fiúza et al., 1982; 

Relvas et al., 2007). This drives strong upwelling of cold nutrient-rich waters from 60 – 120 m 

depth promoting primary productivity (Abrantes, 1992), whilst low energy waves lead to 

upper-level stratification in the summer months (Jorge da Silva, 1992). Between October and 

March, the strengthened Icelandic low and weakened Azores High result in southward-shifted 
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westerlies; these dominant and strong south-westerly winds create down-welling over the 

Iberian Margin continental shelf (Ambar & Fiuza, 1994; Vitorino et al., 2002), and drives the 

poleward Portugal Coastal Counter current (PCC) which flows between the continent and the 

PC (Fig. 2.1). This winter cooling of surface waters combined with high energy waves creates 

well mixed homogenised surface waters to ~100 m (Vitorino et al., 2002). These surface 

currents are therefore directly linked to atmospheric circulation and are extremely sensitive to 

rapid atmospheric changes. Tides on the SW Iberian margin are semi-diurnal and their currents 

are weak (Jouanneau et al., 1998). 

 

Wind strength and therefore upwelling has a positive relationship with NAO due to the 

northerly winds (Oschlies, 2001), whilst mean-grain size of riverine material transported via the 

Tagus increases during negative NAO phases due to increased precipitation (Alt-Epping et al., 

2009). 

 

At mid-depth (500 – 1700 m), the western Iberian Margin is dominated by warm and salty 

northward flowing Mediterranean Overflow Water (MOW), formed by the mixing of 

Mediterranean Sea water (MSW) and Atlantic Ocean water in the Gulf of Cadiz (van Aken, 

2000a). Under this, flows the North Atlantic Deep-water’s (NADW) upper component, Labrador 

Sea Water (LSW), at ~1600 m, with Northeastern Atlantic Deep Water (NEADW) and Lower 

Deep Water (LDW) (derived from Antarctic Bottom Water (AABW)) flowing below this (van 

Aken, 2000b; Voelker & de Abreu, 2011). Today, deep-water is dominated by NADW 

components with Antarctic originated LDW below 4000 m. During the Last Glacial, however, 

the contribution of AABW sourced water was more significant (Skinner et al., 2003; Martrat et 

al., 2007). 

 

2.4. Present-day western Iberian geomorphology 

2.4.1. Terrestrial 

The dominant sediment supply to the south-west Iberian Margin is from the Tagus river, 

followed by the Sado (Jouanneau et al., 1998). The former has a catchment area of 80,600 km2 

and is 1,110 km in length (Vale, 1990), while the latter has a catchment area of 7,640 km2 and 

is 175 km in length (Loureiro et al., 1986). The discharge of both rivers has a strong dry/wet 

signal, which strongly relates to the suspended sediment load (Vale & Sundby, 1987; Vale et 

al., 1993; Jouanneau et al., 1998). Although the annual suspended sediment load is 0.4 - 1 x 106 

t for the Tagus river and ~15 x 103 t for the Sado river, the highest proportion of this sediment 
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discharge occurs during winter months when the river’s flow is highest (Vale & Sundby, 1987; 

Vale et al., 1993). The valley of the Tagus river has been incised during numerous glacial sea-

level low stands over the Quaternary (Vis et al., 2016). Its source is in the Iberian Mountains, 

east of the Peninsula; these are old crystalline fold mountains formed during Late Palaeozoic 

Hercynian folding and are predominantly composed of Jurassic and Cretaceous limestones 

(Polunin & Smythies, 1973). Another group of these old-fold mountains, the Central Sierras, 

are to the north of the Tagus basin, with the Estremadura plateau to the south. In central Iberia, 

the Tagus flows through the New Castile plateau which is flat and featureless in the east but 

more undulating in the west (Polunin & Smythies, 1973). The river itself has formed a large low 

flat fertile plain, flooded with Tertiary deposits. It forms a dividing line between Mediterranean 

flora to the south and Atlantic vegetation to the north. The Sado basin is made up of tertiary 

deposits with the region’s topography determined by a number of fault systems that cross the 

drainage basin (Pimental & Azevedo, 1994; Pimental, 2002). In the south of the basin where 

the river’s source is located (in the Ourique hills) Quaternary terraces formed, while in the 

north of the basin, Tertiary deposits are overlain with Pliocene fluvial sands making terraces 

harder to identify (Pimental & Azevedo, 1994; Pimental, 2002). The mouths of the Tagus and 

Sado basins have formed lowlands and coastal plains but are bordered by prominent sea cliffs 

on the rocky Atlantic coastline (Polunin & Smythies, 1973). 

 

2.4.2. Ocean 

The western Iberian continental shelf is narrow, on average 20 – 30 km wide, composed of 

Cenozoic sediments >1000 m thick, and dissected by a number of submarine canyons 

(Jouanneau et al., 1998; Arzola et al., 2008). Two canyons incise the continental shelf in an east-

west direction, the Cascais and Lisbon-Sebútal canyons (Fig. 2.3), transporting sediment from 

the narrow continental shelf to the deep ocean of the Tagus Abyssal Plain. The Lisbon-Sebutal 

canyon meets the abyssal plain at 4800 m depth and is formed of two branches: the main 

Sebutal channel starts 6 km from the Sado river mouth and is 175 km in length, while the Lisbon 

canyon is 167 km in length, commencing 13 km from the mouth of the Tagus (Lastras et al., 

2009). The Cascais canyon is shorter and steeper, with its canyon head at 175 m depth, 27 km 

from the Tagus, meeting the abyssal plain at 4600 m (Lastras et al., 2009). The canyons are 

bordered by the Estremadura Spur, connected to the Lisbon Margin to the north, and the 

Promontório do Príncipe de Avis spur, connected to the Alentejo Margin, to the south (Fig. 2.3). 
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Fig. 2.3: Bathymetric map of the western Iberian Margin showing sites SHAK06-5K and MD01-

2444. Bathymetry data sourced from: www.emodnet-bathymetry.eu 

 

2.4.3. Present-day sediment transport to the Shackleton site 

The Tagus river is the SW Iberian Margin’s dominant sediment source, delivering an annual 

suspended sediment load of 0.4 – 1 x 106 t, four times that of the Sado (Jouanneau et al., 1998). 

The Sado river also transports sediment to this region, but its sediment load is a quarter of that 

of the Tagus (Jouanneau et al., 1998). Additionally, this material is primarily trapped in the 

Sado’s estuary, making this river’s supply to the margin far less significant (Jouanneau et al., 

1998).  

 

Northerly winds are predominantly responsible for transporting Tagus sediment across the 

shelf in summer, while in winter, high variability in wind patterns and downwelling from 

southerly winds cause fine sediment transport offshore (Vitorino et al., 2002; Oliveira et al., 

2002). Surface and benthic nepheloid layers transport this material across the shelf, depositing 
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courser, more organic carbon matter closer to the river mouth, which decreases offshore 

(Jouanneau et al., 1998; Oliveira et al., 2002; de Stigter et al., 2011). The changing suspended 

particulate matter (SPM) concentration in the benthic nepheloid layer with distance from the 

Tagus river mouth is summarised in Table 2.1, with organic matter being of predominantly 

marine origin outside of the close vicinity of the Tagus river mouth (Alt-Epping et al., 2007). 

The benthic nepheloid layer is considerable, reaching depths up to 150 m due to strong bottom 

currents resuspending and preventing sediment deposition; this layer is usually directed 

southward towards the Lisbon-Sebutal canyons (Jouanneau et al., 1998). The surface nepheloid 

layer is smaller, restricted to the river mouth in the winter and extending 30 km westward in 

the summer due to increased biogenic material and northerly winds (Jouanneau et al., 1998). 

Although these layers transport a large proportion of this sediment supply across the shelf, a 

significant quantity is deposited near the Tagus estuary, rather than transported to the deep-

ocean (Jouanneau et al., 1998).  

 

 

Location  SPM concentration 

Tagus river mouth  3 g m-3 

Open slope  0.1 g m-3 

Upper Canyon Lisbon & Setubal Canyons 1 g m-3 

 Cascais Canyon 0.5 g m-3 

 

Table 2.1: Suspended particulate matter (SPM) concentration in bottom nepheloid layer of 

difference regions of the SW Iberian Margin (de Stigter et al., 2011). 

 

Sediment that reaches the outer shelf can then be transported onto the continental slope or 

deep-ocean. Transport to the deep-ocean primarily occurs via the Cascais and Lisbon-Sebutal 

canyons which act as a sink for terrestrial material, although it has been acknowledged that 

there are limited sediment gravity flows in these canyons and a substantial quantity of material 

accumulates in the upper sections, not reaching the deep-ocean due to bottom water up-flows 

(de Stiger et al., 2011). Today, these canyons do not transport significant quantities of sediment 

to the Tagus Abyssal Plain, with the upper canyon acting as a depocenter (de Stiger et al., 2011; 

Vis et al., 2016). At the outer shelf, high turbulence and currents keep fine sediments 

suspended, meaning this material is not permanently deposited in these areas, instead 

transported onto the continental slope (Stanley & Wear, 1978; Dias, 1987). Although today’s 
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SPM deposition on continental slopes south of the canyons (where SHAK06-5K is situated) is 

significantly lower than that of the inner shelf and upper canyons, it is similar to the lower 

Cascais and Sebutal-Lisbon canyons (de Stiger et al., 2011), with the benefit of being away from 

the influence of turbidites (Hodell et al., 2013b).  

 

2.4.4. LGM and deglacial sediment transport to the Shackleton site 

Although the dominant terrestrial sediment supply to the south-west Iberian Margin over the 

last 28 kyr was from the Tagus catchment basin, with a smaller contribution from the Sado, the 

depocenters of terrestrial sediment on this margin changed over the last deglaciation 

(Jouanneau et al., 1998). 

 

During the LGM, sediment supply to the Tagus Abyssal Plain was significantly higher than that 

of the Holocene, heavily influenced by the lowered sea-levels of this period (Vis et al., 2008; 

2016; Lebreiro et al., 2009). LGM sea level was -130 – -140 m above present sea level (asl), just 

30 – 70 m above shelf break (Dias et al., 2000; Waelbroeck et al., 2002; Vis et al., 2008). The 

Tagus, a braided channel at this time, extended deep into the shelf, meaning sediment was 

directly and rapidly transported via the Cascais and Sebutal-Lisbon canyons into the deep-sea, 

with gravity flows and turbidites common in both canyons (Vis et al., 2008; de Stigter et al., 

2011; Vis et al., 2016).  

 

Sea level rose steadily until 16 ka to -100 m asl, stabilising until 13 ka (Dias et al., 2000; 

Waelbroeck et al., 2002), with the braided Tagus forming a single channel around ~14 ka (Vis 

& Kasse, 2009), but sea levels continued to be low enough for sediment to bypass the shelf 

with the Tagus Abyssal Plain still acting as the depocenter. As sea levels rose to -60 m asl 

between 13 – 12 ka (Lambeck et al., 2014), these canyons became disconnected from the direct 

continental sediment supply, flooding the shelf and moving the depocenter landwards, with 

high fluvial sediment deposition on the shelf during this period (Vis et al., 2008; 2016). 

 

Present-day sea level was reached by ~7 ka, with the Lower Tagus valley completely submerged 

by this time, resulting in an inland depocenter as sediment was trapped within the lower valley 

(Vis et al., 2008; 2016). Once this area was filled, increasing quantities of sediment were 

transferred back to the shelf from 5.5 ka (Vis et al., 2016), with cores from the Tagus mud patch 

showing a rise in sediment input from ~3.5 ka (Rodrigues et al., 2009). The quantity of sediment 

reaching the core sites SHAK06-5K and MD01-2444 has therefore varied over the deglaciation 
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and Holocene, although the catchment area has been relatively constant. The close proximity 

of these river mouths and narrow SW Iberian Margin continental shelf (Vanney & Mougenot, 

1981) means terrestrial material is rapidly delivered to deep-marine environments, enabling 

direct correlation with co-occurring marine proxies and other terrestrial sequences (Hodell et 

al., 2013b). Therefore, the pollen and n-alkane records from SHAK06-5K should provide a 

clearer understanding of this region’s vegetation composition over the last 28 kyr. As pollen 

and leaf-wax biomarkers, however, have unique production, transportation, and taphonomy, 

these processes and their impact on each proxy’s geographical source area will be explored in 

more detail in Chapters 4 and 5. 

 

2.4.5. SW Iberia sediment resuspension, redeposition, and allochthonous lateral transport 

In the marine environment, age discrepancies between different co-occurring (i.e. from the 

same sediment depth) sedimentary components have been demonstrated, highlighting the 

impact of lateral transport, resuspension, and redeposition on different grain-size fractions 

(Ohkouchi et al., 2002; Mollenhauer et al., 2005; Magill et al., 2018; Ausin et al., 2019b). Fine 

sediment fractions (alkenones, TOC, and long-chain fatty acids) have been shown to be 

considerably older than co-occurring planktonic foraminifera over the Late Quaternary. One of 

the most significant is a 7000 year discrepancy in Bermuda Rise sediments (Ohkouchi et al., 

2002), while ~1000, 1000 – 4500 and 2000 – 3000 year age offsets have been shown on the 

Chilean Margin, Namibian Margin, and in the South China Sea, respectively (Mollenhauer et al., 

2005). This has been attributed to lateral transport of pre-aged allochthonous material. 

 

The significance of potential age offsets at our site has been studied in the SHAK06-5K core 

over the deglaciation (Magill et al., 2018; Ausin et al., 2019b). Magill et al. (2018) showed 

organic fractions (<63 μm) to be ~1000 – 3500 years older than planktonic foraminifera from 

the same depth, with these offsets varying over the deglaciation; decreasing during the LGM, 

BA, and early to mid-Holocene and increasing during HE1, the BA-YD transition, and late 

Holocene. In core SHAK06-5K, these offsets have been attributed to lateral transport of pre-

aged material as there is little evidence of bioturbation in the upper 10 cm of the core and 

limited impact of diagenetic alteration/downslope remobilisation of foraminifera, as 

planktonic foraminiferal radiocarbon ages continuously increase downcore (Magill et al., 2018). 

The magnitude of this offset implies the lateral transport of allochthonous material, as local 

resuspension would not have this impact on 14C age (Ausin et al., 2019b). MOW is suggested to 

play a role in transporting this pre-aged material from the western Mediterranean to our core 
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site via intermediate nepheloid layers associated with this water mass (Magill et al., 2018). This 

water mass flows uninterrupted along the Alentejo margin until it reaches the Setubal canyon 

(de Stigter et al., 2011). At the Gulf of Cadiz, MOW has a large 0.25g m-3 turbidity signal, 

predominantly from outflow water eroding material south of Cadiz. By the time this water mass 

reaches our site, however, this concentration reduces to 0.05g m-3 due to particle fallout and 

mixing with the NADW below (McCave & Hall, 2002).  

 

Although the addition of pre-aged material impacts the 14C ages of different components at the 

same depth in the core, the impact of pre-aged material on the proxy signal will be limited as 

the fraction of older allochthonous material has been shown to be small (Ausin et al., 2019b). 

While between 15 and 20% of alkenones at this site could be sourced from pre-aged material 

(Ausin et al., 2019b), the reworking of nannofossils within core SHAK06-5K is also small (mean 

of 4.4%, Appendix 1; Magill et al., 2018). Furthermore, the synchronous changes in the pollen 

and palaeoceanographic records from core SHAK06-5K during abrupt events (presented in 

Chapter 8 of this thesis) indicate that there is a minimal influence of pre-aged material in this 

core over the past 28 kyr. 

 

2.5. Present-day western Iberian vegetation 

Mediterranean flora on the Iberian Peninsula has undergone complex and profound changes 

over geological time which have contributed to the rich diversity of taxa found in this region 

today, with the Iberian Peninsula containing a high biodiversity and a considerable number of 

endemic species (Greuter, 1991; Médail & Quezel, 1997; Médail et al., 2019). Iberia contains 

>9000 plant species, with 19.1 and 4.4% of these endemic to Spain and Portugal, respectively 

(Médail & Quezel, 1997). This rich diversity has been created through a number of processes: 

glacial refugia of Tertiary species; proximity to Africa enabled northward migration of species; 

geographical isolation allowed for the evolution of endemic species; while a significant range 

of climatic conditions across the region created numerous niches for plants with ranging 

tolerances (Polunin & Smythies, 1973). Today, land-use across Iberia is highly varied (Fig. 2.4), 

influenced heavily by geological, climatic, and anthropogenic conditions. Much of the 

landscape is dedicated to farming, including a multifunctional agrosilvopastoral system 

characterised by low density trees combined with agriculture or pastoral farming, known as a 

‘Montado’ in Portugal and a ‘Dehesa’ in Spain. This type of agroforestry eliminates shrubs 

typically in favour of evergreen Quercus (primarily Q. suber or Q. ilex) and grasses. 
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In the Tagus and Sado basins, the coastal region is dominated by thermophilous woodland, 

Mediterranean pines and maquis shrubs, which includes Pinus pinaster, Pinus pinea, Quercus 

coccifera, Q. suber, Pistacia lentiscus, Phillyrea latifolia, Arbutus unedo, Olea europea, 

Ceratonia siliqua, and Erica arborea (Morales-Molino et al., 2020). The vegetation of the 

western and central Tagus basin and the inner Sado basin is primarily composed of scrub, 

orchards, vineyards, and woodland. The latter is dominated by Q. ilex and Q. suber forests and 

‘montados’, with a considerable presence of Mediterranean pines and deciduous oaks, as well 

as other Mediterranean elements including Phillyrea angustifolia and Pistacia terebinthus 

(Blanco Castro et al., 1997; Morales-Molino et al., 2020). At mid-elevation (700 – 1000 m above 

sea-level (a.s.l)) forest composition is dominated by deciduous Quercus species, including Q. 

pyrenaica and Q. faginea, along with sub-Mediterranean and Eurosiberian elements Pinus 

sylvestris, Pinus nigra, Juniperus thurifera, and Taxus baccata (Blanco Castro et al., 1997; 

Morales-Molino et al., 2020). Where woodland degradation occurs, two types of matorral 

communities (a Mediterranean shrubland or heath ecosystem) can form: Cistaceae scrublands 

in regions with annual rainfall between 600 – 1000mm, and Ericaceae communities where 

precipitation is higher (Blanco Castro et al., 1997). In the highest elevation regions of the central 

and eastern Tagus basin, P. sylvestris and P. nigra forests dominate, with deciduous Q. 

pyrenaica woodland also present. In areas where human interference has reduced soil cover 

matorral scrub occurs which includes Cistaceae, Erica, Calluna, Genisteae, and Lamiaceae 

(Polunin & Smythies, 1973; Blanco Castro et al., 1997; Morales-Molino et al., 2020). Although 

greatly disturbed by anthropogenic activity, particularly olive groves and vineyards on the 

fertile river soils (Aguiar & Ferreira, 2005), riparian woodland in the Tagus basin is dominated 

by Fraxinus angustifolia, Alnus glutinosa, Populus nigra, Salix alba, and Salix salviifolia, with the 

edge of these forest environments often surrounded by Rubus ulmifolius, Crataegus 

monogyna, and Erica arborea (Aguiar et al., 2000). The Sado basin is predominantly woodland 

and scrub, with large Q. suber forests planted for cork in the south, although a substantial 

proportion of the land is used for arable purposes (Polunin & Smythies, 1973). On the coast 

where these rivers meet the Atlantic, Maritime Pines (Pinus pinaster) have been planted and 

are the dominant trees, alongside a significant proportion of heathland species such as Erica, 

Cistus, Halimium, and Leguminosae (Polunin & Smythies, 1973). 

 

Vegetation productivity in this region is heavily influenced by the NAO. Analysis of this 

relationship has demonstrated that the highest impact of winter NAO on vegetation activity is 

during the growth phase of the following spring, with positive (negative) winter NAO resulting 
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in reduced (increased) vegetation productivity (Gouveia et al., 2008). Additionally, the growth 

period productivity peaks earlier (later) following negative (positive) winter NAO, indicating the 

dependence of vegetation productivity on water availability from the previous winter (Gouveia 

et al., 2008; Gouveia & Trigo, 2011).  

 

Fig. 2.4: Land use map of present-day Iberia (Polunin & Smythies, 1973) 

 

2.6. Conclusions 

The present-day oceanographic, climatic, and geological setting provides insight into the 

natural drivers of western Mediterranean vegetation composition and a preliminary 

framework for exploring changes in SW Iberian vegetation over the past 28 kyr and the 

influence of terrestrial and oceanographic conditions. This chapter also explored the processes 

by which marine and terrestrial proxies are currently deposited at the Shackleton site, 

providing a background for how changing terrestrial and oceanographic conditions over the 

past 28 kyr may have influenced SW Iberian Margin sedimentary processes. 
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Chapter 3: Palaeoceanographic and Palaeoclimatic Context 

 

Palaeoclimatic knowledge is critical for understanding the response of different components 

of the Earth’s system to anthropogenic climate change (Lea, 2015). Fundamental to this 

understanding is the exploration of how the global climate shifted into and out of glacial-

interglacial cycles, with abrupt millennial/centennial-scale climate changes superimposed on 

longer trends. This chapter will firstly explore the general mechanisms and processes of global 

glacial-interglacial variability and abrupt climate changes throughout the Quaternary, before 

exploring the end of the last glacial period and current interglacial (specifically the last 28 kyr) 

and the abrupt climate jumps punctuating this period. These include the cold events of Heinrich 

Stadial 2 (HS2; 24.3 – 23.3  ka; Barker et al., 2009) and Heinrich Stadial 1 (HS1)/Mystery Interval 

(17.5 – 14.5  ka; Denton et al., 2006) which bracketed the LGM (22 – 19  ka; Yokoyama et al., 

2000), the warm BA (14.7 – 12.9 ka; Hartz & Milthers, 1901; Magny et al., 2003a; Rasmussen 

et al., 2006), the cold YD (12.9 – 11.7; Watts, 1977, 1980; Mott et al., 1986; Magny et al., 2003a; 

Rasmussen et al., 2006), and 8.2 ka event (Alley et al., 1997; Bond et al., 1997; Magny et al., 

2003b). Finally, as a particularly sensitive region to past climate variability (e.g. Cacho et al., 

1999; Shackleton et al., 2000; Pailler & Bard, 2002; Combourieu Nebout et al., 2002; 2009), the 

existing knowledge of the impact of these events on Iberian climate and vegetation will be 

assessed. 

 

3.1. Orbital-scale climate change: Global Patterns 

During the Quaternary period (2.588 million years ago – present), glacial-interglacial cycles 

have dominated the Earth’s climate occurring every  ~41 kyr in the Early Pleistocene and  ~100 

kyr in the Middle and Late Pleistocene (Imbrie et al., 1984; Shackleton et al., 1990; Ruddiman, 

et al. 1986). Hays et al. (1976) showed that changes in the Earth’s orbital geometry and axial 

inclination, modifying the amount of summer insolation received at northern high latitudes, 

are the pacemaker of Quaternary ice ages, thus providing support for the Milankovitch 

hypothesis (1941). Although there is no consensus on the origin and mechanism of the 100-kyr 

cycle, with a range of proposed non-linear processes and climate feedbacks, a key element 

appears to be the critical size of ice-sheets in triggering deglaciations (e.g. Raymo, 1997; 

Paillard, 1998; Tzedakis et al., 2017). 

 

The glacial-interglacial cycles are reflected in records of global ice volume (Shackleton & 

Opdyke, 1973; Hays et al., 1976; Imbrie et al., 1984; Ruddiman et al., 1989), sea level variations 



 17 

(Broecker et al., 1968; Mesolella et al., 1969; Lambeck and Chappell, 2001), atmospheric 

carbon dioxide (CO2) and methane (CH4) trends (Petit et al., 1999), sea surface and air 

temperature variations (Cuffey et al., 1995; McManus et al., 1999; NGRIP Members, 2004; 

Jouzel et al., 2007; Martrat et al., 2007), and changes in the strength of global monsoon systems 

(Rossignol-Strick, 1983; Wang et al., 2001; Larrasoaña et al., 2003). Compared to present, sea 

levels were on average 130 m lower during the LGM (Lambeck et al., 2014) while the d18O of 

the global ocean was 1.1‰ higher (Adkins et al., 2002).  

 

Vegetation responds to climatic variability over orbital timescales, altering geographical 

distribution, range and abundance, with migratory routes and rates, and genetic adaptation 

varying according to species (Bennett et al., 1986; Davis & Shaw, 2001). During glacial periods, 

many taxa in the temperate Northern Hemisphere were confined to glacial refugia in southern 

regions (Beug, 1968; van der Hammen et al., 1971; Huntley & Birks, 1983; Bennett et al., 1991; 

Tzedakis, 1993). Then, in response to interglacial warming, northward migration and range 

expansion occurred. 

 

Palaeoarchives from Iberian Margin marine sediments show glacial-interglacial variability was 

synchronous with changes in global ice volume (Roucoux et al., 2006; Martrat et al., 2007). 

During interglacial (glacial) periods, western Iberian sea surface temperatures (SSTs) increase 

(decrease), the strength of deep-ocean ventilation increases (decreases), the influence of Arctic 

surface waters reduces (increases), and the proportion of NADW to AABW increases 

(decreases) (Skinner et al., 2003; Martrat et al., 2007). Vegetation shifts demonstrate this 

orbital tempo, with an expansion (contraction) of woody taxa during interglacial (glacial) 

periods (Tzedakis et al., 2004; Roucoux et al., 2006). 

 

3.2. Abrupt Climate Change: Global Patterns 

Warm-cold oscillations are not only restricted to orbital time-scales, with strong millennial and 

multi-centennial-scale changes shown in ice-core, marine, and terrestrial records, particularly 

during the Last Glacial period, ie. Marine Isotope Stage 3 (MIS 3) (Bond et al., 1993; Allen et al., 

1999; NGRIP Members, 2004). Dansgaard et al. (1982), first showed the presence of abrupt 

millennial-scale events throughout the Last Glacial period in Greenland ice-cores. Several ice-

core records across Greenland have since corroborated the occurrence of large oscillations in 

air temperatures (Dansgaard et al., 1993; Grootes et al., 1993; NGRIP Members, 2004; NEEM 

Community Members, 2013), known as Dansgaard-Oeschger (D-O) cycles. A typical cycle is 
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characterized by a decadal-scale warming (the so-called D-O event) ranging from 5 to 16°C 

(Kindler et al., 2014) leading into a warm Greenland interstadial, followed by a gradual cooling 

into stadial conditions and a final fast cooling (Wolff et al., 2010). The temperature variations 

were accompanied by changes in snow accumulation rates, atmospheric CH4, and terrestrial 

dust and sea salt concentrations (Wolff et al., 2010), implying that the climate changes were at 

least hemispheric in scale. 24 D-O cycles are recorded over Last Glacial period (Grootes et al., 

1993) and have been closely matched with abrupt changes in North Atlantic SSTs, linking 

atmospheric and oceanic processes in the region (Bond et al., 1993).  

 

Despite significant research into D-O cycles, their cause is still widely debated. Freshwater 

forcing and associated changes in the strength of the Atlantic Meridional Overturning 

Circulation (AMOC) has often been invoked as the trigger for D-O cycles (Broecker et al., 1985; 

Bond & Lotti, 1995; Rind et al., 2001; Ganopolski & Rahmstorf, 2001; Clark et al., 2001; Zhang 

et al., 2017). The AMOC is widely acknowledged to be highly sensitive to freshwater forcing, 

and it has been proposed that alterations in the ocean-atmosphere system trigger jumps 

between stable modes of operation (Broecker & Denton, 1989; Dokken & Jansen, 1999), with 

different modes of deep-water production and alternative ocean circulation states existing 

during specific climate conditions (Broecker et al., 1985). Depending on the extent of disruption 

of the AMOC caused by freshwater forcing, three modes of circulation have been proposed: an 

‘on’ mode during interglacial/D-O interstadials, a ‘weak/cold’ mode during glacials/D-O 

stadials, and an ‘off’ mode during Heinrich Events (Sarnthein et al., 1994; Sarnthein, 2000; 

Rahmstorf, 2002). Models have investigated the stability of these different ocean circulation 

modes (Wright & Stocker, 1991; Stocker & Wright, 1991; Marotzke & Willebrand, 1991) 

resulting in the hypothesis of a non-linear hysteresis mechanism (Ganopolski & Rahmstorf, 

2001). 

 

Ice-rafted debris (IRD) in North Atlantic sediment, however, has been shown to occur after the 

onset of cooling (Barker et al., 2015), leading to suggestions of an atmospheric, rather than 

freshwater trigger which alters sea-ice cover and consequently changes northern North 

Atlantic sub-surface salinity and temperatures, therefore driving changes in the AMOC (Dokken 

et al., 2013; Menviel et al., 2014; Li & Born, 2019). A competing argument suggests that Nordic 

Sea convection was continuous over the last glacial, but different mechanisms were 

responsible for deep-water formation: convection during interglacials, and brine rejection from 

sea-ice freezing during glacials (Dokken & Jansen, 1999). 
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3.2.1. Heinrich Events 

In parallel, research on North Atlantic sediment cores showed that there were distinct layers 

of terrestrial sourced IRD during the last glacial period, with these layers of enhanced IRD and 

low foraminifera termed ‘Heinrich layers’ (HL) (Heinrich, 1988; Broecker et al., 1992; Bond et 

al., 1992). These layers were attributed to the discharge and subsequent melting of large 

icebergs, termed a Heinrich Event (HE), caused by the surging of the Laurentide ice-sheet (LIS), 

occurring at the end of a ~7 – 13 kyr cooling cycle of several D-O events (known as a Bond 

cycle), when atmospheric temperatures over Greenland had reached a minimum (Broecker et 

al., 1992; Bond et al., 1993). With HEs occurring after the stadial cooling has started, the 

freshwater input continued to reduce deep-water formation, further weakening the AMOC 

(Bond et al., 1992). Although these Heinrich Events are not apparent in the Greenland ice-core 

temperature record, North Atlantic sediment records bear the imprint of D-O and Heinrich 

events, indicating a link between ice-sheet behaviour and ocean-atmosphere temperatures 

(Bond et al., 1993). 

 

Although in the literature ‘Heinrich Stadial’ (HS) has been used interchangeably with Heinrich 

Event’ (HE), a HS is the entire cold North Atlantic interval, while HE applies to the period of IRD 

deposition at the end of the HS, confined to the North Atlantic Ocean; associated with these 

events are HLs, the physical manifestation of the HE (Barker et al., 2009; Sanchez Goñi & 

Harrison, 2010; Hodell et al., 2017). Imprints of HSs are shown in global records over the last 

glacial (Broecker, 1994), with reduced temperatures and glacier advance in Europe (Ivy-Ochs 

et al., 2006), weakened East Asian and Indian Monsoon systems (Schulz et al., 1998; Wang et 

al., 2001; Higginson et al., 2004; Deplazes et al., 2014), and increased moisture availability in 

tropical South American and African records (Arz et al., 1998; Wang et al., 2006; Hessler et al., 

2010). 

 

Both internal ice-sheet mechanisms and ice volume responses to external climate change 

mechanisms have been suggested as the cause of HEs. The Binge-Purge model is one of the 

most prominent internal ice-sheet mechanisms that has been proposed (MacAyeal, 1993). The 

binge phase is the LIS growth on the rigid sediment bed of the Hudson Bay and Strait. As this 

sediment thaws under increasing basal temperatures, the large volumes of ice are ‘purged’, 

resulting in a rapid iceberg discharge into the North Atlantic Ocean. This internal ice-sheet 

mechanism, however, does not account for IRD of different origins found within the same 

layers, indicating synchronised iceberg pulses from Canada, Europe, and Iceland (Broecker et 
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al., 1992; Grousset et al., 1993), which imply the existence of an external climate control. 

Additionally, models have been unable to reproduce this mechanism without additional 

parameters (Calov et al., 2002; Papa et al., 2006) and SST decline has been shown to precede 

IRD peaks, indicating that increased iceberg calving is the response of colder conditions, not 

the cause (Bond & Lotti, 1995; Barker et al., 2015). 

 

Several ice-sheet responses to external climate mechanisms have been proposed. The first of 

these is sea level rise (SLR). When D-O stadial temperatures fell below a critical threshold, ice-

calving from the Gulf of St Lawrence was enhanced, raising sea-levels and subsequently causing 

HE iceberg discharge from the LIS (Bond & Lotti, 1995; Flückiger et al., 2006). The second 

suggested external mechanism is the forcing of climate-controlled meltwater. Warming 

summer temperatures (possibly resulting from intrastadial variability, or the end of the 

extreme cold conditions) are suggested to have enhanced meltwater accumulating on ice-

sheet fringing and collecting in crevasses on the ice, leading to catastrophic break-up of the 

Labrador Sea ice-shelf which expanded substantially during extreme cold D-O temperatures 

(Hulbe et al., 2004). The third suggestion is a change in the AMOC. SST records have indicated 

subsurface ocean warming prior to HEs (Peck et al., 2007), which is in agreement with 

simulated results indicating that a weakened AMOC warmed the subsurface ocean, 

destabilising ice-sheets (Shaffer et al., 2004; Alvarez-Solas et al., 2010; Marcott et al., 2011). 

This is caused by the weakened AMOC increasing stratification which breaks down convection 

and gradually warms northern North Atlantic subsurface water masses (Shaffer et al., 2004; 

Mignot et al., 2007). 

 

Bassis et al. (2017) suggests this subsurface warming due to weakened AMOC enhanced 

underwater glacier melt, which increased iceberg discharge. Ice-sheet models support this, 

indicating that this mechanism can explain both timing and magnitude of HEs (Bassis et al., 

2017). Furthermore, after a significant ice discharge, the subsequent bed uplift (isostatic 

adjustment) isolates the glacier from the ocean forcing, enabling regrowth over the course of 

a Bond cycle which then culminates in a HE event. Consequently, this explains why each D-O 

event does not end equivalently (Bassis et al., 2017). 

 

3.2.2. Bipolar Seesaw 

During periods of abrupt Greenland warming (D-O events), alignment of Vostok CH4 records 

have been used to show a contemporaneous gradual Antarctic cooling. This is followed by 



 21 

gradual Antarctic warming, coeval with strong North Atlantic cooling (Blunier et al., 1998). This 

antiphase relationship has been termed the bipolar see-saw, with the strength and stability of 

the AMOC determining the interhemispheric heat transfer (Stocker & Johnson, 2003; Barker et 

al., 2009). Temperature maxima in Greenland have been shown to lead Antarctica by 200 years 

(WAIS, 2015). 

 

The thermal bipolar seesaw model (Stocker & Johnsen, 2003) attempts to explain the differing 

signals of the two regions, suggesting a southern sourced heat reservoir is responsible for the 

timing and dampening of the northern hemispheric signal, leading to gradual Antarctic 

changes. The interior ocean north of the Antarctic Circumpolar Current has been a suggested 

location of this heat reservoir (Pedro et al., 2018).  

 

Global records bear the imprint of these abrupt events which include a weakening of west 

African and Asian monsoons during stadials and HEs (Wang et al., 2001; Peck et al., 2004; Itambi 

et al., 2009), reduced global CH4 and nitrogen oxide levels, and enhanced dust and sea-salt 

transport (Thomas et al., 2009). Increased global atmospheric CO2 concentrations during 

stadial events, particularly HEs (Bauska et al., 2016; Eggleston et al., 2016), have been 

associated with the bipolar seesaw (Ahn & Brook, 2008). Increased CO2 ventilation during HS1 

and the YD is linked to enhanced Southern Ocean degassing (Skinner et al., 2014) caused either 

by enhanced Antarctic air-sea gas exchange or upwelling from alterations in stratification 

(Schmittner & Galbraith, 2008), sea-ice extent (Skinner et al., 2010), or winds (Anderson et al., 

2009). 

 

A region which bears the imprint of this interhemispheric heat transport and plays an important 

role in assessing rapid climate change is the Iberian Margin. The systematic offset between the 

d18O of planktonic and benthic foraminifera records from a marine core southwest of the 

Iberian Peninsula have suggested the simultaneous presence of different climatic signals in 

surface and deep-water masses (Shackleton et al., 2000). The former correlated with the d18O 

of Greenland and the latter with the ‘triangular-wave’ of Antarctic d18O (Blunier et al., 1998; 

Petit et al., 1999). Shackleton et al. (2000) attributed benthic d18O fluctuations to ice volume 

variations, but Skinner et al. (2007) have shown that the Iberian Margin deep-water signal was 

also influenced by local hydrographic and temperature changes, reflecting the isotopic 

composition of southern-sourced water, therefore tracking Antarctic temperature variations. 

Iberian Margin marine cores can, therefore, provide insight into north-south asynchrony 
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beyond the timeframe of ice-core records (de Abreu et al., 2003; Tzedakis et al., 2004; Martrat 

et al., 2007; Margari et al., 2010; 2014; Hodell et al., 2013a; Hodell et al., 2015). 

 

3.3. Abrupt climate change: End of the Last Glacial period to present 

This study focuses on the transition from the last glacial period to the Holocene. This includes 

a number of key millennial scale events; HS2 and HS1 which bracketed the LGM, the onset of 

the BA, YD, and 8.2 ka event, all of which have been attributed to freshwater forcing from ice-

sheet meltwater altering the AMOC strength (McManus et al., 2004; Thornalley et al., 2010) 

with a total of 100 m SLR during the last deglaciation (Fairbanks, 1989). The impact of this 

meltwater on the AMOC during the deglaciation, however, varied between these events and is 

hypothesised to be the result of the location the freshwater entered the ocean (Clark et al., 

2001; Carlson & Clark, 2012). The cause of HEs has already been discussed, so the trigger of the 

BA, YD, and 8.2 ka event will be discussed here. 

 

Traditionally the BA is thought to result from AMOC recovery following HS1 (Broecker et al., 

1990; Dokken & Jansen, 1999; Knorr & Lohmann, 2007; Liu et al., 2009). The conundrum is the 

timing of meltwater pulse 1a (MWP1a) which was coeval with BA Greenland warming and led 

to ~18 m SLR in ~350 years (Fairbanks, 1989; Deschamps et al., 2012). This has led to 

suggestions that MWP1a was the trigger of the BA, entering the Atlantic from the Mississippi 

river or Southern Ocean, which invigorated NADW production and caused the warming event 

(Clark et al., 2001; Weaver et al., 2003). The hemispheric source of this meltwater, however, is 

debated. A substantial proportion is suggested to have entered through the Mississippi river 

(Keigwin et al., 1991; Peltier, 2005; Gregoire et al., 2012), with model simulations 

demonstrating that the separation of the Laurentide and Cordilleran ice domes produced 

MWP1a (Gregoire et al., 2012). Other models, however, have indicated that the AMOC would 

have been weakened if significant meltwater entered at this location (Manabe & Stouffer, 

1997; Roche et al., 2007, 2010). As this weakening is unsupported by existing fossil records and 

research indicates that the LIS could not be the source of such a considerable freshwater input, 

alternative theories of a rapid Antarctic freshwater pulse have been proposed (Clark et al., 

1996; 2002; Weaver et al., 2003; Bassett et al., 2005; Carlson, 2009). There are also suggestions, 

however, that during stadials the strengthened, highly saline MOW entering the Atlantic played 

a key role in the switch of the AMOC from stadial to interstadial conditions resulting in the 

abrupt warming at the start of the BA (Voelker et al., 2006; Rogerson et al., 2006). 
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For the YD, meltwater entering the Atlantic from an eastern/northern source is suggested to 

have weakened the AMOC through the reduction of NADW production (Clark et al., 2001). 

Although this stadial has global impacts, with warming in the Southern Hemisphere and cooling 

in the Northern Hemisphere (Shakun & Carson, 2010; Stenni et al., 2011; Heiri et al., 2014), the 

cause of this event is debated. Meltwater (Broecker, 1985) and bolide impact (Firestone et al., 

2007) have been proposed as drivers, with some studies indicating the cause is more complex, 

involving a combination of factors (Renssen et al., 2015). The meltwater hypothesis is the most 

widely discussed. One branch of this theory is the rerouting of Lake Agassiz freshwater from 

the Mississippi to the St. Lawrence river which shut down the AMOC (Rooth, 1982; Broecker et 

al., 1985, 1989; Broecker, 2006). Others, however, have proposed that LIS meltwater entered 

the Arctic Ocean via the McKenzie river (Tarasov & Peltier, 2005; Murton et al., 2010; Keigwin 

et al., 2018). 

 

The 8.2 ka event has also been attributed to an abrupt meltwater event that resulted in AMOC 

weakening in the early Holocene. This is suggested to be the result of the catastrophic drainage 

of Lakes Agassiz and Ojibway entering the North Atlantic Ocean through the Hudson Strait 

(Barber et al., 1999), which led to a northern hemispheric temperature reduction (Rensenn et 

al., 2001) coeval with a 160-year Greenland temperature decline (Thomas et al., 2007). Models 

indicate that the separation of the Labrador and Baffin ice domes may have caused this 

meltwater pulse (Gregoire et al., 2012). 

 

3.3.1. The Holocene 

Early research considered the Holocene climate to be relatively stable. Boreal insolation 

reached its maximum at 11.6 ka as obliquity and precession peaks coincided, declining through 

the course of the interglacial; this led to a southward migration of the intertropical 

convergence zone (ITCZ) and overall cooling of the North Atlantic Ocean and northern 

landmasses (Wanner et al., 2008). Three main phases of the Holocene have been proposed 

(Nesje & Dahl, 1993; Walker et al., 2018): the early Holocene (the Greenlandian; 11.7 – 8.3 ka), 

a period that still had the cooling influence of North American ice-sheets, despite the boreal 

insolation maxima; the mid-Holocene (the Northgrippian; 8.3 – 4.2 ka), where these ice-sheets 

had retreated, yet insolation was still high and a NAO-like system was established (Fletcher et 

al., 2013); and the late Holocene (the Meghalayan; 4.2 ka – present), a period of declining 

summer insolation. 
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The Holocene also contains many abrupt centennial-scale climate changes. Although smaller 

than the magnitude of those during the last deglaciation, six periods of abrupt change 

(cooling/drying and atmospheric circulation change) have been shown in global Holocene 

records (Mayewski et al., 2004). Bond et al. (2001) suggested a 1,500-year cyclicity of these 

events, corresponding with IRD peaks in North Atlantic Ocean marine records, although this 

cyclicity is disputed (Moros et al., 2016), with suggestions of continuous 2,500-year cycles 

throughout the Holocene, a 1,000-year periodicity in the Early Holocene, and 1,600-year cycles 

during the Late Holocene (Debret et al., 2007; 2009). In turn, these have been shown to be 

coeval with Greenland 10Be and tree-ring 14C records, leading to suggestions that variations in 

solar forcing was responsible (Mayewski et al., 2004). Internal cycles, however, have also been 

suggested as drivers (Schulz et al., 2007; Jongma et al., 2007) including temperature and salinity 

changes in the surface subpolar North Atlantic Ocean (Thornalley et al., 2009) and changes in 

the strength and position of the westerlies (Giraudeau et al., 2010). 

 

3.4. Iberian climate and vegetation change: LGM to present 

There are many existing records reconstructing Iberian climate change over the last 28 kyr, 

with the locations of those mentioned in the text shown in Fig. 3.1 and outlined in Table 3.1. 

These studies have contributed greatly to our understanding of climatic shifts and the response 

of vegetation in this region to these changes (Hooghiemstra et al., 1992; van der Knaap & van 

Leuween, 1995, 1997; Boessenkool et al., 2001; Turon et al., 2003; Chabaud et al., 2014; 

Oliveira et al., 2018; Naughton et al., 2019). There remains, however, conflicting evidence with 

regards to the western Iberian hydrological conditions over the last 28 kyr. This section will 

outline what is already known about this region’s climate over the past 28 kyr, where the gaps 

in our knowledge still remain, and how this study can contribute to this area of research. 
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Fig. 3.1: Sites of Iberian climate reconstructions over the past 28 kyr. 1. KS05-10; 2. La Garma 

Cave; 3. Pindal Cave; 4. La Vallina Cave; 5. Lago Enol; 6. Cueva Rosa; 7. Lago de Ajo; 8. Laguna 

Lucenza; 9. Cova de Arcoia; 10. Lago de Sanabria area; 11. A14-VC15; 12. Mougás lagoon; 13.  

MD99-2331; 14. MD03-2697; 15. MD95-2039; 16. Serra da Estrela; 17. Navamuno peat bog; 

18. Fuentillejo maar; 19. D13882; 20. SO75- 6KL; 21. MD95-2042; 22. SU 81-18; 23. 8057B; 24. 

SHAK06-5K (this study); 25. MD01-2444 (this study); 26. U1385; 27. GeoB5901-2; 28. M 15669-

1; 29. Padul 15-05 & 13-01; 30. Padul peat bog; 31. El Refugio Cave; 32. ODP-161-976A & ODP 

976; 33. MD95-2043; 34. Kert river; 35. Lake Sidi Ali; 36. AI.13. Vegetation (black circles), 

speleothem (yellow squares) and sedimentological/geochemical (pink hexagons) records. 

Details and references outlined in Table 3.1. 
Ocean basemap sourced from: https://www.arcgis.com/home/item.html?id=5ae9e138a17842688b0b79283a4353f6
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Region Archive Site Time period Reference No. on map 

Bay of Biscay Marine core: Pollen KS05-10 9 ka – present Oliveira, 2012 1 

Cantabrian coast, N Iberia Speleothem La Garma Cave 13.5 ka – present Baldini et al., 2015; 2019 2 

Cantabrian coast, N Iberia Speleothem Pindal Cave 25 – 11.6 ka 

14 – 4 ka 

Moreno et al., 2010a 

Stoll et al., 2013 

3 

Cantabrian coast, N Iberia Speleothem La Vallina Cave 10 ka – present Stoll et al., 2013 4 

Cantabrian coast, N Iberia Terrestrial core: Pollen, Sedimentological, Geochemical Lago Enol 40 ka – present Moreno et al., 2010b; 2012 5 

Cantabrian coast, N Iberia Speleothem Cueva Rosa 14 – 5 ka Stoll et al., 2013 6 

Cantabrian Mtns, NW Iberia Terrestrial core: Pollen Lago de Ajo 14.5 ka – present Allen et al., 1996 7 

Cantabrian Mtns, NW Iberia Terrestrial core: Pollen Laguna Lucenza 9.8 ka – present 

17 ka – present 

Santos et al., 2000 

Muñoz-Sobrino et al., 2001 

8 

Galician Massif, NW Iberia Speleothem Cova de Arcoia 9.3 ka – present Railsback et al., 2011 9 

Galician Massif, NW Iberia Terrestrial core: Pollen Laguna de la Roya; Sanabria Marsh 

Laguna de las Sanguijuelas; Lleguna 

14.5 ka – present 

18 ka – present 

Allen et al., 1996 

Muñoz-Sobrino et al., 2004 

10 

Coastal NW Iberia Terrestrial core: Pollen & Sedimentological A14-VC15 14.4 – 9.4 ka Garcia-Moreiras et al., 2019 11 

Coastal NW Iberia Littoral core: Pollen Mougás lagoon 16 ka – present Gómez-Orellana et al., 1998 12 

NW Iberian Margin Marine core: Pollen MD99-2331 25 ka – present 

40 – 16 ka 

Naughton et al., 2007 

Naughton et al., 2009 

13 

NW Iberian Margin Marine core: Pollen MD03-2697 25 ka – present 

20 ka – present 

Naughton et al., 2007 

Naughton et al., 2016 

14 

Central Portugal Marine core: Pollen MD95-2039 10 – 65 ka Roucoux et al., 2005 15 

Serra da Estrela, C. Portugal Terrestrial: Pollen 10 cores from 8 sites (lagoons, lakes 

and ponds) 

10.3 ka – present 

14.8 – 9.5 ka 

Van der Knaap & Van Leeuwen, 1995 

Van der Knaap & Van Leeuwen, 1997 

16 

Central Iberia Terrestrial core: Pollen, Sedimentological, Geochemical S3 15.6 – 10.6 ka López-Sáez et al., 2020 17 

Central Iberia Terrestrial core: Sedimentological & Geochemical Fuentillejo maar 50 ka – present Vegas et al., 2010 18 

SW Iberian Margin Marine core: Pollen D13882 13.4 – 11.4 ka  Naughton et al., 2019 19 

SW Iberian Margin Marine core: Pollen SO75- 6KL 21 ka – present Boessenkool et al., 2001 20 
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SW Iberian Margin Marine core: Pollen MD95-2042 14.2 ka – present Chabaud et al., 2014 21 

SW Iberian Margin Marine core: Pollen SU 81-18 25 ka – present Turon et al., 2003 22 

SW Iberian Margin Marine core: Pollen 8057B 19.1 – 2.9 ka  Hooghiemstra et al., 1992 23 

SW Iberian Margin Marine core: Pollen U1385 17.5 ka – present Oliveira et al., 2018 26 

Gulf of Cadiz Marine core: n-Alkane & Sedimentological GeoB5901-2 6 – 2.5 ka Schirrmacher et al., 2019 27 

NW Moroccan Margin Marine core: Pollen M 15669-1 121.7 – 6.3 ka Hooghiemstra et al., 1992 28 

Padul, Southern Spain Terrestrial core: Pollen, Sedimentological, Geochemical 

 

Terrestrial core: Pollen 

Padul 15-05 

 

Padul 13-01 

11.6 ka – present 

4.7 ka – present 

200 ka – present 

4.7 ka – present 

Ramos-Roman et al., 2018a 

Ramos-Roman et al., 2018b 

Camuera et al., 2018 

Ramos-Roman et al., 2018b 

29 

Padul, Southern Spain Terrestrial core: Pollen Padul peat bog 30 – 4.5 ka Pons & Reille, 1988 30 

Southern Spain coast Speleothem El Refugio Cave 9.3 – 2.9 ka Walczak et al., 2015 31 

Alboran Sea Marine core: n-Alkane & Sedimentological ODP-161-976A 6 – 2.5 ka Schirrmacher et al., 2019 31 

Alboran Sea Marine core: Pollen ODP 976 25 ka – present 

15 – 4 ka 

Combourieu Nebout et al., 2009 

Dormoy et al., 2009 

32 

Alboran Sea Marine core: Pollen MD95-2043 48 ka – present 

20 – 6 ka 

Fletcher & Sanchez Goñi, 2008 

Fletcher et al., 2010 

33 

Northern Morocco River channel: Sedimentological Kert river 30 ka – present El Amrani et al., 2008 34 

Middle Atlas, Morocco Terrestrial core: Pollen, Sedimentological, Geochemical Lake Sidi Ali 12.3 ka – present Zielhofer et al., 2017 

Zielhofer et al., 2018 

35 

Middle Atlas, Morocco Terrestrial core: Pollen, Sedimentological, Geochemical AI.13 25 ka – present Tabel et al., 2016 36 

 

Table 3.1: Details of Iberian climate research over the past 28 kyr and position on map (Fig. 3.1).
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The Mediterranean lies in a transition zone that is influenced by both mid- and low-latitude 

climate dynamics (Raicich et al., 2003). On orbital timescales, precession has been a key driver 

of Mediterranean climate, strengthening the African summer monsoons at precession minima 

(boreal insolation maxima) linked to reduced dust transport and increased freshwater input 

into the Mediterranean Sea via northward draining catchments along the North African coast 

and the Nile, leading to the quasi-periodic deposition of organic-rich sapropel layers as a result 

of increased surface water freshening, reduced deep water ventilation and increased export 

production (Rossignol-Strick et al. 1982; Lourens et al., 1992; Tuenter et al., 2003; Rohling et 

al., 2015). As the African Summer monsoonal precipitation did not affect the Mediterranean 

region directly extending only to 24°N (Tzedakis et al., 2007), increased Mediterranean SSTs 

and Iberian Margin upwelling changes are thought to be the direct effect of precessional 

insolation, shifting the ITCZ northward and enhancing wind driven processes in the 

Mediterranean (Lourens et al., 1992; Tuenter et al., 2003; Hodell et al., 2013a). Obliquity has a 

smaller control, driving Mediterranean SST changes, sapropel thickness, and to a lesser extent, 

ocean productivity; this corresponds with ice volume changes demonstrating a high-latitude 

control over this region (Lourens et al., 1992; Lourens et al., 1996). Mediterranean vegetation 

changes have been shown to be coeval with atmospheric CH4 concentrations on orbital and 

millennial timescales (Tzedakis et al., 2009). This has been explained by the coupling of low- 

and mid-latitude hydrological processes which are thought to be influenced by the movement 

of the ITCZ. 

 

In addition to these influences, Iberia is also highly sensitive to changes in NADW production 

on millennial and centennial timescales due to a direct atmospheric link between the North 

Atlantic Ocean and Iberia (Cacho et al., 1999; 2001; Rohling et al., 1998; 2002; Frigola et al., 

2007), with Iberian vegetation changes over the last 28 kyr shown to be synchronous with 

North Atlantic variability (Combourieu Nebout et al., 2002; 2009). During the LGM and 

subsequent deglaciation, the presence of large Northern Hemisphere ice-sheets brought 

western Iberia under North Atlantic influence. This was the result of an enhanced equator to 

pole temperature gradient which displaced the westerlies southwards, making flow more zonal 

which consequently strengthened winds over Iberia (Harrison et al., 1992; Kageyama et al., 

1999; Cacho et al., 2000; Laine et al., 2009; Beghin et al., 2016). The polar front is suggested to 

have reached western Iberia at 40°N during HS1 and the YD, reducing Iberian Margin SSTs 

(Ruddiman & McIntyre, 1981; Bard et al., 1987; Boessenkool et al., 2001). Increased aeolian 

activity in Central Iberia occurred between 29 – 19 ka and during the YD (Bateman & Diez 
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Herrero, 2001; Rebollal & Pérez-González, 2007), while in SW Iberia, the maximum strength of 

the westerlies occurred at 17.5 ka, during HS1 (Costas et al., 2016). In northern Iberia, 

maximum activity occurred from the YD to the early Holocene, indicating a northward 

movement of the westerlies at this time (Rebollal & Pérez-González, 2007). 

 

As a consequence of the enhanced westerlies, deep-water production and ventilation in the 

western Mediterranean Sea was enhanced during stadials, which, when combined with the 

reduced NADW production, led to enhanced water exchange through the Gibraltar Strait 

(Cacho et al., 2000; Voelker et al., 2006; Rogerson et al., 2006). It has been argued, however, 

that this mechanism was disrupted when icebergs reached the entrance of the Mediterranean 

during HEs, reducing surface-water salinity and western Mediterranean deep-water 

productivity (Sierro et al., 2005). On the SW Iberian Margin, at multi-centennial timescales, 

reduced productivity and upwelling strength and a deeper nutricline depth have been linked 

to cold stadial periods during the deglaciation due to water column stratification (Ausin et al., 

2020). 

 

The impact of the strengthened and southward displaced westerlies on Iberian hydrology 

during the last glacial is more complex. Models demonstrate an increase in winter precipitation 

resulting from the southward movement and intensification of the westerlies (Laine et al., 

2009; Beghin et al., 2016), while palaeoclimatic reconstructions generally show an expansion 

of steppe taxa and lower lake levels indicating reduced precipitation (Boessenkool et al., 2001; 

Turon et al., 2003; Roucoux et al., 2005; Naughton et al., 2007; 2009; El Amrani et al., 2008; 

Vegas et al., 2010). These discrepancies between the simulated and proxy data are suggested 

to result from models overestimating the temperatures experienced in this region (Jost et al., 

2005), because with colder Iberian temperatures, less evaporation and consequently, 

precipitation would be expected, despite stronger and more southward storm tracks.  

 

The picture emerging from the palaeoclimatic reconstructions is much more complex than just 

reduced precipitation during the last glacial. The vegetation and climatic shifts of this region 

are both spatially and temporally variable across Iberia as outlined in Table 3.2. The 

mechanisms controlling the hydrology of this region need to be better understood as there 

continue to be discrepancies between the interpretations of proxy and simulated data. 
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Over the Holocene, the climate shifts are also complex, as shown in Table 3.2, with significant 

spatial variability shown in water availability patterns across the Iberian Peninsula. During the 

YD, arid conditions are shown to have prevailed across the region; however, at the transition 

into the early Holocene (until ~10 ka), humidity increased in Atlantic-influenced northwestern 

sites but decreased in southeastern regions due to summer insolation maxima reducing 

summer water availability in Mediterranean-influenced areas (Morellón et al., 2018). From 9.3 

ka onwards, the influence of the changing position of the Azores High and westerlies on the 

spatial variability of humidity patterns across the Iberian Peninsula has also been explored 

(Walczak et al., 2015). During the early Holocene, a northward migration of the Azores High, 

coinciding with the boreal insolation maximum, resulted in increased year-round aridity in 

northern Iberia. The steady year-round precipitation in southern Iberia was therefore likely to 

be Mediterranean sourced. Over the mid-Holocene, the Azores High migrated southward, likely 

located year-round over southern Iberia resulting in continued aridity. Northern Iberia also 

experienced mid-Holocene summer aridity, however, as the Azores High remained below this 

region in winter, wintertime precipitation was enhanced. In the late Holocene, after 5 ka, with 

northern high-latitude ice-sheets no longer determining the strength and position of the ITCZ, 

the modern-day NAO system is suggested to have been established (Walczak et al., 2015). With 

the Azores High moving further southward, this resulted in significantly wetter winters in both 

northern and southern Iberia, while in summer, northern Iberia experienced enhanced rainfall 

with southern Iberia becoming drier.



 31 

 

 Northwestern Iberia Central/SW Iberia Southern Iberia/Northern Morocco 

LGM Herbaceous taxa dominated, but the occurrence of deciduous 

elements indicate that cool-dry conditions are less severe than 

in the HSs bracketing this period (Roucoux et al., 2005; 

Naughton et al., 2007). Speleothem records indicate higher 

precipitation compared to the HSs, but conditions were drier 

than present (Moreno et al., 2010a). 

Although cold conditions prevailed, aridity decreased in SW 

Iberia, shown by the steppe taxa reduction and expansion of 

ferns, Cyperaceae, Ericaceae, and some deciduous elements 

(Turon et al., 2003). Lake levels rose from the end of HS2 and 

peaked at ~20 ka before declining into HS1 (Vegas et al., 2010). 

High southern Iberian lake levels are suggested to have 

resulted from reduced evaporation rather than precipitation 

rise (Camuera et al., 2018). In North Africa, steppe and 

heathland contracted, indicating cold-humid conditions 

(Combourieu Nebout et al., 2009), while sediment analysis 

shows increased humidity between 30 – 20 ka (El Amrani et 

al., 2008). Peaks in aquatic taxa in the Atlas Mountains 

suggest regional snow precipitation increased during the LGM 

(Tabel et al., 2016). 

HS1 & 2 Both stadials show two distinct stages: An initial SST decrease, 

southward westerly displacement and heathland expansion, 

indicating cold, relatively wet conditions followed by 

northward westerly displacement, cool-arid conditions and 

steppe expansion (Naughton et al., 2007; 2009). High 

resolution records show HS1 to be warmer/wetter (Naughton 

et al., 2016), while speleothem growth hiatus & lake records 

indicate increased HS1 aridity (Moreno et al., 2010a; 2010b). 

Steppe taxa expansion occurred during both events, inferring 

reduced evaporative moisture to Iberia (Boessenkool et al., 2001; 

Turon et al., 2003). However, maximum steppe expansion and the 

coldest most arid conditions of the past 28 kyr occurred during 

HS1, corresponding with strong SST decline and IRD deposition at 

the SW Iberian Margin (Turon et al., 2003). Lacustrine 

geochemical/sedimentary records show cold and arid conditions 

in Central Iberia with low lake levels (Vegas et al., 2010). 

Reduction in forests, with an expansion of steppe taxa 

correspond with reduced SSTs and cold, arid conditions 

during both periods, although HS1 was the most extreme 

(Pons & Reille, 1988; Combourieu Nebout et al., 2009; 

Fletcher et al., 2010). Reduced lake levels are shown during 

HS1 in southern Iberia reflecting increased aridity (Camuera 

et al., 2018). 

BA Throughout this stadial, pioneer vegetation and deciduous 

Quercus forests expanded while semi-desert elements 

contracted, corresponding with increased Iberian Margin SSTs 

showing higher temperatures and moisture availability 

(Naughton et al., 2002; 2007; 2016). Increased water 

availability is also shown in speleothem records (Moreno et al., 

2010a). 

Iberian Margin records show Ericaceae expanded while Quercus 

forests increased towards the end of the BA, indicating warmer-

wetter conditions (Turon et al., 2003; Chabaud et al., 2014; 

Oliveira et al., 2018). Central Portuguese records show complex 

forest expansions and contractions (Van der Knaap & Van 

Leuween, 1997; López-Sáez et al., 2020) and increased lake levels 

& water availability (Vegas et al., 2010).  

Two periods of deciduous forest expansion at ~14 and 13.3 

ka, correspond with the Bølling and Allerød  warm periods 

(Fletcher et al., 2010; Combourieu Nebout et al., 2009). 

Increased lake levels and lacustrine deposition of carbonate 

facies indicate increased water availability (Camuera et al., 

2018). 

YD Reduced Eurosiberian elements and increased grassland/Pinus 

and Betula open forests indicate cold/dry conditions. Despite 

Steppe taxa expanded, with a reduction in deciduous Quercus 

(Boessenkool et al., 2001; Turon et al., 2003; Chabaud et al., 2014; 

Steppe taxa increase, with forest decline prior to SST 

decrease, indicating an initial vegetation response to 
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this, there was sufficient winter precipitation for heathland to 

survive (Naughton et al., 2016; Garcia-Moreiras et al., 2019). 

Lake records show reduced moisture (Moreno et al., 2012), 

while speleothem records indicate wetter summers and drier 

winters during the early YD, moving to wetter than average 

winters in the latter part of this period (Baldini et al., 2019). 

Oliveira et al., 2018; Naughton et al., 2019; López-Sáez et al., 

2020). SST changes on the SW Iberian Margin occurred over 400 

years, with expanding steppe taxa responding rapidly 

(Boessenkool et al., 2001). Central Iberian lacustrine records 

show low lake levels, indicating cold/arid conditions (Vegas et al., 

2010). 

atmospheric change (Fletcher et al., 2010). Early in the YD, an 

increase in Artemisia is followed by an increase in deciduous 

and Cedrus forests, indicating warmer/wetter conditions at 

the end of the stadial (Pons & Reille, 1988; Combourieu 

Nebout et al., 2009). Reduced Alboran SSTs (Cacho et al., 

2001) and lower lake levels in Northern Morocco suggest 

reduced regional precipitation (Zielhofer et al., 2017). 

Early 

Holocene 

Deciduous forest expansion indicates increased temperature 

and precipitation, while reduced heathland show increased 

hydroclimate seasonality corresponding with boreal insolation 

maximum (Naughton et al., 2007; 2016; Garcia-Moreiras et al., 

2019). Different speleothem records highlight regional spatial 

variability, showing both increased aridity (Railsback et al., 

2011) and humidity (Stoll et al., 2013). Lake records, however, 

indicate wetter conditions (Moreno et al., 2012). 

Prominent woodland expansion parallels the increased boreal 

insolation. Marine records show maximum levels are reached 

between ~11.8 – 8 ka, declining abruptly thereafter (Chabaud et 

al., 2014; Oliveira et al., 2018; Gomes et al., 2020), although 

terrestrial records show a more gradual forest decline (Van der 

Knaap & Van Leuween, 1995). A number of short cold arid events, 

including the 8.2 ka event, are shown by low lake levels in Central 

Iberia (Vegas et al., 2010). 

Deciduous forests with Mediterranean elements expanded 

during the warm, humid Holocene Climate Optimum (9-7 ka), 

interrupted by forest contraction at ~8.2 ka (Combourieu 

Nebout et al., 2009; Fletcher et al., 2010; Ramos-Roman et 

al., 2019a). Southern Iberian speleothem records indicate 

evenly distributed rainfall (Walczak et al., 2015), while in 

northern Morocco, warmer conditions (Tabel et al., 2016) and 

enhanced winter rainfall were punctuated by abrupt 

cool/arid events at 8.2 and 10.2 ka (Zielhofer et al., 2017). 

Mid to 

Late 

Holocene 

Steady deciduous tree decline, replaced by heathland, reflect 

increased annual water availability/reduced hydroclimate 

seasonality as boreal insolation decreased (Naughton et al., 

2007; 2016). Speleothem and lake records show spatial & 

temporal variation with a wetter mid-Holocene moving to late 

Holocene aridity (Stoll et al., 2013) and vice versa (Railsback et 

al., 2011; Moreno et al., 2012). Between the mid & late 

Holocene, precipitation seasonality changed from summer 

dominance to winter (Baldini et al., 2019). 

Deciduous Quercus forests declined, while Ericaceae expanded 

indicating a reduced hydroclimate seasonality (Turon et al., 2003; 

Chabaud et al., 2014; Oliveira et al., 2018; Gomes et al., 2020). In 

addition to natural drivers of vegetation change, anthropogenic 

deforestation & grazing had an increasing influence from ~5.7 ka 

(Van der Knaap & Van Leuween, 1995). 

Forest contraction occurred from 7 ka, with anthropogenic 

influence on vegetation from ~1.5 ka (Combourieu Nebout et 

al., 2009; Ramos-Roman et al., 2019a). Unlike northern & 

central Iberia, speleothem and lake records show increased 

aridity during the mid-Holocene, although spatial variability is 

apparent (Walczak et al., 2015; Zielhofer et al., 2017). After 5 

ka, speleothem records show increased seasonality, reduced 

annual precipitation and multi-decadal variability indicating 

the NAO establishment (Walczak et al., 2015). 
 

Table 3.2: Spatial variability in vegetation and climatic shifts over the past 28 kyr across Iberia. Climate interpretations are of cited authors.



 

 33 

3.4.1. SW Iberian vegetation change 

Looking specifically at SW Iberia, there are a number of high-resolution records that cover 

sections of the past 28 kyr period, which when combined provide an insight into the millennial 

and multi-centennial climatic changes in this region. 

• HS1&2: During both HS1&2, steppe vegetation expanded prior to the arrival of IRD at 

SW Iberian Margin sites at the second half of both stadials, with records showing the 

fast response of vegetation to HS1 cooling (Boessenkool et al., 2001; Turon et al., 2003). 

• LGM: This period sees the dominance of steppic taxa, although proportions are lower 

than the neighbouring stadials (Boessenkool et al., 2001; Turon et al., 2003). Increased 

humidity is shown by the expansion of Ericaceae and smaller increase in deciduous 

Quercus, Cyperaceae, and ferns, although the representation of Empetrum-type 

indicates continued cold conditions (Turon et al., 2003). 

• BA: Warm humid conditions are indicated by the vegetation of the BA. Marine records 

demonstrate the dominance of deciduous woodland with some evergreen elements; 

by the end of this interstadial, deciduous Quercus and Cyperaceae reach their 

maximum values coinciding with a with contraction of steppe elements (Boessenkool 

et al., 2001; Turon et al., 2003; Chabaud et al., 2014). 

• YD: Steppe taxa became dominant after the onset of SW Iberian Margin SST cooling 

(Boessenkool et al., 2001). In Central/SW Iberia, this stadial was composed of complex 

centennial-scale variations (van der Knaap & van Leuween, 1995; Chabaud et al., 2014; 

Naughton et al., 2019). Multi-centennial scale vegetation changes have been shown 

throughout this stadial, controlled by the coupling of this region with complex North 

Atlantic ocean-atmosphere variations (Naughton et al., 2019). An initial contraction of 

forest elements and expansion of steppe taxa indicate the coldest and driest conditions 

of the stadial, albeit with sufficient winter precipitation to sustain some forest and 

heath elements. Naughton et al. (2019) suggest this vegetation change is the 

consequence of sea-ice expansion and AMOC weakening, leading to the southward 

displacement of the westerlies and reduction in Iberian Margin SSTs. The mid-YD saw a 

forest expansion, reflecting warming and increased precipitation, resulting from 

reduced sea-ice, increased convection, and therefore strengthened AMOC, causing the 

weakening and northward displacement of the westerlies. The final phase of the YD 

was marked by vegetation composition fluctuations (expansion and contraction of 

semi-desert taxa, with heath and arboreal elements increasing towards the Holocene 

transition), indicating changes between cool-wet and cold-dry phases; this complexity 
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stems from unsteady variation in AMOC strength, sea-ice extent, and intensity and 

position of the westerlies as the climate moved into the interglacial (Naughton et al., 

2019). 

• Holocene: In SW Iberia, during the Holocene, xerothermic forest components (adapted 

to dry, hot climates) expanded more rapidly than mesothermic elements (adapted to 

warm-temperate conditions), indicating a more Mediterranean-type climate, 

corresponding with the boreal insolation maximum resulting in hot dry summers and 

cooler wetter winters (Van der Knaap & Van Leuween, 1997; Chabaud et al., 2014; 

Oliveira et al., 2018). SW Iberian marine records show woodland expansion is 

interrupted at 8.2 ka by a brief and abrupt forest contraction and steppe expansion, 

indicating a cooling/drying over SW Iberia (Chabaud et al., 2014). The timing of which 

corresponds with the outflow of freshwater from Lake Agassiz/Ojibway which caused 

AMOC slowdown (Barber et al., 1999; Rensenn et al., 2001). Terrestrial central 

Portuguese records, however, show a more gradual and later decline (Van der Knaap 

& Van Leuween, 1997), as do Alboran Sea (Combourieu Nebout et al., 2009) and 

northwestern (NW) Iberian records (Naughton et al., 2007). As the interstadial 

progresses, low initial values of Ericaceae increase from the mid-Holocene to their peak 

in the late Holocene, corresponding to reduced boreal summer insolation, indicating a 

reduced hydroclimate seasonality due to lower summer aridity and increased annual 

moisture availability (Rodríguez-Rajo et al., 2005; Chabaud et al., 2014; Oliveira et al., 

2018; Margari et al., 2014). At a multi-centennial scale, Holocene vegetation records 

from SW Iberia show numerous forest contractions indicating cool/dry episodes, coeval 

with reduced SW Iberian margin SSTs (Chabaud et al., 2014). These multi-centennial 

forest contractions are also shown in Alboran Sea (Fletcher et al., 2010) and NW African 

records (Zielhofer et al., 2017). It has been suggested that during the early Holocene, 

SST decreases as a result of meltwater discharges were responsible for these drying 

events across Iberia , particularly a reduction in winter precipitation, but after the mid-

Holocene, with no large ice-sheets remaining, NAO-like variability is suggested to have 

been the dominant driver of abrupt events in this region, with positive NAO stages 

corresponding with Iberian drying events, paced by centennial-scale solar minima 

(Fletcher et al., 2013; Zielhofer et al., 2017; 2018; Schirrmacher et al., 2019). Overall, 

the close coupling of Iberian vegetation change with the strength of the AMOC and the 

position and strength of the westerlies, shows the sensitivity of this region to oceanic-

atmospheric changes. Finally, anthropogenic pressures, including deforestation, 
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agricultural land-use, over-grazing, soil erosion, and increasing freshwater exploitation, 

had an important impact on the region’s vegetation after 3.2 ka, but most severely after 

0.96 ka (Van der Knaap & Van Leeuwen, 1995). 

 

Taken together, these records provide an overview of the vegetation variations in SW Iberia 

over the last 28 kyr, but a lack of robust chronologies means that detailed comparison of 

millennial and multi-centennial scale vegetation changes are not straightforward. Additionally, 

substantial uncertainty remains around SW Iberian hydrology since the LGM. To date, no 

continuous high-resolution pollen record combined with hydrological indicators from the same 

core exists to reconstruct precisely western Iberian hydrology. To clarify these uncertainties, 

new long multi-proxy high-resolution continuous records with adequate chronological control 

are needed. 

 

3.5. Conclusions 

Overall, there is good understanding of the general controls of Iberian climate over the last 28 

kyr, including the strength and position of the westerlies, atmospheric and SST changes, and 

the general shifts in vegetation composition. There are, however, aspects of the region’s 

palaeoclimate over the last 28 kyr that need further exploration. The first is a need to enhance 

the current knowledge of the ecological sensitivity of SW Iberian vegetation to orbital and 

millennial scale climate changes with different background conditions. The second area that 

requires better understanding is Iberian hydrology over the past 28 kyr, including changes in 

hydroclimate seasonality and water availability. This will allow for further exploration into the 

impact of changing background conditions, both on orbital and millennial timescales, on SW 

Iberian hydrology and consequently the influence of hydrological variations on SW Iberian 

vegetation. This research aims to address these two issues by producing high-resolution pollen 

records from SHAK06-5K and MD01-2444 to explore the response and sensitivity of SW Iberian 

vegetation to gradual and abrupt climate changes over the last 28 kyr, and by producing a high-

resolution n-alkane d13C record from the same core and exploring its use as a climate change 

indicator. 
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Chapter 4: SHAK06-5K and MD01-2444 pollen records 

 

4.1. Introduction 

Accurate interpretation of pollen records requires robust understanding of differential pollen 

production, pollination methods and taphonomy, as well as the geographical location of the 

source area of the core site. This chapter will, therefore, address the principles and limitations 

of marine palynology and determine the location of the pollen source area of SHAK06-5K and 

MD01-2444. The methods used to prepare, identify, analyse and present these pollen records 

will then be outlined, before providing the results of this analysis using pollen percentage 

diagrams against depth. Each diagram will be divided into pollen assemblage zones (PAZs) 

which will form the basis of the descriptions of SW Iberian vegetation change with depth.  

 

4.1.1. Principles of Pollen Analysis 

Derived from local vegetation, pollen and spores are a powerful tool for providing 

palaeoenvironmental information (von Post, 1916; Faegri & Iverson, 1950; Seppa & Bennett, 

2003; Birks, 2019). Due to pollen’s strong exine walls which are composed of the relatively 

chemically inert polymer sporopollenin, grains have been preserved for up to 240 million years 

(Hochuli & Feist-Burkhardt, 2013). The exine’s structure is adapted to the transport mechanism 

of the grain, making its appearance characteristic of its taxonomic group. This means its parent 

plant can be identified to family, genus or sometimes species level (Faegri & Iverson, 1950). As 

the taxonomic structure of an ecosystem is dependent on the surrounding environment, the 

resulting pollen composition in a sediment archive is sensitive to climatic changes (von Post, 

1916; Seppa & Bennett, 2003; Birks, 2019). 

 

Quaternary pollen analysis formally started with von Post’s 1916 lecture which introduced 

pollen as a technique for understanding past climates (von Post, 1916). Palynology then spread 

primarily as a tool for dating and assessing vegetation history, advancing significantly by the 

late 1940’s/early 1950’s. Firstly, the introduction of radiocarbon dating provided an 

independent dating technique (Libby et al., 1949), enabling the timing of vegetation changes 

and anthropogenic impacts to be assessed. Then, in 1950, Faegri & Iverson (1950) provided a 

foundation for using pollen analysis in reconstructing past environmental dynamics. 

 

Today, due to prominent developments in the field, laboratory and in data analysis, palynology 

is an advanced palaeoclimatic reconstruction technique which enables vegetational and 
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climatic history to be reconstructed at a range of spatial and temporal scales (Seppa & Bennett, 

2003; Birks & Berglund, 2018; Birks, 2019). Field and laboratory advances include improved 

coring techniques, preparation methodologies, and the introduction of light, electron and 

scanning microscopy (Faegri & Iverson; 1964; Berglund & Ralska-Jasiewiczowa, 1986). 

Ecological and climatic interpretation of pollen records have been improved by advances in 

concentration estimations, reference collections, understanding of pollen taphonomy, pollen 

dispersal and accumulation rate modelling, statistical analysis, and summarisation of pollen 

stratigraphical data (Anderson, 1970; Stockmarr, 1971; Birks & Birks, 1980; Birks & Gordon, 

1985; Reille, 1999; Beug, 2004; Xu et al., 2016). 

 

Pollen analysis has significantly enhanced our ecological knowledge, with Birks (2019) grouping 

these into four key contributions: 1. improved understanding of the ecology of 

interglacial/glacial periods, including glacial refugia and soil variations; 2. enhanced insight into 

vegetation responses to environmental change, including expansion, extinction, and 

adaptation; 3. development of key ecological concepts including potential niche theory, 

realised environmental spaces, assemblages lacking modern analogues, long-term forest 

dynamics, and the nature of vegetation; and 4. the advancement in the application of 

Quaternary botany to ecology/biogeography, including anthropogenic impacts, 

biodiversity/conservation, and flora-fauna interactions. The contribution of Quaternary botany 

to ecological and biodiversity science is reviewed in detail in Birks (2019). 

 
4.1.2. Limitations of pollen as a palaeoenvironmental indicator 

An awareness of the limitations of pollen as a palaeoclimatic indicator should proceed any 

ecological and climatic interpretations of such records. These result from the complexities and 

uncertainties in the life-cycle of a pollen grain from its production through to fossilisation. 

 

The first element to consider is the production of pollen. A simple relationship does not exist 

between the composition of pollen rain and the abundance of surrounding taxa. The quantity 

and timing of pollen production varies between species and is affected by the surrounding 

environment (eg. van der Knaap et al., 2001; Sugita et al., 2010; Xu et al., 2007; 2016). The 

pollen dispersal mechanism of a plant is one such factor which determines the quantity of 

pollen produced. While many herbaceous plants rely on insect pollination (entomophily), the 

majority of trees, grasses and sedges are dependent upon wind dispersal (anemophily) which 

typically produces significantly more grains (Pacini et al., 1992). 
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Pollen is transported to marine sediments by two key mechanisms: aeolian (short- and long-

distance) transport, and waterborne (fluvial and marine) transport (Muller, 1959; Rossignol-

Strick, 1973; Xu et al., 2016).  

 

Aeolian transportation is strongly influenced by environmental factors (ie. wind speed, 

topography), the dispersal mechanism of the plant, and the morphological characteristics of 

the grain (Hopkins, 1950; Fall, 1987). Although distribution >100 km is possible, dependent on 

pollen morphology, site openness, canopy structure, and wind intensity/direction (Hevly, 1981; 

Birks & Birks, 2000), a prominent fall in pollen dispersal is shown >10 m away from its source 

(House, 1985; Kershaw & Strickland, 1990). 

 

Over long distances, fluvial flow has a greater transport capacity than wind (Chmura & Liu, 

1990; Zhu et al., 2003). Distortion of the pollen signal due to the effects of mixing, sorting, and 

resuspension must, however, be considered. It has been argued that sorting occurs during 

fluvial transport, due to the association of certain taxa to different grain-size fractions (Fall, 

1987; Brush & Brush, 1972). The effect of this sorting, however, is debated, with some 

suggesting that the impact is relatively minor, particularly where there is high flow rate and 

carrying capacity (Hall, 1989; Holmes, 1990; Zhu et al., 2003). 

 

Upon reaching the marine environment, aggregation of pollen grains in algal masses and faecal 

pellets is an important transport mechanism to bottom sediments (Hooghiemstra, 1988; 

Dupont, 1999). The lamination and stratigraphy of samples can be affected by re-deposition, 

bioturbation, or lags during transportation (Stanley, 1966; Hevly, 1981), but reworked old 

pollen grains may be distinguished under the microscope as they accept safranin differently, 

either giving a yellow tinge or staining more readily (Muller, 1959; Stanley, 1966). In marine 

areas, while lowest pollen concentrations are found in high-energy environments, maximum 

pollen concentrations are found in alluvial deposits near river mouths, with concentrations 

decreasing offshore with distance from the vegetation source (Heusser & Balsam, 1977; 

Heusser, 1983). 

 

Preservation issues can occur due to both intrinsic characteristics of the grain, such as size, 

exine thickness, and structure, as well as external factors, such as pH, oxidation, and microbial 

breakdown (Havinga, 1967; Hevly, 1981). Both issues can cause some species to be 

underrepresented. Due to its susceptibility to degradation under oxic conditions, pollen is not 
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well preserved in dust or soil (Havinga et al., 1967). In fluvial environments, finer sediments 

generally allow for better pollen preservation than coarse sediments (Cushing, 1967). 

 

These limitations must be accounted for when interpreting the environmental signal provided 

by marine core pollen assemblages. The pollen proportions are not directly related to the 

abundance of the source taxa and biases can occur due to transportation and preservation 

issues. Despite these limitations, marine core pollen records can capture major transitions 

while largely reflecting the dominant taxa of the source area. Pinus, however, is 

overrepresented in marine sediments due to productivity and susceptibility to long-distance 

transport (Heusser & Balsam, 1977; Heusser, 1983). 

 

4.1.3. Source area of SHAK06-5K and MD01-2444 

The first crucial step to understanding the pollen signal is to distinguish the source area of 

pollen to our core sites (Fig. 2.1). Complex models aimed at simplifying source areas are 

restricted primarily to terrestrial cores, as well as in the accuracy of their application due to the 

spatial and temporal variability of sites (eg. Prentice, 1985, 1988; Sugita, 1993, 1994). 

 

Pollen representation is dependent on the size of the sample area. Small lakes are 

acknowledged to be highly sensitive to the local vegetation composition, while the pollen signal 

of larger lakes and marine environments have a greater regional component (Jacobson & 

Bradshaw, 1981; Prentice, 1985, 1988; Sugita, 1993, 1994; Davis, 2000; Seppa & Bennett, 2003; 

Naughton et al., 2007; Morales-Molino et al., 2020). Marine cores provide an understanding of 

vegetation change over a significantly larger geographical area, representing an integrated 

image of the hydrographic source area. With modern records highlighting the heterogeneity of 

western Iberian vegetation, the granularity of these records provides an understanding of the 

different plant communities contributing to the marine pollen record (Naughton et al., 2007; 

Morales-Molino et al., 2020). Present-day marine pollen from the Iberian Margin strongly 

reflects the adjacent continent’s regional vegetation, correlating with the general modern 

pollen signatures from terrestrial sites (Naughton et al., 2007; Morales-Molino et al., 2020). 

 

As the dominant supply of organic terrestrial material to the SW Iberian Margin is from the 

Tagus river (section 2.5), it is assumed that the principal supply of pollen to our core sites is 

from vegetation growing within the Tagus basin, with the Sado river contributing a small 

quantity of pollen from within its basin. Short-distance wind transport will play a role in 



 

 40 

transferring pollen into these rivers, directly from the plant and from top-soils, but as the 

Iberian Margin’s dominant wind source is northerly and westerly over the Atlantic (Hurrell, 

1995), significant oceanward transport from the continent is likely to be limited (Sanchez Goñi, 

1999; Naughton et al., 2007). It must also be acknowledged that the changes in the rate and 

direction of sediment transport into the Tagus Abyssal Plain over the deglaciation and Holocene 

(outlined in section 2.5) will have also affected the quantity of pollen delivered to our site; this 

will be discussed further in Chapter 8. 

 

Although most grains do not travel far from their source, long-distance wind transport >100 

km is also possible (Hevly, 1981; Guerzoni et al., 1997; Schefuss et al., 2003). Again, due to 

northerly and westerly winds, long-distance transport will play a modest role in this region 

(Sanchez Goñi, 1999; Naughton et al., 2007), but during occasional periods of strong southerly 

winds, North African pollen grains, such as Cedrus, will have reached this site (Lamb & van der 

Kaars, 1995; Magri & Parra, 2002; Bell & Fletcher, 2016). Previous work, however, shows the 

contribution of North African grains to be limited (Fletcher, 2008). Additionally, due to the poor 

preservation of pollen in soil and dust under oxic conditions (Havinga et al., 1967) any pre-aged 

NW African grains may be identified. 

 

The dominant pollen transport mechanisms to our core site are therefore likely to be fluvial 

and short-distance wind transport. The latter is primarily confined to the continent, 

transferring pollen to the Tagus and Sado rivers from within the basin. Hence, the catchment 

of the Tagus river represents the main pollen source area for this marine core, with a minor 

contribution from the Sado basin (Sanchez Goñi et al., 1999; 2000; Roucoux et al., 2006; 

Naughton et al., 2007).  
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4.2. Materials and Methods 
 
4.2.1. Pollen preparation procedure 

For each sample, 6-7 g of dry marine sediment was weighed in order to extract sufficient pollen 

grains from cores SHAK06-5K and MD01-2444. SHAK06-5K samples were taken at 2 cm intervals 

(n = 165; 0-329 cm), increasing the resolution to every 1 cm between 46 and 64 cm due to 

reduced sediment accumulation rate (SAR) in this section of the core (section 6). In MD01-2444 

samples were taken at 3 cm intervals, with additional depths of 161 and 164 cm (n = 42; 121-

238  cm). To each sample, one Lycopodium spike was added to quantify the absolute pollen 

concentration (Stockmarr, 1971). Pollen extraction was conducted using the UCL Department 

of Geography Marine Fossil Pollen Preparation Method (Table 4.1; Margari, 2016). This elutes 

calcium carbonate, humic acids, organic material, silicates, and sulphides and pyrites from the 

sediment, using 10% hydrochloric acid (HCl), 10% Potassium hydroxide (KOH), a 180 μm sieve, 

40% hydrofluoric acid (HF), and 10% Nitric acid (HNO3), respectively. Microsieving was not used 

due to concerns over loss of differential pollen types. Tertiary-butyl alcohol (TBA) was used as 

a dehydrating agent, enabling pollen residue to be stained with safranin to ensure clear 

identification, before combining with silicone oil to suspend grains for turning during 

identification (Matthews, 1969). Prior to identification, each pollen sample was prepared on 

microscope slides with 22x50 mm cover slips and sealed with clear nail varnish (Traverse, 

2007). 

 

4.2.2. Pollen identification procedure 

Using a compound microscope (x400 magnification), 100 grains (excluding Pinus, Cedrus, 

aquatics, pteridophytes, algae, and indeterminate grains) were counted and identified for each 

sample. This is considered an adequate quantity to represent taxa diversity reliably (Birks & 

Birks, 1980; Moore et al., 1991; Kotthoff et al., 2008). Each traverse was separated by 2 mm to 

prevent grain recounting. Pollen was identified to its lowest possible taxonomic levels using 

the pollen identification manual for European & Middle Eastern flora (Reille, 1999; Beug, 2004), 

with nomenclature following Mabberley’s Plant-book (Mabberley, 2017). Generally, taxa are 

identifiable to family, or genus level, but identification to sub-family or sub-genus level is 

sometimes possible. For the Asteraceae family, grains not identifiable to genus level were 

identified by subfamily: Cichorioideae and Asteroideae. Quercus pollen grains were categorised 

into three groups (Smit, 1973): deciduous-type (Q. robur, Q. petraea, Q. pubescens, and Q. 

pyrenaica), evergreen-type (Q. ilex and Q. coccifera), and Quercus suber-type (Q. suber and Q. 

crenata). Both scanning electron microscopy (Smit, 1973) and light microscopy (Jarvis et al., 



 

 42 

1992) enable differentiation of different Quercus groups, assisted by the availability of 

extensive identification keys (Van Benthem et al., 1984; Reille, 1999; Beug, 2004). Here, 

Quercus grains were differentiated using the following criteria. Deciduous-type grains are 

identifiable by their rounded scabrate-verrucate surface structure and larger equatorial and 

polar axis (Smit, 1973; Van Benthem, 1984; Beug, 2004). Evergreen-type grains have an 

irregular regulate surface structure with elongated elements, a smaller equatorial and polar 

axis, and sometimes a poroid/constriction of the colpus (Smit, 1973; Van Benthem, 1984; Beug, 

2004). Quercus suber-type pollen is distinguishable by its scabrate surface structure which 

combines rounded and elongated elements (Smit, 1973; Van Benthem, 1984). Indeterminate 

grains were categorised into broken, concealed, crumpled, corroded, and degraded, following 

Cushing’s (1967) definitions.
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Table 4.1: Method for marine fossil pollen preparation for extraction of pollen from core SHAK06-5K (Margari, 2016) 
1 Water bath at 70°C 
2 Sample centrifuged at 3000 rpm for 5 minutes 
3 Excess liquid decanted from the sample 
4 Samples centrifuged for 3 minutes

Stage Method 
 

Justification 

1. Sample preparation 
 

a. 6 g of dry sediment measured & placed in three 50 ml centrifuge tubes 
b. One Lycopodium tablet added to each 6 g sample 

a. After preparing a number of preliminary samples at different depths of the core, 6 g of sediment 
was deemed sufficient for our palynological analysis. 

b. Exotic spikes enable the calculation of absolute pollen content 

2. Calcium carbonate 
removal 
 

a. 50 ml 10% HCl added  
b. 1 hour in water bath1; centrifuged2, decanted3 
c. 50 ml distilled H2O added, centrifuged2, decanted3 

a. Extracts calcium carbonate from the sample 
b. Assists with the action of the HCl on the calcium carbonate 
c. Removes previously added chemicals and excess calcium  

3. Humic acid removal a. 35 ml 10% KOH  
b. 4 minutes in water bath  

a. Makes the solution alkaline (pH14), mobilising humic acids & clays into the solution 
b. Assists with the action of the KOH on the humic acids & clays within the sample 

4. Organic removal 
 

a. Samples sieved (180 μm) into 1l beakers; transferred into centrifuge tubes 
using H2O; centrifuged2, decanted3 

b. 50ml H2O; centrifuged2, decanted3 (repeated until liquid is clear) 
c. 2 drops of 10% (NaPO₃)₆ after KOH removal (1st/2nd wash) 

a. Removes organic and non-organic matter >180 μm  
b. Extracts organic particles <180 μm  
c. Breaks electrostatic bonds to remove remaining humic acids & clays, preventing low pollen 

concentrations (Bates et al., 1978) 

5. Silicate removal 
 

a. 50 ml HCl; centrifuged2, decanted3 
b. 30 ml 40% HF; 1 hour in water bath; centrifuged2, decanted3 
c. 35 ml 10% HCl; 40 minutes in water bath; centrifuged2, decanted3 
d. Repeat step b; then c, but with 40 ml 10% HCl & 1 hour water bath 
e. Sample examined under compound microscope at x400 magnification  
f. Steps a to e repeated if large pieces remain 

a. Acidifies the sample to assist with residual carbonate removal by HF 
b. Removes silicates from the sample 
c. Extracts silicate residues and fluorosilicates  
d. Removes remaining silicates  
e. Checks for any remaining silicates and whether this procedure requires repeating 

6. Sulphide and pyrite 
removal 

a. Black debris removal from tube walls using tissue and glass rod  
b. 3ml 10% HNO3 & 30 ml H2O  
c. 1ml pipette of methylated spirit 
d. 4 minutes in water bath; centrifuged2, decanted3 
e. 50ml distilled H2O; centrifuged2, decanted3 

a. Removes pyrites from the tube wall 
b. Extracts sulphides and pyrites from the sample 
c. Removes any sample attached to tube walls 
d. Assists with the action of the HNO3 on the sulphides and pyrites within the sample 
e. Removes any remaining chemicals, sulphides, and pyrites 

7. Staining & 
mounting 
 

a. 2 ml 1% KOH & 20 ml H2O; centrifuged2, decanted3 
b. 50 ml H2O; centrifuged2, decanted3 (repeated until liquid is clear) 
c. 2 safranin drops & 50 ml H2O; centrifuged2, decanted3 
d. 10 ml TBA; centrifuged2, decanted3; transferred into labelled vials 
e. Silicon oil added in equal quantity to remaining residue 
f. Vial left open for 24 hours, adding labelled caps after this period 
 

a. Takes the sample to an alkaline so safranin can turn the sample red 
b. Washes sample of KOH 
c. Stains the pollen, enabling clearer viewing under compound microscope (Traverse, 2007) 
d. Dehydrates residue, enabling the addition of silicate oil for mounting on slides (Matthews, 1969)  
e. Silicon oil is a low refractive medium, helping grain examination & movement (Traverse, 2007) 
f. Enables TBA evaporation; stirring stops drying out; covering with tissue prevents contamination 
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4.2.3. Pollen diagram construction 

 

Pollen sum and percentages: 

The main pollen sum represents all grains encountered in each sample (excluding Pinus, Cedrus, 

aquatics, pteridophytes, algae, and indeterminate grains). Aquatic, algal, and pteridophyte 

grains were removed to focus on broad regional changes, while Pinus pollen is produced in high 

quantities and susceptible to long-distance transport, making it overrepresented in marine 

samples (Bradshaw & Webb, 1985; Cheddadi, 1988; Reille & Lowe, 1993). It is likely that Cedrus 

was present in North Africa, but not SW Iberia, during the Last Glacial period and Holocene, so 

its presence in SW Iberian marine cores may reflect periods of strengthened southerly wind 

activity (Lamb & van der Kaars, 1995; Magri & Parra, 2002; Bell & Fletcher, 2016). Nonetheless, 

all are included in the pollen diagrams as they can be important climate indicators (Prentice et 

al., 1996). Pollen diagrams produced from this data are plotted as a function of depth, with all 

taxa presented in pollen percentages (%). 

 

Taxa within the main pollen sum (e.g. Betula) were calculated as follows: 

 

! ∑#$%&'(
∑main	pollen2 ∗ 	100 = %#$%&'( 

Taxa outside the main sum (e.g. Pinus, Cedrus, aquatics, pteridophytes, algae, and 

indeterminate grains) were calculated as follows: 

 

! ∑89:&;
(∑main	pollen +	∑89:&;)2 ∗ 	100 = %89:&; 

 

 

Subsequently, percentages (%) of arboreal pollen (AP) were calculated, to show key data 

trends. AP includes all trees and shrubs minus Pinus and Cedrus. This was split into a further 

three groups (pioneer, Mediterranean & Eurosiberian taxa) defined by the tolerance levels of 

the species included within them. In line with other publications from the western Iberian 

Margin, Mediterranean and Eurosiberian percentages are combined as ‘Temperate tree taxa’. 

Heliophilous pioneer species are slow to decline, yet rapid to recover when conditions return 

to their tolerance levels, therefore Betula, Hippophae, Juniperus, and Salix are included in this 

sum (Roucoux et al., 2011). Mediterranean taxa are adapted to a high seasonality climate of 

hot, dry summers and mild, wet winters. Phillyrea, Pistacia, Olea, and evergreen Quercus 
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included within this group. Eurosiberian species represent the sum of all tree and shrubs found 

in SHAK06-5K and MD01-2444 excluding Pinus, Cedrus, pioneer, and Mediterranean taxa. 

These species require year-round humidity and can tolerate lower winter temperatures. 

Herbaceous taxa (non-arboreal pollen; NAP) is divided into semi-desert (Amaranthaceae and 

Artemisia), steppe (Amaranthaceae, Artemisia, Poaceae and Ephedra), and ubiquitous herbs. 

Semi-desert taxa are able to withstand extreme temperatures and aridity, while less extreme 

cold/arid conditions are tolerated by xerophilic steppe taxa. The remaining ubiquitous herbs 

include a number of thermophilous (Lamiaceae and Fabaceae), heliophilous (Plantago, Urtica, 

Helianthemum, Centaurea, Cichorioideae and Asteroideae), hygrophytic (Cyperaceae, 

Polygonum, and Thalictrum) and psammophilous (Calligonum) species. The pollen percentages 

of these summary groups are shown in Appendix 2 (SHAK06-5K) and Appendix 3 (MD01-2444). 

 

Pollen Concentration Calculation: 

Each sample’s pollen concentration (Cpollen) was calculated using Stockmar’s exotic marker 

technique (1971), quantifying grains per gram of sediment (grains g-1; Equation. 4.1) (Appendix 

4 and 5). One Lycopodium tablet of a known quantity was added to each sample (Ltotal). In 

SHAK06-5K samples, the spores per tablet were 9666 (spike batch no. 3862), while in MD01-

2444 samples, spores per tablet were 13911 (spike batch: 710961). 

 

								C!"##$% 	= 		
	P&#'($		
L&#'($

∗ 			 L)")*#W)")*#
 

 

Equation. 4.1: Pollen Concentration (Cpollen; grains g-1 of dry weight sediment) calculated using; 

quantity of pollen grains (Pslide) and Lycopodium spores (Lslide) counted in the slide; total 

Lycopodium spores added to sample (Ltotal), and total weight of sample (Wtotal; grams) 

(Stockmarr, 1971). 

 

Ordering of Taxa: 

Within the diagram, taxa are ordered according to Mediterranean succession (Fig. 4.1; van der 

Hammen et al., 1971; Tzedakis, 2007). As temperatures warm after a cold period, an open 

woodland forms (pioneer vegetation with other deciduous elements), moving to 

Mediterranean sclerophyllous taxa when seasonality is high. Subsequently, with increased 

annual moisture availability, deciduous broad-leaf vegetation dominates, replaced by 

coniferous trees as temperatures cool, then reverting back to open woodland as moisture 

availability decreases (Tzedakis, 2007). As a result, tree taxa in the pollen diagrams are ordered 
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according to this succession, commencing with pioneer vegetation, followed by Mediterranean 

then temperate taxa (tree and shrub). 

 

Pollen diagram & zonation: 

Pollen diagrams permit vast quantities of pollen data to be visualised, assessed, and 

interpreted (Birks & Birks, 1980). Within these diagrams the ordering of taxa can visually 

demonstrate similar or opposing trends from specific groups of taxa, which may imply a climatic 

signal. Temporal changes across these groups can also be displayed using PAZs. These 

represent an assemblage of taxa with analogous characteristics, corresponding to a distinct 

stage of vegetational succession (Birks & Gordon, 1985). This simplifies interpretations and 

establishes key vegetation transitions over the depth of the core (Grimm, 1987), facilitating 

identification of vegetation events independently of marine data. 

 

Numerical zonation has the advantage of being able to determine a consistent formulation of 

the zonation criteria (Birks & Gordon, 1985). Additionally, with so many varying factors in 

palynological datasets, large quantities of data can be retained and balanced, whilst also rapidly 

obtaining the zonation results (Birks & Gordon, 1985). Here, PSIMPOLL software was used to 

construct the pollen zonation diagrams (Bennett, 2011; 

http://chrono.qub.ac.uk/psimpoll/psimpoll.html). For the creation of the PAZs, numerical 

zonation played a key role (using the scheme ‘optimal splitting using information content’), as 

it is neither hierarchical nor constrained by the fixed position of earlier boundaries (Birks & 

Gordon, 1985; Birks, 1987). The variance over the data set was reduced by minimising the 

information content (Grimm, 1987; Birks & Gordon, 1985; Bennet, 1996). Taxa greater than or 

equal to 1% were included in the zonation. The positioning and number of zones was then 

manually reviewed and edited. Although this adds an element of subjectivity, it allows data 

trends to be examined qualitatively, taking into account both the intuition of the researcher 

and features of ecological importance (Gordon & Birks, 1972). For the pollen diagram of 

SHAK06-5K, 12 PAZs were constructed, and assigned the prefix “SHAK06-”, while in the MD01-

2444 pollen diagram, 8 PAZs were constructed and assigned the prefix “MD01-”. 
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Fig. 4.1: Southern European vegetation succession cycle (adapted from Tzedakis, 2007).  

 
4.2.4. Methods of published records 

 
SHAK06-5K d18O of G. bulloides (Ausin et al., 2019a): 

High-resolution d18O of the planktonic foraminifer G. bulloides (d18OG. bulloides) were produced 

from SHAK06-5K spanning the last 27.4 cal ka BP. Samples were taken every 2cm (n = 170), 

isolating G. bulloides specimens from ~15 g of wet sediment, firstly by diluting the sediment 

with deionised water and disaggregating using a centrifuge tube rotator on a slow speed. Then, 

using 300 – 250 μm sieves and a high-pressure deionised water stream, the solution was wet 

sieved, washed, and oven dried (at 60°C). From this fraction six to 12 G. bulloides specimens 

were picked and used for stable isotope measurements, performed at the Stable Isotope 

Laboratory of Climate Geology, ETH Zurich, using a Gas Bench II coupled to a Delta V Plus 

isotope ratio mass spectrometer. Stable isotope ratios are expressed in ‰ and calibrated using 

the Vienna Pee Dee Belemnite (VPDB) standard, defined in respect to two in-house standards 

calibrated previously against two international standards: NBS-18 and NBS-19. The long-term 

standard deviation of the measurements (1σ) is <0.07‰. 

 

MD01-2444 d18O of G. bulloides (Vautravers & Shackleton, 2005): 

Stable isotope measurements (d18O) from core MD01-2444 were performed at the University 

of Cambridge using a VG SIRA mass spectrometer using an acid bath at 90°C. Samples were 
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taken every 3 cm along the length of the core, performing stable isotope analysis on 30 G. 

bulloides specimens from each sample, taken from the 300 – 355 μm size fraction. Stable 

isotope ratios are expressed in ‰ and calibrated using the Vienna Pee Dee Belemnite (VPDB) 

standard, defined in respect to the international NBS-19 standard. 

 

SHAK06-5K X-ray fluorescence (Ausin et al., 2020): 

Core SHAK06-5K was sub-sampled along its length, onboard the ship, using three u-channels 

(plastic core-length boxes; 2 cm x 2 cm cross section; 150 cm maximum length). To reduce 

desiccation and prevent contamination, each channel’s surface was scraped clean and covered 

with SPEXCertiPrep Ultralene foil (4mm thickness). The semi-quantitative elemental data was 

measured using an Avaatech X-ray florescence (XRF) core scanner at the Godwin Laboratory, 

University of Cambridge. A rhodium X-ray source (0.2 mA tube current) irradiated each section 

at three voltages: 10 kV (no filter), 30 kV (thin lead filter), and 50 kV (copper filter). XRF data 

were collected at 0.5 cm resolution along each u-channel’s length. The width and length of the 

irradiated surface (down-core by cross-core) was 0.25 cm by 1.2 cm, using a 60 second count 

time. Element intensities (dependent on element concentrations) were obtained using 

Canberra WinAxil software with standard software settings and spectrum-fit models. To 

provide a more accurate and precise reflection of chemical composition changes, natural 

logarithm (ln) ratios of element intensities are used to present the XRF data (Weltje & Tjallingii, 

2008). For this research, this is applied to calcium/titanium ratios (ln(Ca/Ti)) and 

zirconium/strontium ratios (ln(Zr/Sr)). Both reflect variations in the proportion of biogenic (Ca 

and Sr) to detrital (Ti and Zr) sediment and can be used as a proxy to infer stadial/ interstadial 

conditions (Hodell et al., 2013b; Freeman et al., 2016). 

 

MD01-2444 X-ray fluorescence (Hodell et al., 2013a): 

Using an Avaatech X-ray florescence (XRF) core scanner at the Godwin Laboratory, University 

of Cambridge, archive halves of 19 sections of core MD01-2444 were analysed. The core’s 

surface was scraped clean and covered with SPEXCertiPrep Ultralene foil (4mm thickness). 

Measurements were made using a 0.2 mA current at three voltages: 10 kV (no filter), 30 kV 

(thin lead filter), and 50 kV (copper filter). XRF data were collected at 0.25 cm resolution along 

the length of the entire core. The width and length of the irradiated surface (down-core by 

cross-core) was 0.25 cm by 1.2 cm, using a 40 second count time. Results are presented in ln 

ratios of element intensities. 

 
 



 

 49 

4.3. Results 

 

4.3.1. Features of the whole sequences 

A range of pollen and spores were identified in SHAK06-5K and MD01-2444, which includes 

angiosperms, gymnosperms, pteridophytes, and bryophytes. The list of all identified taxa is 

outlined in Table 4.2. Of the taxa used in the pollen sums, 69 different taxa were identified in 

the SHAK06-5K record (excluding Pinus, Cedrus, aquatics, pteridophytes, and algae). This 

includes 24 trees and shrubs, Ericaceae, and 44 herbaceous taxa, with the main features of the 

record shown in Table 4.3. In MD01-2444, 52 different taxa were identified (excluding Pinus, 

Cedrus, aquatics, pteridophytes, and algae). This includes 18 trees, Ericaceae, and shrubs and 

33 herbaceous taxa, with the main features of the record shown in Table 4.4. Although 42 

samples were prepared from MD01-2444, five of these were barren of pollen (127, 130, 136, 

139 and 142 cm). 

 

Nomenclature Common name Growth habit Group Presence 

ADOXACEAE 

Viburnum 

  

Shrub 

 

Ag 

 

SHAK 

 ALISMATACEAE 

 Alisma 

 

Water-plantain 

 

Aquatic 

 

Ag 

 

SHAK & MD01 

AMARANTHACEAE Amaranth family Herb Ag SHAK & MD01 

AMARYLLIDACEAE  Herb Ag SHAK 

ANACARDIACEAE  

Pistacia 

  

Tree 

 

Ag 

 

SHAK & MD01 

APIACEAE Carrot family Herb Ag SHAK 

AQUIFOLIACEAE 

Ilex 

 

Holly 

 

Shrub 

 

Ag 

 

SHAK 

ARALIACEAE 

Hedera 

 

Ivy 

 

Shrub 

 

Ag 

 

SHAK 

ASTERACEAE 

Cichorioideae 

Asteroideae 

Artemisia 

Centaurea 

Daisy family  

Herb 

Herb 

Herb 

Herb 

 

Ag 

Ag 

Ag 

Ag 

 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

BETULACEAE 

Alnus 

 

Alder 

 

Tree 

 

Ag 

 

SHAK & MD01 
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Betula 

Carpinus betulus 

Carpinus orientalis 

Corylus 

Ostrya 

Birch 

Hornbeam 

 

Hazel 

Hop hornbeam 

Tree 

Tree 

Tree 

Shrub 

Tree 

Ag 

Ag 

Ag 

Ag 

Ag 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

BORAGINACEAE Forget-me-not family Herb Ag SHAK & MD01 

BRASSICACEAE Cabbage family Herb Ag SHAK & MD01 

BUXACEAE 

Buxus 

 

Box 

 

Shrub 

 

Ag 

 

SHAK & MD01 

CAMPANULACEAE 

Campanula 

Bellflower family  

Herb 

 

Ag 

 

SHAK 

CARYOPHYLLACEAE Carnation family Herb Ag SHAK & MD01 

CISTACEAE 

Cistus 

Helianthemum 

Rock-rose family  

Herb 

Herb 

 

Ag 

Ag 

 

SHAK & MD01 

SHAK & MD01 

CUPRESSACEAE 

Juniperus 

 

Juniper 

 

Shrub 

 

Gy 

 

SHAK & MD01 

CYPERACEAE Sedge family Herb Gy SHAK & MD01 

ELAEAGNACEAE 

Hippophae 

 

Sea buckthorn 

 

Shrub 

 

Ag 

 

SHAK 

EPHEDRACEAE 

Ephedra fragilis 

Ephedra distachya 

  

Herb 

Herb 

 

Ag 

Ag 

 

SHAK & MD01 

SHAK & MD01 

ERICACEAE Heather family Herb Ag SHAK & MD01 

EUPHORBIACEAE Spurge family Herb Ag SHAK & MD01 

FABACEAE Pea family Herb Ag SHAK & MD01 

FAGACEAE 

Deciduous – type Quercus 

Evergreen – type Quercus 

Quercus suber 

 

Deciduous oak 

Evergreen oak 

Cork oak 

 

Tree 

Tree 

Tree 

 

Ag 

Ag 

Ag 

 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

GENTIANACEAE  Herb Ag SHAK & MD01 

GERANIACEAE  Herb Ag SHAK 

HYPERICACEAE 

Hypericum 

  

Herb 

 

Ag 

 

SHAK & MD01 

HALORAGACEAE     
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Myriophyllum Watermilfoil Aquatic Ag SHAK 

ISOETACEAE 

Isoetes 

Quillworts  

Lycophyte 

 

Pt 

 

SHAK & MD01 

LAMIACEAE Mint family Herb Ag SHAK & MD01 

LENTIBULARIACEAE 

Utricularia 

  

Aquatic 

 

Ag 

 

SHAK 

LILIACEAE  Herb Ag SHAK & MD01 

MALVACEAE Mallow family Herb Ag SHAK 

MYRTACEAE 

Myrtus 

 

Myrtle 

 

Shrub 

 

Ag 

 

SHAK & MD01 

NYMPHAEACEAE 

Nuphar 

Nymphaea 

Water lily family  

Aquatic 

Aquatic 

 

Ag 

Ag 

 

SHAK 

SHAK 

OLEACEAE 

Fraxinus excelsior 

Fraxinus ornus 

Olea 

Phillyrea 

 

Common ash 

Manna ash 

Olive 

 

Tree 

Tree 

Tree 

Tree 

 

Ag 

Ag 

Ag 

Ag 

 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

SHAK & MD01 

OPHIOGLOSSACEAE 

Botrychium 

 

Moonworts 

 

Fern 

 

Pt 

 

SHAK 

OSMUNDACEAE 

Osmunda 

  

Fern 

 

Pt 

 

SHAK & MD01 

PAPAVERACEAE Poppy family Herb Ag SHAK & MD01 

PINACEAE 

Cedrus 

Pinus 

 

Cedar 

Pine 

 

Tree 

Tree 

 

Gy 

Gy 

 

SHAK & MD01 

SHAK & MD01 

PLANTAGINACEAE 

Plantago 

Plantain family 

 

 

Herb 

 

Ag 

 

SHAK & MD01 

PLUMBAGINACEAE 

Armeria 

Leadwort family  

Herb 

 

Ag 

SHAK & MD01 

MD01 

POACEAE Grass family Herb Ag SHAK & MD01 

POLYGONACEAE 

Calligonum 

Polygonum 

Rumex 

Knotweed family  

Herb 

Herb 

Herb 

 

Ag 

Ag 

Ag 

 

SHAK 

SHAK 

SHAK & MD01 

POLYPODIACEAE 

  

Fern 

 

Pt 

 

SHAK & MD01 



 

 52 

Polypodium 

POTAMOGETONACEAE 

Potamogeton 

 

Pondweed 

 

Aquatic 

 

Ag 

 

SHAK & MD01 

PRIMULACEAE Primrose family Herb Ag SHAK 

RANUNCULACEAE 

Helleborus 

Ranunculus 

Thalictrum 

 

Hellebore 

Buttercups 

Meadow – rue 

 

Herb 

Herb 

Herb 

 

Ag 

Ag 

Ag 

 

SHAK 

SHAK & MD01 

SHAK & MD01 

RHAMNACEAE Buckthorn family Herb Ag SHAK 

ROSACEAE Rose family Herb Ag SHAK & MD01 

RUTACEAE 

Ruta 

 

Rue 

 

Herb 

 

Ag 

 

SHAK 

SALICACEAE 

Salix 

 

Willow 

 

Shrub 

 

Ag 

 

SHAK & MD01 

SAXIFRAGACEAE  Herb Ag SHAK & MD01 

SCROPHULARIACEAE Figwort family Herb Ag SHAK & MD01 

SPHAGNACEAE 

Sphagnum 

 

Peat moss 

 

Moss 

 

Br 

 

SHAK & MD01 

TYPHACEAE 

Sparganium 

Typha 

 

Bur – reed 

Bulrush 

 

Aquatic 

Aquatic 

 

Ag 

Ag 

 

SHAK & MD01 

SHAK & MD01 

ULMACEAE 

Ulmus 

 

Elm 

 

Tree 

 

Ag 

 

SHAK & MD01 

URTICACEAE 

Urtica 

Nettle family  

Herb 

 

Ag 

 

SHAK & MD01 

 

Table 4.2: Nomenclature, common names, and growth habit of all identified land plants in 

cores SHAK06-5K and MD01-2444. The plant groups are highlighted as follows: angiosperm 

(Ag), gymnosperms (Gy), bryophytes (Br), and pteridophytes (Pt). 

 

Both cores have good pollen preservation, with the percentage of indeterminate grains ranging 

between 4 – 16% (mean = 12%; n = 165) and 2 – 26% (mean = 10%; n = 37) in SHAK06-5K and 

MD01-2444, respectively. Degraded grains make up the majority of indeterminate grains (with 

a mean of 8% in SHAK06-5K and 7% in MD01-2444), while broken and crumpled grains make 

up a smaller percentage (with a mean of 1% and 3%, respectively, in SHAK06-5K and 2% each 

in MD01-2444). 
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In SHAK06-5K, the pollen concentration is highly variable (Fig. 4.2a) with the highest values in 

the lower part of the core (SHAK–8 to SHAK–1; 80.5 – 329 cm; Fig. 4.3), averaging 2,512 grains 

g-1. These values, however, are highly variable, ranging between 242 and 40,619 grains g-1. This 

reduces substantially in zones SHAK– 9 to SHAK– 12 (0 – 80.5 cm) where the mean 

concentration is 480 grains g-1 and the lowest concentration of the core is reached at 56 cm 

(133 grains g-1). The record has several extreme pollen concentration values (n = 3; 96, 168, 

and 314 cm). These are only included and highlighted in Fig. 4.2 and have been removed from 

all other diagrams in this section so as not to distort the summary curves and to facilitate the 

assessment of the overall pollen concentration pattern. These three separate anomalously high 

pollen concentrations could result from an anomalously low SAR or the uncertainty resulting 

from the relatively low pollen count (Maher, 1981). Alternatively they could result from 

improved preservation conditions, but as isolated samples, they cannot be used to draw 

palaeoclimatic inferences. Further up the core, there is a section of the record where the 

concentration declines significantly. The possible climatic explanation for this will be discussed 

in Chapter 8 once the core’s chronology has been presented in Chapter 6. 
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Fig. 4.2: Total pollen concentration (grains g-1) in cores a. SHAK06-5K, highlighting the three 

peaks in concentration in yellow (which are removed from further concentration diagrams); 

and b. MD01-2444. 

 

In MD01-2444, the pollen concentration (Fig. 4.2b; Fig. 4.4) is higher in the lower part of the 

core (238 – 229 cm; averaging 924 grains g-1), declining to 274 grains g-1 at 226 cm. The 

concentration remains low, ranging between 105 – 516 grains g-1 until 124 cm where the 

concentration spikes to 1,400 grains g-1 before declining again to 334 grains g-1 at 121 cm. The 

peak at 124 cm could result from increased SAR or enhanced preservation, but again, as an 

isolated sample, climatic inferences cannot be made.
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Fig. 4.3: Full pollen diagram showing change in pollen percentages (%) with depth in core SHAK06-5K. The total pollen concentration (x103 grains g-1), d18O 

of G. bulloides  (x10 – 1 ‰ VPDB), and ln(Ca/Ti) are also illustrated. 
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Fig. 4.4: Full pollen diagram showing change in pollen percentages (%) with depth in core MD01-2444. The total pollen concentration (x102 grains g-1), d18O 

of G.bulloides (x10 – 1  ‰ VPDB), and ln(Ca/Ti) are also illustrated. 
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4.3.2. SHAK06-5K pollen record description by zone 

 

Zone Depth (cm) Vegetation Main pollen signature 

SHAK06  – 1 329 –  302.5 Steppe Highest percentages of steppe taxa (~40%), primarily composed of Artemisia 

(~23%) 

SHAK06  – 2 302.5 –  281 Semi-desert/Steppe Rise in percentages semi-desert taxa (reaching 52%), primarily Artemisia 

(~33%) 

SHAK06  – 3 281 –  205 Steppe Reduced semi-desert values (~33%), primarily Artemisia (~25%) and increase 

in Ericaceae (~15%) 

SHAK06  – 4 205 –  161.5 Steppe/Open mixed 

woodland 

Rise in temperate percentages (reaching 22% at 188 cm), primarily 

composed of deciduous Quercus, followed by a decline (reaching 5% at 170 

cm). High steppe taxa values (~40%) 

SHAK06  – 5 161.5 –  131 Semi-desert/Steppe Steppe taxa values rise to highest values of the record (reaching 68%), 

primarily composed of Artemisia (reaching 42%) 

SHAK06  – 6 131 –  117 Steppe/Open mixed 

woodland  

Early rise in temperate taxa values (26 – 37%) to 124 cm, with deciduous 

Quercus (16% to 19%) and evergreen Quercus (6% to 11%) contributing most 

significantly. Decline in deciduous Quercus at 122 cm (to 10%), recovering 

towards the upper boundary 

SHAK06  – 7 117 –  97 Mixed woodland Increased temperate taxa percentages (peaking at 47%), primarily made up 

of deciduous Quercus (~22%) with a rise in Mediterranean elements (~11%) 

SHAK06  – 8 97 –  80.5 Steppe/Open mixed 

woodland 

Prominent rise in steppe taxa values (~36%), primarily Artemisia and 

Amaranthaceae (~14% and ~12%, respectively) and reduced temperate taxa 

percentages (~30%) 

SHAK06  – 9 80.5 –  62.5 Mixed forest Increase in temperate values to highest of the record (reaching 64%); 

predominately deciduous Quercus (~36%) and evergreen Quercus (~9%) 

SHAK06  – 10 62.5 –  54.5 Open mixed woodland Transitional zone of increased Ericaceae percentages (~13%), decreasing 

temperate values (~33%) and significant increase in Cichorioideae (~24%) 

SHAK06  – 11 54.5 –  15 Open mixed woodland Highest Ericaceae values of the record (reaching 25%), high Cichorioideae 

(~30%) and temperate taxa, dominated by deciduous Quercus (~9%) and 

evergreen Quercus (~5%) 

SHAK06  – 12 15 –  0 Open mixed woodland Highest percentages of Cichorioideae of the record (reaching 44%), 

increasing temperate values (12% to 19%) and initial rise, then decline (19% 

to 4%) in Ericaceae  

 

Table 4.3: The main vegetation features of each PAZ in the SHAK06-5K record (Fig. 4.3). 
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SHAK06–1 (329 – 302.5 cm) 

The major characteristic of this zone is the dominance of steppe taxa (pollen percentages ranging 

between 32 – 49%) which declines up the core. Of this group, Artemisia is the dominant taxon 

(~23%), with high values of Amaranthaceae and Poaceae (~8% and ~7%, respectively). Pollen 

percentages of temperate taxa range between 5 – 26%, increasing towards the upper boundary, 

composed principally of deciduous Quercus (~4%) with a continuous presence of evergreen 

Quercus (~3%), Alnus (~1%), and Quercus suber (~1%). There are high values of pioneer taxa (5 – 

13%), primarily Juniperus (~8%). Heliophilous herbs are present, predominantly Cichorioideae and 

Asteroideae (~12% and ~6%, respectively). Ericaceae values increases until the mid-zone (reaching 

19%), declining to 3% at the upper boundary. Pinus pollen percentages are high throughout (~71%) 

with peaks of Cedrus (~5%) at the bottom of the core and at the transition into SHAK– 2. The pollen 

concentration is variable with a mean value of 1,598 grains g-1. 

 

SHAK06– 2 (302.5 – 281 cm) 

This zone is marked by a substantial rise in semi-desert taxa percentages (37 – 53%), primarily 

Artemisia (~33%). Semi-desert elements increase significantly from the preceding zone to 41% at 

the lower SHAK– 2 boundary and continue to increase up the core, peaking at 282 cm (53%). 

Although slightly lower than the preceding zone, prominent values of Poaceae, Cichorioideae, and 

Asteroideae are still present (~6%, ~11%, and ~5%, respectively). Percentages of Juniperus decline 

from the preceding zone (~5%), as do those of temperate taxa (~6%), with low deciduous Quercus 

values (~2%) and a low but continuous presence of Mediterranean taxa (~1%). Two declines in 

percentages of temperate taxa are seen at ~298 cm and ~286cm, respectively, separated by a small 

recovery which coincides with a decline in Amaranthaceae and Cichorioideae. During both 

contractions of temperate taxa percentages, values of pioneer vegetation (primarily Juniperus) also 

decline but recover earlier than temperate elements (dominated by deciduous Quercus). Ericaceae 

percentages are lower (ranging between 5 – 13%), increasing until the mid-zone and declining 

thereafter. This coincides with the second decline in temperate taxa values. Pinus values remain 

high early in the zone, declining to 53% at 288cm, before rising towards the upper transition. The 

pollen concentration is higher with a mean of 1,847 grains g-1. Early concentration values are higher 

but decline from the mid to upper zone. 
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SHAK06–3 (281 – 205 cm) 

This zone is marked by a reduction in semi-desert taxa percentages (ranging between 23 – 44%), 

primarily Artemisia (~19%) and an expansion of Ericaceae percentages (~15%). Values of semi-

desert taxa decline until 266 cm (from 39% to 23%), coinciding with an increase in Poaceae 

percentages (from 7 to 15%), followed by a short recovery and then a gradual decline towards the 

top of the zone. There are low values of pioneer taxa (~8%), primarily composed of Juniperus (~7%), 

and low steady temperate taxa values (~6%), primarily composed of deciduous Quercus (~2%), with 

a small presence of Alnus (~1%), and evergreen Quercus (~1%). Overall, Pinus percentages increase 

(~71%), rising towards the top of the core, while Cedrus percentages remain low but relatively 

steady throughout the zone (~1%). Isoetes continues to be present at low levels (~6%), rising 

through the core. The pollen concentration is variable with a lower mean than the preceding zone 

(~1,732 grains g-1). 

 

SHAK06–4 (205 – 161.5 cm) 

The main characteristic of this zone is the overall decline in Artemisia percentages (~19%) and the 

initial rise, then decline in temperate taxa values. Juniperus percentages peak at 194cm reaching 

16%, before the peak in temperate taxa percentages at 188 cm (to 22%). These temperate 

elements are primarily deciduous Quercus (11%), with evergreen Quercus values continuing to 

increase (to 5%) until 180 cm. As percentages of temperate taxa decline to 5% at 176 cm, 

Amaranthaceae values also decline, coinciding with a rise in percentages of heliophilous taxa: 

Poaceae, Cichorioideae, and Asteroideae (13%, 22% and 13%, respectively). This is followed by a 

rise in Amaranthaceae and Ephedra distachya percentages (to 15% and 3%, respectively) which 

then reduce at the SHAK–2/3 transition coinciding with a rise in temperate taxa values (to 19%), 

primarily composed of Juniperus and deciduous Quercus (reaching 14% and 13%, respectively). 

Ericaceae percentages decline steadily over the zone, averaging 10%. Overall, there is a rise in Pinus 

percentages (~83%) and a slight increase in Isoetes (~6%) and Cedrus (~2%) values. Overall, the 

pollen concentration of this zone is lower, averaging 1,414 grains g-1, with two peaks at 190 and 

176 cm. 

 

SHAK06–5 (161.5 – 131 cm) 

This zone is marked by overall rise in steppe taxa percentages (ranging between 44 – 68%), with a 

small early peak at 160 cm, reaching 60%, and a larger second peak at 144 cm, reaching 68%. The 
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initial rise is primarily due to an increase in semi-desert elements as well as a rise in Ephedra 

distachya. This coincides with a reduction in the percentages of pioneer and Eurosiberian taxa (~6% 

and ~5%, respectively) and little to no presence of Mediterranean elements (≤1%). This is followed 

by a recovery in pioneer taxa values which reach 13%, and a smaller and slightly later peak in values 

of Eurosiberian and Mediterranean taxa (reaching 9% and 3%, respectively). The second expansion 

in steppe percentages is greater than the first, dominated by Artemisia and Amaranthaceae 

(reaching 32% and 15%, respectively). Ephedra distachya values remains high throughout the zone 

(~8%). Synchronously, Juniperus percentages decline, values of Eurosiberian elements are low, and 

pollen of Mediterranean taxa is absent. After this, percentages of semi-desert elements decline, 

coinciding with an expansion of arboreal pollen values; percentages of pioneer taxa rise first, 

followed by those of Eurosiberian and Mediterranean elements. Ericaceae percentages remain low 

(0 – 7%) while Pinus percentages increase and reach the highest levels of the record (87 – 94%). 

Cedrus values increase early (reaching 6%) and late (reaching 4%) in the zone, while Isoetes reaches 

the lowest values of the record (~3%). Overall, the pollen concentration is lower with a mean of 

1,254 grains g-1. The concentration peaks at 2,102 grains g-1 at the lower boundary, declining to 

593 grains g-1 at 146 cm. This then rises to 1,548 grains g-1 before a decline towards the upper 

boundary. 

 

SHAK06–6 (131 – 117 cm) 

The key characteristic of this zone is the initial increase in values of Eurosiberian and 

Mediterranean taxa, peaking at 25% and 10%, respectively, followed by a decline in values of 

Eurosiberian taxa (to ~8%). The initial increase in arboreal pollen percentages is dominated by 

deciduous and evergreen Quercus (reaching 19% and 11%, respectively), coinciding with reduced 

steppe and pioneer percentages (to 13% and 4%, respectively). Values of Eurosiberian taxa then 

decline while those of steppe taxa increase to 46%. This is followed by a rise in Asteroideae and 

Cyperaceae percentages (to 13% and 8%, respectively). Overall, percentages of Ericaceae and 

Isoetes rise (~8% and ~6%, respectively), Cedrus remains low (~1%), and Pinus declines (69 – 93%). 

The pollen concentration has a lower mean value than the preceding zone of ~924 grains g-1. 

 

SHAK06–7 (117 – 97 cm) 

This zone is characterised by a substantial rise in values of Eurosiberian taxa (ranging between 22 

– 33%) and a reduction in those of steppe taxa (9 – 24%). The increase in arboreal pollen 
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percentages is primarily due to a rise in values of deciduous Quercus, peaking at 27% at 112 cm 

and gradually declining towards the upper boundary. There is a smaller rise in evergreen Quercus 

and Juniperus percentages (8 – 13% and 5 – 9%, respectively), with a small presence of Quercus 

suber and Betula (both ~2%). Cichorioideae and Cyperaceae values increase (~13% and ~6%, 

respectively), with reduced percentages of semi – desert taxa and Poaceae, which rise slightly 

throughout this zone, reaching 20% and 5%, respectively. For the first time in the record, Artemisia 

is not the dominant semi-desert pollen taxon (~5%), with values of  Amaranthaceae reaching ~8%. 

On average, Pinus percentages are lower (~75%), decreasing early in the zone before increasing to 

83%, coinciding with a peak in Ericaceae percentages (10%). Values of both taxa decline towards 

the upper boundary. Cedrus pollen is continuously present (~2%) while Isoetes pollen percentages 

have a higher mean (10%), despite being highly variable, ranging between 4% and 20%. The pollen 

concentration is variable with a mean value of 1,185 grains g-1. 

 

SHAK06–8 (97 – 80.5 cm) 

This zone is dominated by a rise in percentages of steppe taxa (ranging between 28 – 52%), a strong 

decline in percentages of temperate taxa (12 – 37%), and low values of Ericaceae (~4%). Although 

Artemisia is the most dominant taxon (~14%), Amaranthaceae, Poaceae, and Ephedra percentages 

are also significant (with a mean of 12%, 6%, and 5% of taxa, respectively). Percentages of 

heliophilous ubiquitous herb are low, with Cichorioideae, Asteroideae, and Cyperaceae 

representing 7%, 4%, and 3% of taxa, respectively. Percentages of temperate taxa, although lower 

than the preceding zone, are dominated by deciduous Quercus (~19%), rising through the zone. 

Evergreen Quercus values (~7%) decline towards the top of the core, while Quercus suber values 

are steady (~2%). Percentages of pioneer taxa, principally Juniperus, decline through the zone (8% 

to 6%). Pinus values rise (ranging between 71 – 83%), with a higher, continuous presence of Cedrus 

(1 – 9%). Isoetes percentages decline (~6%), while the pollen concentration rises towards the upper 

boundary, with a mean value of 2,043 grains g-1. 

 

SHAK06–9 (80.5 – 62.5 cm) 

This zone is characterised by an increase in percentages of temperate taxa, reaching 64% at 68 cm, 

the highest values of the record. Of this, Eurosiberian taxa are dominant (ranging between 35 – 

54%), primarily composed of deciduous Quercus, Quercus suber, and Alnus (36%, 3% and 2%, 

respectively), all reaching their highest values of the record. Percentages of Mediterranean taxa 
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also increase to their highest values (4 – 17%), with a continuous occurrence of evergreen Quercus 

(~9%) and Olea (~1%) and an intermittent occurrence of Pistacia and Phillyrea (<1%) pollen. 

Despite a constant presence of pioneer taxa pollen (~5%), Juniperus and Betula decrease as values 

of Eurosiberian taxa peak. Between 63 – 66 cm, percentages of both Mediterranean and pioneer 

taxa decline, recovering at the transition into SHAK– 10. This coincides with a rise in Poaceae 

percentages, reaching 7%. Overall, values of steppe taxa decrease (~15%), with Artemisia declining 

from 12% at the lower boundary to 0% at 66 cm. The reduction in Amaranthaceae and Poaceae 

percentages is less prominent (~6% and 4%, respectively). Ericaceae values remain low (around 

4%) until the transition into SHAK– 10, where they rise to 8%. Pinus percentages decline, reducing 

over the zone to ~64%. Cedrus pollen is not continuously present, reaching maximum values of 2%, 

while Isoetes values increase from 15 – 41% at the start of this zone, with values remaining high. 

The pollen concentration declines from 2,061 grains g-1 at the lower boundary to 374 grains g-1 at 

the upper boundary, with a mean value of 915 grains g-1. 

 

SHAK06–10 (62.5 – 54.5 cm) 

A substantial decline in Eurosiberian taxa percentages (from 41% to 15%), reduction in 

Mediterranean taxa (from 15% to 4%), and rise in Cichorioideae values (from 9% to 26%) 

characterises this zone. The Eurosiberian pollen decline is primarily due to a reduction in deciduous 

Quercus values (~19%), although there is a minor presence of Alnus (~2%), Quercus suber, 

Ostrya/Carpinus orientalis, and Fraxinus excelsior (~1%). Reduced percentages of Mediterranean 

taxa are primarily caused by a reduction in evergreen Quercus, although there remains an 

intermittent occurrence of Olea, Phillyrea, and Pistacia pollen. Meanwhile, Juniperus percentages 

are higher (~6%) than at the end of the preceding zone. Overall, steppe percentages are lower 

(~15%), with values of Amaranthaceae and Poaceae increasing towards the upper boundary. 

However, percentages of Artemisia are higher (~2%) than at the end of SHAK– 9. Over this zone, 

Ericaceae percentages increase from 9 – 15%, while Pinus values decline from 63 – 18%. The 

presence of Cedrus pollen is discontinuous, not exceeding 2%. Isoetes values vary but remain high 

(~43%), while the mean pollen concentration is the lowest of the core at 247 grains g-1. 

 

SHAK06–11 (54.5 – 15 cm) 

This zone is characterised by an expansion of Ericaceae values, which reach the highest 

percentages of the core (25%) at 46 cm. Heliophilous Cichorioideae reach high values (~30%), while 
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percentages of temperate taxa decline (~19%). Of the temperate elements, deciduous Quercus 

remains dominant (~9%), with a continuous steady presence of evergreen Quercus pollen (~5%). 

Alnus (~1%), Quercus suber (~1%), Pistacia (~1%), Olea (~1%), and Fraxinus ornus (~1%) are 

frequently, but discontinuously present. There is a low but continuous occurrence of pioneer taxa 

pollen, with Juniperus averaging values of 3% over the zone. Amaranthaceae and Poaceae values 

increase (~6% and ~5%, respectively), while those of Artemisia are considerably reduced (~2%). 

Percentages of Pinus reach a minimum (~17%), ranging between 6 – 34%. Cedrus pollen is present 

at low levels until the middle of this zone, with intermittent low values towards the upper core. 

Isoetes percentages remain high, with peak values around 47%, although there is a decline to 23% 

at 24 cm. The pollen concentration remains low, increasing up the core, with a mean value of 520 

grains g-1.  

 

SHAK06–12 (15 – 0 cm) 

This zone is marked by high values of Cichorioideae and Asteroideae (~38% and ~9%, respectively), 

reduced Eurosiberian and steppe percentages (~10% and ~10%, respectively), a slight rise in 

Mediterranean taxa (~8%), and a decline in Ericaceae percentages towards the top of the core 

(ranging between 4 – 19%). Percentages of Eurosiberian taxa are dominated by deciduous Quercus 

(~6%), while pollen of Quercus suber (~1%), Fraxinus ornus (~1%), and Fraxinus excelsior (~1%) are 

also present. Percentages of Mediterranean taxa remain steady early in the zone, rising towards 

the top of the core, primarily due to a rise in values of evergreen Quercus, reaching 8%. Olea and 

Pistacia pollen are also present throughout the zone (~2% and ~1%, respectively). Juniperus 

percentages remain low throughout the zone (~2%). Amaranthaceae and Poaceae are the 

dominant steppe taxa (~4% and ~4%, respectively), with a reduced, intermittent presence of 

Artemisia (~1%). Pinus percentages remain low early in the zone (14%), increasing significantly to 

55% at the top of the core. Cedrus pollen is only present (<1%) at the top of this zone, while Isoetes 

percentages remain high (~36%) but decline to 26% up the core. With relatively low variability and 

a mean pollen concentration of 522 grains g-1, this zone sees an initial decline in concentration 

which gives way to a rise mid-zone, before declining towards the top of the core. 
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4.3.3. MD01-2444 pollen record description by zone 

 

Zone Depth (cm) Vegetation Main pollen signature 

MD01 – 1 238 – 224.5  Open mixed woodland Highest values of herbaceous taxa, particularly Cichorioideae (~20%) and 

steppe taxa (~21%), particularly Amaranthaceae (~9%), with presence of 

temperate taxa (~33%). 

MD01 – 2 224.5 – 203.5 Mixed forest Rise in temperate taxa percentages (~62%), primarily deciduous Quercus 

(~44%) and increase in Mediterranean taxa percentages, primarily 

evergreen Quercus (~10%) and Pistacia (~1%) 

MD01 – 3 203.5 – 176.5 Mixed forest Decline in evergreen Quercus percentages (~7%), but rise in deciduous 

Quercus (~50%) 

MD01 – 4 176.5 – 165 Mixed forest Slight decline in percentages of temperate taxa (~61%), primarily due to a 

decline in deciduous Quercus (~45%) 

MD01 – 5 165.5 – 160.5 Mixed forest Overall decline in percentages of temperate taxa (~50%) due to significant 

reduction in deciduous Quercus (~38%) and rise in Ericaceae (~10%) and 

some herbaceous elements including Cichorioideae and Asteroideae  

MD01 – 6 160.5 – 152.5 Mixed forest Overall increase but steady temperate taxa percentages (~57%), 

dominated by deciduous Quercus (~45%) 

MD01 – 7 152.5 – 139 Mixed forest Rise in temperate values (~68%) dominated by Eurosiberian elements 

(reaching 68%), followed by a later rise in Mediterranean taxa (~10%) and 

rising Ericaceae percentages (~7%) 

MD01 – 8 139 – 121 Open mixed woodland Decline in temperate taxa percentages (~25%) primarily deciduous 

Quercus (~17%) and rise in Ericaceae, reaching 21%, the highest of the 

record, and a rise in Cichorioideae, reaching 27% 

 

Table 4.4: The main vegetation features of each PAZ in the MD01-2444 record (Fig. 4.4). 

 

MD01 – 1 (238 – 224.5 cm) 

This zone is characterised by moderate percentages of temperate taxa (ranging between 26 – 

43%), steppe taxa (17 – 28%), and Cichorioideae (18 – 26%). Temperate taxa percentages are 

dominated by deciduous Quercus (~20%) and Quercus suber (~2%), rising until 232 cm, and 

declining towards the upper part of the zone. Values of Mediterranean taxa remain steady, 

dominated by evergreen Quercus (~6%) with the intermittent occurrence of Olea. Pioneer pollen 

values are low throughout the zone (~3%). Steppe taxa are primarily composed of Amaranthaceae 



 

 70 

(~10%), Ephedra distachya (~5%), and Artemisia (~4%). There is a continuous presence of pollen of 

Cichorioideae (~21%), Asteroideae (~5%), Brassicaceae (~3%), and hygrophytic Cyperaceae (~4%). 

Ericaceae percentages remains low (~6%), while Pinus reaches the highest percentages of the 

record (~81%). Cedrus pollen is continuously present, reaching 9%, while Isoetes declines to the 

lowest values of the record (~15%). The pollen concentration of this zone is highly variable, but has 

the highest mean value of the record, peaking at 1,023 grains g-1, but declining significantly to 274 

grains g-1 at the upper boundary.  

 

MD01 – 2 (224.5 – 203.5) 

This zone is marked by a rise in temperate taxa  percentages (ranging between 52 – 73%), primarily 

composed of Eurosiberian elements, and a decline in steppe taxa (7 – 19%) and Cichorioideae (8 – 

19%). Values of deciduous Quercus (~45%) and Quercus suber (~2%) show an initial rise before 

declining until 217 cm. Both then increase until 211 cm but decline towards the upper boundary. 

Percentages of evergreen Quercus rise through the zone, before declining towards the transition. 

Pollen of Pistacia (reaching 3%), Juniperus, Olea, Alnus, Fraxinus excelsior, and Fraxinus ornus (all 

~1%) is intermittently present. The decline in steppe percentages results from a reduction in 

Amaranthaceae, Artemisia, and Ephedra (~5%, ~1%, and ~1%, respectively). Poaceae values, 

however, increase from the preceding zone (~5%). Although Ericaceae percentages remain low 

(~5%), they peak twice, both coinciding with the decline in Eurosiberian taxa values. Pinus 

percentages decrease throughout the zone (~64%), while those of  Cedrus are low but continuous 

(~2%). This zone sees a major rise in Isoetes (~43%) and a reduction in the pollen concentration 

which has a mean value of 250 grains g-1. 

 

MD01 – 3 (203.5 – 176.5 cm) 

The vegetation composition of this zone is relatively stable, characterised by an overall rise in 

percentages of Eurosiberian taxa (ranging between 53 – 67%) and reduced levels of steppe taxa (5 

– 14%) and Cichorioideae (6 – 13%). This rise in values of Eurosiberian taxa is primarily composed 

of deciduous Quercus (~51%), with a small rise in Quercus suber (~3%), and a low discontinuous 

presence of Fraxinus excelsior (~1%). Percentages of Mediterranean taxa are lower than the 

preceding zone (~9%), primarily composed of evergreen Quercus (~7%), although there are low 

and intermittent Pistacia and Olea values (both ~1%). Steppe taxa are primarily composed of 

Amaranthaceae and Poaceae (~4% and ~3%, respectively), with intermittent, low Artemisia, 
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Ephedra distachya, and Ephedra fragilis values (all ~1%). There is a near continuous presence of 

Cyperaceae (~3%), while Ericaceae percentages decline through the zone, from 7% to 1%. Pinus 

percentages are variable, but lower overall (~56%). Cedrus values are both lower and sporadic 

(~1%), while Isoetes percentages are high and steady (~41%). After an early decline, the pollen 

concentration rises slightly towards the upper boundary, averaging 272 grains g-1. 

 

MD01 – 4 (176.5 – 165 cm) 

A small decline in Eurosiberian taxa percentages (ranging between 57 – 64%) characterises this 

zone, primarily due to a decline in deciduous Quercus (~46%). There are low values of Quercus 

suber (~3%) and Alnus (~2%), and low intermittent values of Fraxinus excelsior and Fraxinus ornus 

(<2%). Percentages of Mediterranean taxa remain relatively steady (~9%), dominated by evergreen 

Quercus (~7%), while Pistacia and Olea percentages are low and discontinuous (<1%). Pollen of 

pioneer taxa is intermittently present and does not exceed 1%. Percentages of steppe taxa remain 

relatively steady (~11%), although there is a change in contributing taxa, with a rise in Poaceae 

(~4%). Values of Cichorioideae (~14%), Ericaceae (~5%), and Asteroideae (~3%) rise. Pinus 

percentages decline throughout the zone, reaching ~36% by the upper boundary, while Cedrus 

pollen remains continuously present (~3%). Isoetes values remain high (~43%), and overall, the 

pollen concentration is higher in this zone, averaging 380 grains g-1. 

 

MD01 – 5 (165.5 – 160.5 cm) 

This zone is characterised by a decline in percentages of temperate taxa reaching 41% at 163 cm. 

This contraction is primarily due to a prominent decline in deciduous Quercus and a smaller 

reduction in evergreen Quercus (reaching 39% and 6%, respectively). At the same time, there is a 

small presence of Alnus and Quercus suber pollen, which also decline at 163 cm. Percentages  of 

temperate taxa then rise towards the upper boundary, reaching 58%. Overall, values of pioneer 

taxa are higher than the preceding zone (~3%), along with increased Corylus percentages (~1%) 

and a rise in Cichorioideae (~17%) and Asteroideae (~4%) values. Although overall steppe 

percentages remain relatively steady (~10%), those of Amaranthaceae decline (~3%), while 

Ephedra values rise (~3%). Percentages of Ericaceae (~10%) and Pinus (~66%) increase and there 

continues to be a low presence of Cedrus pollen (~2%). Isoetes percentages rise substantially 

(~63%). The pollen concentration declines towards the middle of this zone, reaching 118 grains g-
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1, before rising slightly at the upper transition. On average, this zone’s pollen concentration is the 

lowest of the record at 184 grains g-1. 

 

MD01 – 6 (160.5 – 152.5 cm) 

This zone is marked by an overall increase in percentages of Eurosiberian taxa which remain 

relatively steady throughout (ranging between 50 – 54%). These are dominated by deciduous 

Quercus (~47%), with a continuous presence of Quercus suber (~3%) and Fraxinus excelsior pollen 

(~1%). Values of Mediterranean and pioneer elements are low (~5% and ~1%, respectively), 

declining throughout the zone. Steppe values remain steady (8 – 11%), primarily composed of 

Poaceae and Amaranthaceae. There is an overall decline in Cichorioideae percentages (~15%), a 

rise in Cyperaceae (~4%), and a continuous Asteroideae pollen presence (~4%). Percentages of 

Ericaceae show a slight decline (~5%) as do those of Pinus (~47%), while Cedrus pollen shows a low 

but continuous present (~4%). Isoetes values decline significantly (~35%) and the pollen 

concentration increases from 155 grains g-1 at the lower boundary to 323 grains g-1 at the upper 

transition. 

 

MD01 – 7 (152.5 – 139 cm) 

The main characteristic of this zone is a substantial early rise in percentages of Eurosiberian taxa, 

reaching 67% at 151 cm, before declining towards the upper boundary. Eurosiberian taxa are 

dominated by deciduous Quercus (~53%), with Quercus suber (~4%), Fraxinus excelsior, and 

Fraxinus ornus pollen (both ~1%) also present. Values of Mediterranean taxa also increase, peaking 

later at 145 cm (reaching 10%), dominated by values of evergreen Quercus (~7%) with a low 

presence of Pistacia and Olea. Low, steady steppe values (ranging between 7 – 11%) are primarily 

composed of Poaceae and Amaranthaceae, while overall percentages of Cichorioideae (~7%), 

Asteroideae, and Cyperaceae (both ~1%) decline, and Fabaceae levels rise (~2%). Pinus 

percentages increase significantly at the start of the zone, reaching 76%, before declining up the 

core (to 56%). Ericaceae values rise slightly (~7%), Isoetes percentages increase (~39%), and Cedrus 

pollen is continuously present (~2%). The pollen concentration remains low throughout, averaging 

208 grains g-1. 
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MD01 – 8 (139 – 121 cm) 

This zone is dominated by a considerable rise in Cichorioideae and Ericaceae values, both reaching 

the highest percentages of the record (27% and 22%, respectively). Percentages of temperate taxa 

decline from 28% to 23%, primarily composed of deciduous Quercus (~18%) with a small presence 

of evergreen Quercus (~3%). There is a low continuous occurrence of Juniperus pollen (~2%). 

Percentages of steppe taxa increase (ranging between 14 – 21%), dominated by Amaranthaceae 

(~9%) and Poaceae (~5%), with low intermittent Artemisia and Ephedra values (both ~1%). Pinus 

percentages reach the lowest values of the record (~36%), while Cedrus pollen is not present early 

in the zone but reaches values of 4% at the top of the core. Percentages of  Isoetes rise, reaching 

64%, the highest of the record, while the pollen concentration is the most variable of the record, 

ranging between 105 and 1,417 grains g-1. 
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4.4. Inferred vegetation trends 

This chapter presented the results of the pollen analysis in cores SHAK06-5K and MD01-2444. 

When comparing the SHAK06-5K pollen and d18OG. bulloides records (Fig. 4.3), the high d18OG. bulloides 

values between 329 to ~126 cm (~2.5‰) and lower ln(Ca/Ti) values (~3.1) indicate glacial 

conditions (Adkins et al., 2002; Lisiecki & Raymo, 2005). At this time, SW Iberian vegetation was 

dominated by steppe elements, associated with cool/dry conditions. The dominant taxa were 

Artemisia and Amarantharaceae, with a low but continuous presence of woodland elements, 

primarily Juniperus and deciduous and evergreen Quercus. The decreasing d18OG. bulloides values 

between ~ 126 to 78 cm (declining from ~2 – 1.3‰) and increasing ln(Ca/Ti) values reflect a 

transitional period, with the expansion of arboreal elements and decline of steppe taxa. Over this 

period, steppe vegetation was gradually replaced by woodland, dominated by deciduous Quercus 

and some Mediterranean elements, pointing to increasingly warm/wet conditions. The interval 

from 76 to 0 cm reflects interglacial conditions, indicated by the low d18OG. bulloides values (~0.5‰) 

and higher ln(Ca/Ti) values (~3.4). At the onset of this interval, there was a further expansion of 

woodland, primarily composed of deciduous and evergreen Quercus, dominating  until ~62 cm. 

After 62 cm woodland contracted and heathland expanded. 

 

Comparing the MD01-2444 pollen and d18OG. bulloides records (Fig. 4.4), it is apparent that these 

records cover the transition to the interglacial and the early part of the interglacial. Early in the 

record d18OG. bulloides levels are high (~1.3‰ between ~238 and 222 cm) with presence of steppe 

vegetation alongside woodland communities (primarily deciduous Quercus) indicating cooler 

conditions with moderate moisture levels, where steppe levels were high despite woodland 

dominating (primarily composed of deciduous Quercus). After this, d18OG. bulloides declined, 

remaining around 0.6 ‰ until the end of the record at 121 cm, indicating interglacial conditions. 

Over this period, woodland expanded, dominated by deciduous Quercus and a continuous 

presence of evergreen Quercus and Quercus suber. At this time, steppe communities declined, 

indicating increasingly warm/wet conditions. At the end of the record, between 133 and 121 cm, 

woodland elements contracted and heathland expanded. 

 

In summary, our records show the vegetation transition from glacial to interglacial conditions, with 

large fluctuations in vegetation composition. In the SHAK06-5K record, deciduous Quercus is the 

dominant taxon in the pollen spectra. Pinus and Cichorioideae are omnipresent (although the 
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former is removed from the pollen sums). Steppe taxa and Cichorioideae are the dominant non-

arboreal pollen in the sequence, with the former dominating earlier in the record (SHAK06-1 to -

9), and the latter dominating towards the top of the core (SHAK06-10 to -12). Of the steppe 

elements, Artemisia dominates earlier in core SHAK06-5K, but its proportions reduce and are 

surpassed by Amaranthaceae and Poaceae later in the record (SHAK06-9 to -12). Although levels 

fluctuate throughout, MD01-2444 has a constant presence of Pinus, deciduous and evergreen 

Quercus, Ericaceae, Amaranthaceae and Cichorioideae. The majority of the record is dominated by 

deciduous Quercus (MD01-2 to -7), although at the start and end of the record (MD01-1 and MD01-

8), Cichorioideae is the dominant taxon. A more thorough assessment of the nature and timing of 

vegetation changes  in relation to other proxies from the same cores and to other records will be 

provided in Chapter 8, after a detailed chronology is developed in Chapter 6. 
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Chapter 5: SHAK06-5K leaf-wax n-alkane biomarker record 
 

5.1. Introduction 

Leaf cuticular waxes of vascular plants are the primary interface between a plant and its 

surrounding environment, performing an essential role in regulating gas exchange and water loss, 

and protecting against both biotic and abiotic threats (Jetter et al., 2008). One critical component 

of these waxes is the existence of long-chain n-alkyl lipids; n-alkanes, n-alcohols, n-alkanoic acids 

and wax esters (Fig. 5.1) (Chibnall et al., 1934; Eglinton et al., 1962; Eglinton & Hamilton, 1967). As 

these compounds can be preserved for millions of years in the sedimentary record, they can be 

used to better understand the influence of climate change on terrestrial vegetation over geological 

timescales (Eglinton & Hamilton, 1967; Cranwell, 1981; Poynter et al., 1989; Pancost & Boot, 2004; 

Eglinton & Eglinton, 2008; Freeman & Pancost, 2013; Diefendorf & Freimuth, 2017). Although these 

compounds are found on other plant organs, the highest concentrations are produced on the leaf 

surface (Gamarra & Kahmen, 2015; Diefendorf & Freimuth, 2017), consequently, waxes delivered 

to sediments will be referred to as leaf-waxes. Of these leaf-waxes, n-alkanes have been the most 

widely researched (Diefendorf & Freimuth, 2017). Typically, their chain lengths range between C25 

– C35 (names, molecular and structural formulas outlined in Table 5.1), and a strong odd-over-even 

carbon homologue predominance exists (Eglinton et al., 1962; Eglinton & Hamilton, 1967). 

 

This chapter presents the fossil n-alkane record from core SHAK06-5K, firstly outlining the current 

understanding of leaf-wax n-alkanes as palaeoclimatic indicators, before explaining the methods 

used to prepare and analyse the leaf-wax n-alkanes from core SHAK06-5K. Finally, the leaf-wax n-

alkane distribution and carbon isotope records will be presented against depth. 

 
Fig. 5.1: Structure of straight-chain terrestrial leaf-wax n-alkyl lipids: a. n-alkanes; b. n-alkonols; c. 

n-alkanoic acids; and d. wax esters (Pancost and Boot, 2004)
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Table 5.1: Molecular and structural formula of the dominant chain lengths in terrestrial leaf-waxes 

(Eglinton et al., 1962; Eglinton & Hamilton, 1967). 

 

5.1.1. Leaf-wax n-alkane production, transport and residence time 

Leaf-wax ablation occurs primarily by abrasion from wind, dust, and precipitation; wet and dry 

deposition then transfer these compounds from the atmosphere into soils, fluvial systems and 

marine environments (Gagosian & Peltzer, 1986; Rogge et al., 1993; Shepherd & Wynne Griffiths, 

2006). The molecular composition of these leaf-wax aerosols has been shown to be reflective of 

the vegetation of the source region of these particles (Conte & Weber, 2002). As the greatest 

biosynthesis of leaf-waxes occurs after leaf unfurling, the most significant leaf-wax aerosol 

production, transportation, and subsequent accumulation in sediments occurs at the start of the 

growing season (Tipple et al., 2013; Nelson et al., 2018), although in evergreen species, n-alkane 

synthesis continues up to 4 months after leaf flush, and considerably longer than that in many 

deciduous species (Sachse et al., 2015). Leaf-wax transport also occurs during leaf-fall, where they 

can be incorporated into soils or transported into lake, river, or marine environments (Diefendorf 

& Freimuth, 2017). 

 

Transport of these terrestrial compounds to the ocean can occur by both atmospheric and fluvial 

mechanisms. Leaf-waxes from fresh vegetation and soils can also be transported atmospherically, 

reaching the open ocean over days to weeks, causing the leaf-wax signal to reflect vegetation of 

the neighbouring continents (Gagosian et al., 1981; Huang et al., 2000; Conte & Weber, 2002; 

Eglinton et al., 2002; Schefuss et al., 2003). These leaf-waxes are typically reflective of the relative 

No. of carbon atoms Name Molecular formula Structural formula 

C25 n-pentacosane C25H52 CH3(CH2)23CH3 

C27 n-heptacosane C27H56 CH3(CH2)25CH3 

C29 n-nonacosane C29H60 CH3(CH2)27CH3 

C31 n-hentriacontane C31H64 CH3(CH2)29CH3 

C33 n-tritriacontane C33H68 CH3(CH2)31CH3 

C35 n-pentatriacontane C35H72 CH3(CH2)33CH3 
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input from both arboreal and herbaceous vegetation (Diefendorf & Freimuth, 2017). n-Alkanes 

entering the marine environment via fluvial transport are reflective of the vegetation of the river’s 

catchment basin (Haggi et al., 2016), although degradation and replacement of organic matter 

during transport means the n-alkane signal is dominated by vegetation closer to the deposition 

site (Galy et al., 2011). Despite rapid fluvial and atmospheric transport of terrestrial biomarkers to 

the marine environment over days to months (Conte & Weber, 2002), upon reaching the ocean, 

the transit time across continental shelves before burial in marine sediments can be thousands of 

years (Eglinton & Eglinton, 2008; Bröder et al., 2018; Bao et al., 2018). Grain size also influences 

transit times across continental shelves. Particles < 20 μm and > 65 μm demonstrate older ages 

compared to the sortable silt fraction which undergoes the most remobilisation and resuspension 

(Bao et al., 2018). 

 

Both in soils and the water column (fluvial and marine), terrestrial lipids become adsorbed onto 

mineral particles (Mayer et al., 1994). n-Alkanes are suggested to have the highest association with 

finer fractions, with long-chain terrestrial n-alkanes the most abundant in clays, followed by the 

silt fraction (Quenea et al., 2004). Clays and fine silts are not significantly affected by gravitational 

settling and are, therefore, transported further (Eglinton et al., 2002). In the water column, 

terrestrial lipids can also become incorporated within faecal pellets and transported vertically into 

marine sediments (Gagosian & Peltzer, 1986). 

 

Significant uncertainty and regional variation surround the residence times of biomarkers in 

continental reservoirs. Consequently the contribution of pre-aged leaf-wax material to marine 

sediments from intermediate reservoirs, such as soils and terrestrial watersheds, must be 

considered. In soils, the residence times of leaf-wax can be thousands of years (Huang et al., 1996; 

Kusch et al., 2010), while in the Red Sea, leaf-waxes sourced from paleolakes have led to 

radiocarbon age offsets of ~5000 years (Eglinton et al., 1997). In many regions, the contribution of 

pre-aged material is significant; in the Saanich Inlet, in western Canada, the pre-aged contribution 

is greater than 80% (Smittenberg et al., 2006), while in the Bay of Bengal, 79 – 83% of leaf-waxes 

have been stored in continental reservoirs for ~1000 years prior to deposition (French et al., 2018). 

These trends, however, are not common to all sites. In the Black Sea, the Santa Monica, and the 

Santa Barbara Basins, continental residence times of vascular biomarkers entering marine 

environments were found to be < 100 years, with 80 – 87% of biomarkers in Santa Monica Basin 
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marine sediments suggested to be sourced from contemporary terrestrial material (Eglinton et al., 

1997; Pearson & Eglinton, 2000; Mollenhauer & Eglinton, 2007). The continental residence time of 

leaf-waxes is therefore dependent on regional geology, hydrology, and climate. Steep topography 

and annual flood deposits can enhance the young pool of carbon, while aridity and colder 

temperatures can increase carbon storage and continental residence time (Drenzek et al., 2007; 

Galy & Eglinton, 2011; Vonk et al., 2019). 

 

5.1.2. Leaf-wax n-alkane preservation and degradation 

With a compound structure of over 20 carbon atoms, terrestrial long-chain n-alkanes are 

chemically inert, insoluble in water, relatively resistant to biodegradation, and have minimal 

volatility, meaning they are highly conserved in lacustrine and marine sediments (Cranwell, 1981; 

Eglinton & Eglinton, 2008). 

 

These long-chain compounds are still at risk of degradation from microbial and chemical processes 

during the transport process and after deposition (Gagosian & Peltzer, 1986; Meyers & Eadie, 1993; 

Galy et al., 2011). In the water column, lipids have been shown to make up 20% of organic carbon, 

which reduces to 0.2% in marine sediments as a result of microbial degradation and oxidation 

(Wakeham et al., 1997). This degradation, however, primarily impacts short-chain n-alkanes, as the 

increased stability of long-chain n-alkanes means these compounds are less readily degraded and 

better preserved in sediments (Rieley et al., 1991a; Meyers & Eadie, 1993; Wakeham et al., 1997). 

Furthermore, degradation of leaf-waxes in the water column is small as exposure to degradation 

processes, such as oxidation, has already occurred during atmospheric transport (Gagosian & 

Peltzer, 1986). Additionally, the close association of plant biomarkers with mineral surfaces is 

suggested to protect particles from degradation (Mayer et al., 1994), while remineralisation of 

long-chain n-alkanes in fluvial systems has not been shown to be extensive (Haggi et al., 2016). 

 

The input of petrogenic organic matter (material formed by the decomposition of organic material 

under extreme temperatures and pressure) can significantly influence the leaf-wax signal 

(Lichtfouse & Eglinton, 1995; Jeng, 2006), although in some marine sediments, the contribution is 

relatively minor (Pearson & Eglinton, 2000). As both degraded and petrogenic material 

demonstrate no carbon preference, it is possible to assess the contribution of these materials by 

calculating the carbon preference index (CPI) (outlined in section 5.2). As higher plant cuticular 
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waxes demonstrate an odd-over-even chain length preference (Eglinton & Hamilton, 1967), a CPI 

above one suggests a terrestrial plant source of the n-alkanes, rather than a significant input from 

petrogenic or degraded material (Bray & Evans, 1961; Kennicutt et al., 1987). CPI in fresh leaves is 

usually > 4 (Collister et al., 1994). 

 

5.1.3. Leaf-wax n-alkanes as palaeoclimatic indicators 

Climatic inferences have been made extensively using leaf-waxes from sedimentary sequences, 

with long-chain n-alkanes (C27 – C33) one of the most widely used of these plant biomarkers (e.g. 

Eglinton & Hamilton, 1963; Cranwell, 1973; Rommerskirchen et al., 2003; Vogts et al., 2009; Bush 

& McInerney, 2013). 

 

5.1.3.1. n-Alkane concentrations and average chain length 

Leaf-wax concentrations vary considerably among plant types, although long-chain leaf-wax n-

alkane concentrations are generally higher in angiosperms than gymnosperms (Sachse et al., 2006; 

Diefendorf et al., 2011; Bush & McInerney, 2013; Diefendorf & Freimuth, 2017). The distribution 

of long-chain n-alkanes also varies considerably among plant types, with the climatic and biological 

controls of average chain length (ACL) still relatively unknown. Many have suggested that n-alkane 

ACL in the sedimentary record can be used to determine dominant vegetation composition, based 

on the assumption that longer chain-lengths (C31 – C33) are derived from graminoid-type taxa and 

shorter dominant chain-lengths (C27 – C29) are sourced from woody plants (Cranwell, 1973; Meyers 

& Ishiwatari, 1993; Rieley et al., 1995; Schwark et al., 2002; Bai et al., 2009; Bliedtner et al., 2018). 

This view is opposed by many studies, which demonstrate ACL variations within the same 

species/taxa group (Schwark et al., 2002; Rao et al., 2011; Bush & McInerney, 2013; Hoffmann et 

al., 2013). Other suggested ACL controls include temperature (Poynter et al., 1989; Poynter & 

Eglinton, 1990; Hoffmann et al., 2013; Tipple & Pagani, 2013; Bush & McInerney, 2015) and water 

stress (Huang et al., 2000; Schefuss et al., 2003), although climate has been shown to impact ACL 

in opposing ways for two species along the same climate transect (Hoffmann et al., 2013). 

Consequently, ACL should be used cautiously as a climate and vegetation proxy (Wang et al., 2015; 

Diefendorf & Freimuth, 2017). 
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5.1.3.2. d 13C of plant biomass 

Plants discriminate against 13C during photosynthesis, producing plant biomass that is 13C depleted 

relative to the atmosphere (Melander & Saunders, 1979; O’Leary, 1981). Plants using the C4 (Hatch-

Slack) photosynthetic pathway (an adaptation to reduce photorespiration) produce higher plant 

d13C (d13Cplant) compared to those using the C3 (Calvin-Benson) pathway, due to less isotopic 

fractionation in the former (Hayes, 1993; Collister et al., 1994; Cernusak et al., 2013; Freenman & 

Pancost, 2014). Plants using the Crassulacean acid metabolism (CAM) pathway (used by plants in 

extreme hot/dry environments) have intermediate fractionation (O’Leary, 1981; Diefendorf & 

Freimuth, 2017). In C3 plants, ribulose bisphosphate carboxylase/oxygenase (RuBisCo), a critical 

enzyme involved in carbon assimilation, is the primary cause of carbon isotope fractionation during 

photosynthesis, discriminating against the heavier and less reactive 13C (O’Leary, 1981). The 

magnitude of a plant’s carbon isotope fractionation is also influenced by surrounding 

environmental conditions, with the major physiological and environmental controls of d13Cplant 

summarised in Equation 5.1 (Farquhar et al., 1982) and illustrated in Fig. 5.2. 

 

!!""#$%&' = !!""%'()* − % − &	(& − %)"+/"% 

 

Equation. 5.1: Formula for calculating d13Cplant (‰) where: d13Catmos is the isotope ratio of the 

ambient CO2; Ci/Ca ratio is the intercellular leaf space CO2 concentration against the atmospheric 

CO2 concentration; a is the fractionation between intercellular leaf space and atmosphere 

(constant parameter of 4.4‰); and b is fractionation of CO2 during photosynthetic carbon fixation. 
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Fig. 5.2: The main controls of d13Cplant and d13Cn-alkane (‰; blue boxes). Yellow boxes show stages 

where carbon isotope fractionation occurs and green boxes show the environmental and 

physiological variables that influence this fractionation. Created using literature sources (Pancost 

& Boot, 2004; Freeman & Pancost, 2013). 

 

One key environmental variable influencing d13Cplant is atmospheric d13C (d13Catmos), which is 

dependent on both the isotopic composition of the global atmosphere (d13Cglobal) and local 

conditions (d13Clocal) (Farquhar et al., 1982; Arens et al., 2000; Pancost & Boot, 2004). While 

d13Cglobal can vary temporally over orbital timescales (Leuenberger et al., 1992; Marino et al., 1992; 

Eggleston et al., 2016), d13Clocal can vary spatially, depending on local biogeochemical conditions 

such as the canopy effect, whereby d13Clocal is influenced by the isotopic composition of carbon 

respired by surrounding plants (Grinstead, 1977; Broadmeadow & Griffiths, 1993; Bush et al., 

2017). Another important control of d13Cplant is Ci/Ca; the CO2 concentration of the leaf’s 
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intercellular space (Ci) compared to the concentration of the atmosphere (Ca) (Farquhar et al., 

1982). Ci/Ca can be influenced by a number of factors. These include water availability, whereby 

the plant alters their stomatal conductance to ensure efficient water use (Farquhar et al., 1982; 

Farquhar & Sharkey, 1982; Ehleringer et al., 1992; Diefendorf et al., 2010; Kohn et al., 2010; Liu & 

An, 2020), atmospheric CO2 concentration (pCO2) which has changed over geological timescales 

(Popp et al., 1989), and the rate of carbon assimilation in the plant (Lockheart et al., 1997; Pancost 

& Boot, 2004). Further fractionation occurs during lipid biosynthesis. While the range of d13Cplant in 

C3 vegetation falls between -25 and -30‰, d13C of epicuticular n-alkanes (d13Cn-alkane) ranges 

between -30.9 and -35.9‰ (Rieley et al., 1991b; Collister et al., 1994; Chikaraishi et al., 2004). 

 

The physiology of a plant also influences carbon isotope fractionation. In addition to C3 and C4 

photosynthetic pathways driving variations in d13Cplant, studies have found d13Cplant and d13Cn-alkane 

to also vary between taxa groups and genera. While gymnosperms typically demonstrate higher 

d13Cplant and d13Cn-alkane than angiosperms (Brooks et al., 1997; Chikaraishi & Naraoka, 2003; 

Diefendorf et al., 2010; Norström et al., 2017), carbon isotope fractionation also varies between 

trees, graminoids, forbs and shrubs (Norström et al., 2017; Diefendorf & Friemuth, 2017). This 

indicates that in addition to a plant’s photosynthetic pathway and external environmental 

conditions, physiological mechanisms at a taxonomic level also drive variations in carbon isotope 

fractionation. 

 

Despite challenges and uncertainties, d13Cplant (including d13C of cuticular lipids) has been 

successfully applied to numerous paleoclimate studies to explore past changes in C3 vs C4 

vegetation (ie. Huang et al., 1999; 2000; Freeman & Colarusso, 2001; Maslin et al., 2012a; Hoetzel 

et al., 2013; Jiang et al., 2019) and regional hydrological conditions (ie. Maslin et al., 2012b; Sikes 

et al., 2013). 

 

5.1.4. n-Alkane signal in SHAK06-5K 

An accurate quantification of biomarker production, transport, preservation, and isotopic climate 

signal is yet to be determined for SW Iberia. Based on existing research, however, we assume that 

the dominant transport method of n-alkanes to our marine site is from the Tagus and Sado rivers 

systems (Jouanneau et al., 1998), sourced from vegetation and soils in the catchment basins which 

enter fluvial systems via both wet and dry deposition (Gagosian & Peltzer, 1986; Rogge et al., 1993; 
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Shepherd & Wynne Griffiths, 2006). As northerly and westerly winds are dominant on the Iberian 

Margin (Hurrell, 1995), there is likely to be limited aeolian transport of terrestrial material from 

the continent (Sanchez Goñi, 1999; Naughton et al., 2007). Consequently, the delivery of leaf-

waxes to the marine environment on the SW Iberian Margin is likely to be primarily associated with 

finer sediment fractions (Eglinton et al., 2002; Quenea et al., 2004). Additionally, the relative 

resistance of n-alkanes to degradation in marine environments (Cranwell, 1981; Rieley et al., 

1991a; Wakeham et al., 1997; Eglinton & Eglinton, 2008; Haggi et al., 2016) is hoped to prevent 

bias in the preservation of different homologues and will be explored in this research. 

 

As d13Cplant can be used to assess the photosynthetic pathway used by a plant (Collister et al., 1994), 

which can then be used to distinguish C3 and C4 vegetation in the fossil record (Pancost & Boot, 

2004; Diefendorf & Freimuth, 2017), our research will assess the dominant photosynthetic 

pathway of vegetation from SW Iberia over the past 28 kyr. Based on existing SW Iberian 

vegetation reconstructions over the last 28 kyr (van der Knaap and van Leuween; 1995; 1997; 

Chabaud et al., 2014; Oliveira et al., 2018; Gomes et al., 2020), we expect our d13Cn-alkane signal to 

be within the C3 range of -30.9 to -35.9‰, indicating the dominance of C3 vegetation. If this is the 

case, after accounting for deglacial changes in d13Catmos, the potential climatic and/or biological 

drivers of d13Cn-alkane in this record can be explored. 
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5.2. Materials and Methods 

All fossil n-alkane preparation was performed at the Biogeoscience Laboratory, ETH, Zürich. The 

isotope analysis was performed at the Biogeoscience Laboratory, ETH, Zürich, and the Lyell Centre, 

Heriot-Watt University, Edinburgh.  

 

5.2.1. Standard preparation 

To accurately measure n-alkane concentration of SHAK06-5K samples using gas chromatography 

with a flame ionisation detector (GC-FID), an external standard was first produced. By comparing 

the known retention time and peak area of the n-alkanes in the external standard with the peaks 

in the SHAK06-5K samples, the fossil long-chain leaf-wax n-alkanes (C25 – C35) were identified and 

their concentration calculated. 

 

The initial stock solution was created using three odd n-alkanes; two at either end of the scale for 

higher n-alkanes (C21 and C37) and one in the range of the most abundant n-alkane lengths for 

terrestrial vegetation (C27) (Eglinton & Hamilton, 1963; Pancost & Boot, 2004). A glass weighing 

boat measured n-alkane quantity to the nearest two decimal points, which was combined with 

solvent to produce a stock solution of ~10mg ml-1 (exact weights and concentrations shown in 

Table 5.2). The external standard was produced from the stock solution (with exact measurements 

shown in Table 5.2). Isooctane was chosen as the solvent for both solutions due to its low volatility 

which prevents both rapid evaporation and extreme concentration changes. 

   

 
n-Alkane 

 
Stock 

 

 
Standard 

 Compound Catalogue no. Lott no. Solute 

(mg) 

Solvent 

(ml) 

Concentration 

(mg ml-1) 

Concentration 

(ng μl-1) 

 

C21 

 

 

Heneicosane 

 

286052-1G 

 

MKBC5373V 

 

10.85 

 

10 

 

1.085 

 

10.85 

C27 

 

Heptacosane 51559-1G BCB2936V 10.83 10 1.083 10.83 

C37 Heptatriacontane 

 

51848-1G 1434205V 10.47 10 1.047 10.47 

 
Table 5.2: n-Alkane weight in stock solution and resulting concentration of both the stock and 

standard. 
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A calibration curve was produced for each GC-FID used in this study (instrumentation details shown 

in Table 5.3). This was created by repeating standard injections at volumes of 1, 2, 4 and 5 μl, to 

assess the limit of quantification (below this volume, concentrations cannot be reliably detected), 

and limit of linearity (above this volume, a linear relationship no longer exists between the 

instrument response and concentration) (Armbruster & Pry, 2008). As Fig. 5.3a and b show, neither 

the limit of quantification nor the limit of linearity lie between this range, therefore, the standard 

injections for this research were set between these bounds. 

 

 

 

Fig. 5.3: Calibration curve showing response of peak area to changes in external standard injection 

volume (μl) a. for n-alkane chain length C21 (blue) (y = 574.55x - 333.43), C27 (orange) (y = 569.4x - 

317.98) and C37 (grey) (y = 531.25x - 319.72), run on GC-FID 1; and b. for n-alkane chain lengths C21 

(blue) (y = 272.76x - 62.98), C27 (orange) (y = 254.04x - 63.87) and C37 (grey) (y = 166.3x - 148.08), 

run on GC-FID 2. 
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5.2.2. n-Alkane preparation 

To isolate the n-alkanes from the dry sediment of core SHAK06-5K, a three-stage procedure was 

used. This is explained below and illustrated in Fig. 5.4. 

 

Stage 1. Total Lipid Extraction: 

The inner Teflon tubes of the microwave carousel cells were cleaned with 

Dichloromethane:Methanol (DCM:MeOH), 9:1 which was heated in a microwave (80°C for 40 mins) 

to remove polar and non-polar molecules. A maximum of 20 g of dry sediment from a single depth 

was placed into each tube and covered with enough DCM:MeOH, 9:1 to saturate the mixture. Cells 

were then heated in the microwave (80°C for 50 minutes) to ensure the complete transfer of all 

lipids into the solvent. Once complete, the solvent was extracted into a 40 ml vial using a glass 

Pasteur pipette. DCM:MeOH, 9:1 was added to cover the sediment, before repeating the 

extraction process twice to ensure the complete removal of all lipid fractions from the sediment. 

The extracted solvent was blown down to ~10 ml, using a nitrogen evaporator and heat block. 

 

Stage 2. Saponification: 

Fatty acids (acid fraction) were isolated from the triglycerides (Metcalfe et al., 1966) using 

saponification. KOH in MeOH 0.5M (5 ml) was added to each sample, along with three drops of 

milli-Q
®

 water, then heated in 40 ml vials on a heat block (70°C) for two hours. 

 

a. Neutral Fraction Extraction: 

After saponification, the neutral fraction was extracted. Milli-Q
® water (5 ml) and hexane 

(5 ml) were added and vortex mixed to assist with the dissolution of the neutral fraction 

into the non-polar solvent. The solvent was transferred into a 40 ml glass vial before adding 

hexane (5 ml) to the original vial, vortexing, then transferring the solvent into the neutral 

vial. This step was repeated once more to ensure the transfer of all neutral fractions. The 

neutral fraction was then blown down and transferred into a 2 ml vial using hexane. The 

vial was cleaned twice with hexane to ensure the complete transfer of the neutral fraction. 

 

b. Acid Fraction Extraction: 

Ten drops of HCl were added to the saponified solution to bring the pH to 1 (tested on 

litmus paper). Hexane:DCM, (4:1, 5 ml) was added and vortex mixed to transfer the acid 

fraction into the solvent. Using the steps outlined above, the Hexane:DCM solvent 

containing the acid fraction was transferred first into a 40 ml vial, then a 2 ml vial. 
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Stage 3. Column Chromatography: 

Chromatography columns were set up using an iron stand to hold small glass Pasteur pipettes 

vertically. Combusted glass wool was inserted and compressed at the bottom of each pipette 

before 4 cm of silica gel dissolved in hexane was added to each column. The columns were then 

cleaned with hexane. 

 

To separate the n-alkanes from the neutral fraction, two drops of hexane were added to the 

solution, dissolving the n-alkanes within the solvent. The hexane solution was added to the column, 

transferring the dissolved n-alkanes into the first 4 ml vial, while the other fractions remained 

trapped in the silica gel. The vial was cleaned twice with hexane to ensure the complete transfer 

of all n-alkanes through the column. This method was repeated using Hexane:DCM, 1:3, to transfer 

n-alkenones into a second 4 ml vial, and then using DCM:MeOH, 1:1 to transfer glycerol dialkyl 

glycerol tetraethers (GDGTs) into the final 4 ml vial. 

 

Fig. 5.4: Method for extracting n-alkanes from SHAK06-5K sediment. Dry sediment input (red), the 

three key method stages (black), the major chemicals used (green), and the fractions extracted 

from the sediment during the process (blue) are outlined. 
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5.2.2.1. Sediment quantities 

Following the preparation of each sample, the n-alkane concentration (ng g-1 dry sediment) was 

measured. Existing solvent was blown down before adding isooctane (100 μl). One of two GC-FID’s 

was used to quantify the n-alkane concentration (Table 5.3), with both instruments following the 

same method (50°C to 320°C at 5°C/ min). The typical sequence involved one isooctane blank and 

one standard injection, followed by the SHAK06-5K n-alkanes samples which were interposed by 

an isooctane blank every three/four vials. The blanks assessed the working of the instruments and 

traced any artificial contamination. The output of each sample was a chromatograph (example 

shown in Fig. 5.5) from which the peak area for odd and even long-chain homologues between C25 

and C35 were calculated. The peak area was used to calculate the n-alkane concentration of each 

long-chain homologue in the dry sediment samples (ng g-1) using the following equation: 

 

a.						C!"# 		= 		
(P$%&'() ∗ 		C$*+		 ∗ 		J$*+)

(P$*+ 		 ∗ 		 J$%&'())
 

 

b.						K-!%( =		 C!"# 	 ∗ 	V$.(-)"* 
 

c.						K$)+ 		= 		 K-!%(		/		W$)+       
 

Equation. 5.2 a. Concentration of injection (Cinj; ng μl-1) calculated using peak area of sample 

(Psample) and standard (Pstd), concentration of standard (Cstd; ng μl-1), and injection volume of the 

standard (Jstd; μl) and sample (Jsample; μl); b. n-alkane quantity in vial (Kvial; ng) quantified with Cinj 

and the volume of solvent in the vial (Vsolvent; μl); c. n-alkane quantity in dry sediment (Ksed; ng g-1) 

calculated using Kvial and dry weight of sediment (g). 

  

Initially, the amount of sediment used for the n-alkane preparation method ranged from 1.0 g to 

5.3 g, with 160 samples prepared along the depth of SHAK06-5K with a mean weight of 2.3 g. When 

assessing the concentration of the long-chain n-alkanes within these samples, it became apparent 

that the detection limits were reached due to the low n-alkane concentration in the SHAK06-5K 

samples (Appendix 6 and 7). Consequently, larger aliquots of sediment were required to accurately 

measure the n-alkane concentrations and carbon isotope ratios. 71 large concentration samples 

were prepared, with weights ranging from 30.9 g to 179.9 g and a mean weight of 88.7 g (Appendix 

8 and 9). 
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Fig. 5.5: Chromatograph illustrating the response (pA) and retention time (minutes) of long-chain 

n-alkanes from sample 270 cm from SHAK06-5K, highlighting the n-alkane chain-lengths. 

 

 

5.2.2.2. Carbon preference index and average chain length 

Using the concentration data, the CPI and ACL of each sample was calculated using Equation. 5.3a 

and b. CPI assesses the source of the n-alkanes, with a CPI greater than 1 illustrating an odd-over-

even chain length dominance and a terrestrial plant source (Bray & Evans, 1961; Kennicutt et al., 

1987). Here, the revised CPI equation of Marzi et al. (1993) was used, as it prevents the 

unfavourable averaging previously encountered by the original CPI equation (Bray & Evans, 1961). 

ACL was calculated to assess changes in dominant chain length with depth. The four odd chain-

lengths with the highest concentrations in the SHAK06-5K samples were inserted into the formulas 

of both equations: C27, C29, C31 and C33. These homologues are the major constituents of terrestrial 

leaf-wax n-alkanes (Cranwell, 1973; Eglinton & Hamilton, 1963; Pancost & Boot, 2004). 
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a.								CPI = 	 ([C/0] + [C/1] + [C23]) + ([C/1] + [C23] + [C22])2 ∗ ([C/4] + [C25] + [C2/])
 

 

 

b.					ACL/0622 =	
(27[C/0] + 29[C/1] + 31[C23] + 	33[C22])

([C/0] + [C/1] + [C23] + [C22])
 

 

Equation. 5.3: Formula to calculate: a. the carbon preference index (CPI) (Marzi et al., 1993); and 

b. the average chain length (ACL) (Poynter et al., 1989) 

 

5.2.2.3. Sample cleaning 

Prior to performing isotopic analysis using Gas Chromatography with isotope-ratio mass 

spectrometry (GC-IRMS), SHAK06-5K samples required further cleaning to completely isolate all 

odd long-chain n-alkane peaks (C25 – C35) and prevent other compounds with similar retention 

times from interfering with the isotopic signal. Two cleaning methods were applied to different 

samples to investigate which technique showed the best n-alkane recovery rate: these were the 

zeolite and the urea methods (Fig. 5.6 and Fig. 5.7, respectively). While the zeolite technique had 

a 47% recovery rate (n = 53) (Appendix 10), the urea method had a lower recovery rate of 38% and 

was therefore applied to fewer samples (n = 11) (Appendix 11). Fig. 5.8 shows example 

chromatographs before and after applying the zeolite cleaning method to the sample. 

 

Zeolite Cleaning Method 

Stage 1. Zeolite: 

A column was assembled holding glass Pasteur pipette’s vertically in an iron stand. Compacted 

glass wool was inserted into each pipette before 100 mg of combusted zeolite was placed on top. 

This was flushed with hexane to clean the column before transferring the solvent containing the 

n-alkanes into the pipette. While cyclic compounds and the solvent passed through the pipette 

into the 4 ml vial below, long straight-chain n-alkanes were trapped within the zeolite. The 

collected solvent was then transferred back into the column twice more to ensure all straight-chain 

compounds were trapped within the column. The zeolite was then left to dry (~12 hours) before 

transferring the contents into a small Teflon vial. 
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Stage 2. Hydrofluoric acid: 

HF was used to remove the zeolite from the n-alkane fraction. 40% aqueous HF (1 ml) was added 

to the Teflon tube, allowing it to react with the zeolite. After dissolution, an excess of silica gel was 

added to neutralise the solution. 

 

Stage 3. Extraction: 

Hexane was added to the Teflon tube (~2 ml) to extract the n-alkanes and placed in a vibrating 

water bath to transfer the n-alkanes into the solvent. The hexane was extracted into a 2 μl vial, 

before the solvent was blown down. This stage was repeated six times to ensure the removal of all 

n-alkanes. Finally, all samples were run on the GC-FID to assess the concentration and measure the 

n-alkane recovery rate. 

 
 

Fig. 5.6: Zeolite cleaning method, outlining the three method stages (black) and the chemicals used 

(green) to remove cyclic chains from the solution (red), resulting in the clean fraction of straight-

chain compounds (blue). 

 

Urea Adduction Cleaning Method 

Stage 1. Urea crystal formation: 

The urea methanol solution (300 mg urea to 300 ml MeOH) was sonicated (5 minutes) for full 

dissolution and added to the blown down n-alkane vial. This trapped straight-chain compounds 

within the urea crystal structures, separating the n-alkanes from highly branched or cyclic 

structures. The vial was then placed in the freezer (10 minutes) to assist with urea crystal 

formation. 
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Stage 2. Non-adducted fraction: 

Hexane was added to the sample (1 ml), before shaking and whirl mixing the vial. The solvent 

containing the free highly branched and cyclic structures (non-adducted fraction) was transferred 

into a separate vial. Hexane was added to the original vial (1 ml) before freezing the vial (5 minutes) 

and washing again with hexane. This step was repeated three times to remove all non-adducted 

compounds. 

 

Stage 3. Adducted fraction: 

Finally, Milli-Q
®

 water was added (2 ml), before shaking and whirl mixing the solution to dissolve 

all urea crystals. Hexane was added (2 ml) and the vial was shaken and whirl mixed to transfer all 

straight-chain n-alkanes into the non-polar solvent, before removing the hexane and dissolved n-

alkanes (adducted fraction) into a vial. This final step was repeated three times to ensure the 

thorough transfer of all n-alkanes. Samples were run on the GC-FID to measure the concentrations 

and assess the recovery rate. 

 

 

Fig. 5.7: Urea adduction cleaning method, outlining the three stages (black) and the chemicals 

(green) used to remove cyclic chains from the solution (red), resulting in the clean fraction (blue) 

of straight-chain compounds. 
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Fig. 5.8: Chromatographs illustrating the response (pA) and retention time (minutes) of long-chain 

n-alkanes from sample 300 cm from core SHAK06-5K, showing: a. sample prior to zeolite cleaning; 

b. sample after zeolite cleaning. n-Alkane chain-lengths are illustrated. 

 

5.2.3. Biomarker Isotope Analysis 

Using the n-alkane concentration, each sample’s optimum injection volume was calculated to 

ensure an accurate isotope reading on the GC-IRMS. Carbon isotope analysis was performed at 

ETH, Zürich and Heriot-Watt University (details in Table 5.3). Measurements were made following 

CO2 gas formation in a combustion reactor at 1000°C and the GC measurement method was as 
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follows: 45°C to 130°C at 40°C min-1, then to 300°C at 6°C min-1 and held for 31.46 minutes. All 

isotopic measurements are defined relative to a reference gas. Carbon isotopes were calibrated to 

VPDB and values are expressed in permil (‰) units. 

 

Once the carbon isotope composition was known for each sample (Rsample), it was inserted into the 

following formula, which required the known isotopic composition of the reference gas (Rstandard) 

(detailed in Table 5.3). The resulting output is the stable isotope ratio of each sample (Equation. 

5.4a) expressed with the delta notation (d) (Sachse et al., 2012). The weighted mean of the 

dominant long-chain n-alkane homologues (C27 – C33) was calculated for each sample using 

Equation. 5.4b. 

 

!.				δ!"C = 	R#$%&'( −		R#)$*+$,+R#)$*+$,+
 

 

).				δ!"C-. =	 (+!",/0 ×	./0)+	(+!",/1 ×	./1)…	 (./0 +	./1…)⁄  

 

Equation. 5.4: a. Formula to calculate stable isotope ratios (‰ VPDB); and b. the n-alkane d13C 

weighted mean of terrestrial long-chain n-alkane homologues in the sample (C27 – C33), calculated 

using the d13C of each dominant n-alkane homologue present in the sample, and the weight (W) 

given to each homologue, calculated using its concentration in the sediment sample (ng g-1). 

 

In total, 65 of the 71 prepared n-alkane samples had sufficient n-alkane concentrations to measure 

their carbon isotope composition. Each sample was measured in duplicates or triplicates. Eight 

samples were removed due to potential contamination: 96, 126, 148, 156, 176, 194, 250, and 288 

cm. All were measured in the same run and demonstrated extreme values and/or high standard 

deviation greater than 1 ‰ (± 1σ). Of the final 57 samples included in our d13Cn-alkane record, the 

measurements showed high precision, with the average standard deviation (± 1σ) of the d13Cn-alkane 

replicates as follows: 0.17‰ for C27, 0.14‰ for C29, 0.14‰ for C31, and 0.25‰ for C33 (Appendix 

12). 
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Laboratory 

 

Name 

 

 

Type 

 

Details 

 

Standard 

 

Biogeoscience, 

ETH, Zürich 

 

GC-FID 1 

 

Agilent Technologies 

7890A; GC with FID 

detectors 

 

 

Flow: Hydrogen carrier gas at 5 mL/ min 

Column type: Agilent HP-5 

Column details: 30 m length; 0.32 mm 

inside diameter; 0.25 μm film thickness 

 

 

External standard: C21, 

C27, C37 (see Table 5.2 

for details) 

 

Biogeoscience, 

ETH, Zürich 

GC-FID 2 Agilent Technologies 

7890A; GC with FID 

detectors 

 

Flow: Hydrogen carrier gas at 3 mL/ min 

Column type: Agilent VF-1ms 

Column details: 60 m length; 0.25 mm 

inside diameter; 0.25 μm film thickness 

 

External standard: C21, 

C27, C37 (see Table 5.2 

for details) 

 

Biogeoscience, 

ETH, Zürich & 

Lyell Centre, 

Heriot-Watt, 

Edinburgh 

GC-IRMS GC: Thermo Trace GC Ultra 

IRMS: Thermo Delta V Plus  

Flow: Helium carrier gas 1 mL/ min  

Column type: Agilent GC column VF-1MS 

Column details: 60 m length; 0.25 mm 

inside diameter; 0.25 μm film thickness 

 

External standard 

(d13C measurements): 

Carbon isotope 

standard: A5 from the 

University of Indiana 

 
 

 

Table 5.3: Details of the instrumentation and external standards used during the biomarker 

method. 
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5.3. Results and Discussion 
 

5.3.1. n-Alkane distributions in SHAK06-5K 

In the SHAK06-5K samples (n = 71), the long-chain n-alkanes are dominated by the odd homologues 

C27, C29, C31 and C33. When analysing the CPI, all samples exceed a value of 1 (with a mean of 6.2) 

and demonstrate a strong odd-over-even chain-length dominance. The CPI, therefore, signifies 

that the higher molecular weight n-alkanes in these samples are biogenically sourced, while the 

dominant chain-lengths (C27 – C33) indicate a vascular plant origin (Bray & Evans, 1961; Eglinton & 

Hamilton, 1963; Kennicutt et al., 1987). As CPI does not decline towards the base of the core, 

diagenesis is not visibly increasing over time. The CPI of this record, therefore, indicates that the 

leaf-wax physiological/climate signal has not been exceeded by the input of degraded or 

petrogenic material; however, no clear pattern is seen in the variation of the CPI values, which 

range from 2.6 to 9.2 (Fig. 5.9a). 

 

The total concentration of the odd long-chain n-alkanes (C27-C31) (ng g-1) varies significantly 

throughout the core (Fig. 5.9b), ranging between ~40 and 2700 ng g-1. Of these, the C33 homologue 

has the highest range in concentration (1171.40 ng g-1), while the highest mean concentration is 

demonstrated by C31 (258.94 ng g-1), followed closely by C29 (238.32 ng g-1) (Table 5.4). This mirrors 

the pattern seen in existing fossil n-alkane records from the Mediterranean which show C29 and 

C31 to be the most abundant homologues in the sedimentary record (Norström et al., 2017; Sabino 

et al., 2020). While this could indicate bias in the preservation of the shorter C27 homologue, this 

n-alkane homologue is also the least abundant in modern Mediterranean plants (Schäfer et al., 

2016; Norström et al., 2017). This suggests that the concentrations of long-chain homologues in 

the sedimentary record are reflective of the source vegetation rather than significant preservation 

bias. The concentration of the four long-chain homologues covaries with depth (Fig. 5.9b), and all 

show a significant positive correlation with the other three homologues (p < 0.05) (Fig. 5.10). While 

C27 & C29, C27 & C31 and C29 & C31 demonstrate the strongest relationships (r= 0.94, 0.90 and 0.93, 

respectively), C33 has a slightly weaker correlation with C27, C29 and C31 (r= 0.79, 0.80, and 0.79, 

respectively). 

 

 



 

 98 

 
Table 5.4: Total n-alkane concentration (ng g-1) of terrestrially sourced n-alkane homologues from 

SHAK06-5K. 

 

Throughout the core, ACL shows rapid and continuous variation with values ranging from 29.48 to 

31.06, with a mean of 30.19 (Fig. 5.9c). ACL is slightly lower between 0 and 220 cm (with an 

exception at 38 cm), demonstrating a general decline, before increasing after 220 cm and remaining 

higher towards the base of the core. No significant relationship is shown between n-alkane ACL and 

vegetation records of SHAK06-5K (Fig. 5.9c-e), with a weak correlation demonstrated between ACL 

and arboreal taxa (r = 0.23; p = > 0.05), and ACL and non-arboreal taxa (r = -0.16; p = > 0.05). While 

previous research has assumed a relationship between leaf-wax ACL and the surrounding 

vegetation structure (woody vs herbaceous taxa), using this proxy as a signal of a region’s dominant 

vegetation structure (e.g. Cranwell, 1973; Meyers & Ishiwatari, 1993; Schwark et al., 2002; Bai et 

al., 2009; Bliedtner et al., 2018), our results suggest that ACL cannot be reliably used to distinguish 

the dominant vegetation structure of SW Iberia. While these results may indicate that no 

relationship exists between n-alkane ACL and the surrounding vegetation structure, another 

possibility is that n-alkane ACL in the fossil record reflects vegetation change on a different 

spatial/temporal scale to that of the pollen record. While present-day marine pollen from the 

Iberian Margin is strongly reflective of the regional vegetation from the adjacent continent 

(Naughton et al., 2007; Morales-Molino et al., 2020), the understanding of transport modes of 

terrestrial n-alkanes to SW Iberian Margin sediments is less well understood. Consequently, the n-

alkane record could be influenced by different transport vectors and consequently demonstrate 

time lags or represent different plant communities. Another consideration is the contribution of 

pre-aged material which has been shown to influence fossil n-alkane records in other regions 

(Huang et al., 1996; Eglinton et al., 1997; Pearson & Eglinton, 2000; Smittenberg et al., 2006; 

Mollenhauer & Eglinton, 2007; Kusch et al., 2010; French et al., 2018). This is yet to be quantified 

on the Iberian Margin. Until the source of n-alkanes in SHAK06-5K is explored further, ACL cannot 

reliably be used in this record to distinguish the dominant vegetation structure of this region 

(woody vs herbaceous taxa), despite this method having previously been applied to other locations. 

Concentration (ng g-1) C27 C29 C31 C33 

Mean 126.82 238.32 258.94 180.60 

Std dev (± 1σ) 77.39 143.32 148.93 170.85 

Range 366.11 708.66 726.78 1171.40 
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Fig. 5.9: From core SHAK06-5K, changes with depth (cm) in: a. carbon preference index (CPI) of 

long-chain n-alkanes - the grey dashed line shows the value above which n-alkanes are assumed to 

be of terrestrial origin (Bray & Evans, 1961; Eglinton & Hamilton, 1963; Kennicutt et al., 1987); b. 

concentration of odd long-chain terrestrially sourced n-alkane homologues (ng g-1); C27 (green), C29 
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(blue), C31 (orange), C33 (yellow), and total concentration (C27 – C33; grey dashed line); c. average 

chain-length (ACL) of odd long-chain terrestrially sourced n-alkanes (C27 – C33); d. arboreal taxa (%); 

and e. non-arboreal taxa (%). 

 

 

 

Fig. 5.10: Correlogram of homologue concentrations (ng g-1) (C27 – C33). Diagonally central squares 

display histograms of each homologue’s concentration distribution in the core, while bottom 

squares show scatter plots of the datasets, including a local polynomial regression curve (red). 

Upper squares illustrate the correlation between the variables (r ; applying Spearman’s Rank 

correlation), and the significance of the correlation (p < 0.05). 
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5.3.2. n-Alkane d13C in SHAK06-5K 

In the d13Cn-alkane record (n = 57) (Fig. 5.12), d13C of the four most dominant long-chain homologues 

in SHAK06-5K, C27 - C33 (d13CC27 – d13CC33), ranges between -32.9 and -29.28‰. This is within the 

range of the C3 photosynthetic pathway, demonstrating the dominance of C3 vegetation in SW 

Iberia over the depth of core SHAK06-5K (Rieley et al., 1991b; Collister et al., 1994; Chikaraishi et 

al., 2004; Pancost & Boot, 2004). On average, C33 was the most depleted in 13C, followed by C31, 

and C29 (with mean d d13Cn-alkane values of -31.85‰, -31.82‰, and -31.75‰, respectively). Because 

the n-alkane concentration of the C27 homologue was exceptionally low in many of the samples, 

an accurate reading of d13C in C27 was only made on 34 datapoints; despite this, the C27 homologue 

has the highest d13C, averaging -30.62‰. Existing records have also shown d13C of longer chain-

lengths to be more negative in sedimentary records from a number of locations (Yamada and 

Ishiwatari, 1999; Zhao et al., 2000), including the Mediterranean region (Norström et al., 2017; 

Schäfer et al., 2018). All d13Cn-alkane homologue values are significantly correlated with each other 

(Fig. 5.11), with the strongest relationships occurring between adjacent odd homologues: d13CC27 

and d13CC29 (r = 0.69), d13CC31 and d13CC33 (r = 0.68), and d13CC29 and d13CC31 (r = 0.67). The weakest 

relationship is between the most distant chain-lengths: d13CC27 and d13CC33 (r = 0.30), followed by 

d13CC29 and d13CC33 (r = 0.47) and d13CC27 and d13CC31 (r = 0.48). In SHAK06-5K, while the d13Cn-alkane 

pattern of each homologue covaries over the depth of the core (Fig. 5.12), the variability of the 

records increase with chain-length. While d13CC27 shows the smallest variability, d13CC33 

demonstrates significant variation over the depth of the core. In the lower part of the core (329 – 

168 cm), all homologues have relatively stable d13C. Above ~168 cm, d13CC29 shifts to slightly higher 

but relatively stable values, while d13CC31 gradually increases. The d13CC33 record shows increased 

variability after ~200 cm, declining at ~198 cm and ~128 cm, before increasing after ~120cm. All 

homologues have higher d13Cn-alkane between ~74 – 55 cm, before decreasing and reaching low 

values at ~53 cm. Increased variability is demonstrated by all homologues towards the top of the 

core, but d13Cn-alkane remains relatively high. When assessing the weighted mean of the dominant 

long-chain n-alkane homologues (C27 – C33) in the sedimentary record (Fig. 5.12e), d13CWA values 

are lower at the lower part of the core, and higher after 128 cm. When comparing d13CWA to the 

pollen records (Fig. 5.12f and g), similar overall patterns are demonstrated by all records. Lower 

(higher) d13CWA coincides with low (high) levels of AP and high (low) NAP values, and the highest 

d13CWA values of the record (~60 cm) coincide with the peak in AP. 
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While the C29 and C33 homologues are most abundant in the fossil record (Table 5.1) and have the 

lowest mean standard deviation of the replicate measurements (±0.13‰), the mean concentration 

of C31 is slightly higher than that of C29 and has slightly less noise. Consequently, d13CC31 will be used 

for comparison with the other fossil records from SHAK06-5K. 

 

 

Fig. 5.11: Correlogram of d13C (‰ VPDB) of the four dominant terrestrial long-chain homologues 

in SHAK06-5K (C27 – C33). Diagonally central squares display histograms of each homologue’s d13C 

distribution in the core, while bottom squares show scatter plots of the data, including a local 

polynomial regression curve (red). Upper squares illustrate the correlation between the variables 

(r ; applying Spearman’s Rank correlation), and the significance of the correlation (p < 0.05). 
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Fig. 5.12: From core SHAK06-5K, changes with depth (cm) in n-alkane d13C (‰ VPDB) in terrestrially 

sourced long-chain homologues: a. d13C of C27 (d13CC27); b. d13C of C29 (d13CC29); c. d13C of C31 

(d13CC31); d. d13C of C33 (d13CC33); e. Weighted mean of C27 – C33 d13C (d13CWA) (grey line) and 3-point 

running mean of d13CWA (black dashed line); f. arboreal pollen (%); and g. non-arboreal pollen (%). 
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5.3.3. Relationship between n-alkane properties in SHAK06-5K 

There appears to be no significant relationships between the majority of the n-alkane properties 

in the SHAK06-5K record (Fig. 5.13). There are two exceptions: total n-alkane concentration and 

CPI demonstrate a significant but weak negative correlation (r = -0.44; p < 0.05), while ACL and 

d13CC31 demonstrate a significant but weak positive relationship (r = 0.34; p < 0.05). ACL and d13CC29, 

however, do not demonstrate a significant relationship, despite a relatively strong positive 

relationship between d13C31 and d13CC29. This suggests that different properties of n-alkanes in the 

fossil record (ACL, d13C, CPI and total concentration) may have different climatic/biological 

controls, despite the source of these lipids being SW Iberian terrestrial vegetation. 
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Fig. 5.13: Correlogram of the different n-alkane properties, including total n-alkane concentration 

(ng g-1), ACL, CPI, and d13C of C29 and C31 homologues (d13CC29 and d13CC31) (‰ VPDB). Diagonally 

central squares display histograms of each variable’s distribution in the core, while bottom squares 

show scatter plots of the datasets, including a local polynomial regression curve (red). Upper 

squares illustrate the correlation between the variables (r ; applying Spearman’s Rank correlation), 

and the significance of the correlation (p < 0.05). 
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5.4. Conclusions 

• The strong odd over even chain-length dominance in long-chain n-alkanes throughout the 

SHAK06-5K record, with CPI values > 1, demonstrates that the core’s fossil n-alkane record is 

not significantly impacted by diagenesis or petrogenic input. 

• The n-alkane ACL record from SHAK06-5K demonstrates no correlation with the AP/NAP pollen 

records from the same core. While this may show that no relationship exists between n-alkane 

ACL and the regional vegetation structure, it could indicate that n-alkane ACL reflects 

vegetation change on a different spatial/temporal scale to the pollen record, or it may reflect 

different plant types, or vegetation sources. 

• The abundance and d13Cn-alkane of long-chain odd n-alkane homologues (C27-C33) in SHAK06-5K 

samples covary over the depth of the core. C29 and C31 are the most abundant chain-lengths in 

the fossil record, while d13Cn-alkane demonstrates more negative values with increasing chain-

length. 

• In SHAK06-5K, d13C values are more negative in the lower part of the core, while in the upper 

part of the core (after 128 cm), values are higher. The SHAK06-5K d13C record demonstrates a 

similar long-term pattern to the AP record in the same core, with higher (lower) d13C 

corresponding with higher (lower) AP values. By applying a high-resolution age model to these 

records (presented in Chapter 6), and using a modern leaf-wax n-alkane record from SW Iberia 

to better understand the fossil n-alkane signal, the palaeoclimatic interpretation of these 

records will be explored in Chapters 7 and 8. 

• No long-term trends are shown in the n-alkane ACL, CPI, or concentration records from 

SHAK06-5K. Additionally, no strong relationship is shown between any of the n-alkane 

properties (ACL, CPI, concentration, and d13Cn-alkane), indicating that these variables in SW 

Iberian vegetation may be influenced by different biological/environmental controls. 
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Chapter 6: Chronology 

 

6.1. Introduction 

Palaeoclimatic inferences and comparison between archives rely on an accurate 

chronostratigraphical and, ideally, absolute chronological framework. Radiocarbon (14C) dating has 

been undertaken on both the SHAK06-5K and MD01-2444 cores to provide two independently 

dated records. This chapter will outline a new master chronology, created using the published 14C 

dates of SHAK06-5K (Ausin et al., 2019a; 0 – 329 cm; n = 40) and 7 new 14C dates from MD01-2444 

(121 – 223 cm). The method for the alignment of these records will also be outlined. The principles 

and limitations of 14C dating in marine environments will briefly be discussed before outlining the 

methods used to create the master chronology, which will then be presented and discussed. 

  

6.1.1. Principles of 14C dating in marine environments 

Since the discovery of 14C dating (Libby et al., 1949) this technique has been widely applied to 

palaeoclimatic research. First performed in 1977, the Accelerator Mass Spectrometry (AMS) 

method quantifies the number of carbon atoms present and calculates the number of 14C isotopes 

relative to their stable carbon isotope counterparts (12C and 13C) (Gove et al., 1992; Jull et al., 2013). 

Since then, AMS has become the most widely used 14C dating technique; benefitting from the 

method’s rapid counting time, high sensitivity, and ability to measure sub-milligram samples (Gove 

et al., 1992; Tuniz et al., 1998; Jull et al., 2013). 

 

In marine environments, fossil planktonic foraminifera are an invaluable dating tool, widely used 

to construct marine chronostratigraphic frameworks dating back to 50 ka by determining the 14C 

ages of their fossilised calcium carbonate shells. Planktonic foraminifera ages are also used in 

comparison with those of benthic foraminifera to infer variations in water mass ages, the strength 

of ocean ventilation (Broecker et al., 1984, 2004; Adkins & Boyle, 1997; Sikes et al., 2000; Skinner 

et al., 2010) and changes in ocean circulation (Ingram & Kennett, 1995; Robinson et al., 2005). 

There are, however, significant drawbacks to 14C dating in marine environments. Low 

sedimentation rate, bioturbation, diagenetic alteration, downslope remobilisation, winnowing, 

calcite dissolution, and variable reservoir ages can produce 14C age offsets amongst co-occurring 

proxies of the same depth (Mekik, 2014). 
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6.1.2. Calibration of 14C records 

Unlike its naturally occurring stable counterparts, radioactive carbon (14C) emits beta particles as 

a result of its nucleus imbalance (6 protons and 8 neutrons). This causes 14C to decay to nitrogen-

14 with a half-life of 5,730 years (Godwin, 1962). 14C is naturally produced in the upper troposphere 

and stratosphere by galactic cosmic rays (GCR) entering the atmosphere (Montgomery & 

Montgomery, 1939; Libby, 1946). As GCRs are modulated by the strength of solar winds and 

variations in the magnetic field of the Sun and Earth, these variables influence 14C production 

(Elsasser et al., 1956; Stuiver, 1961; Stuiver & Quay, 1980; Castagnoli & Lal, 1980; Voelker et al., 

2000). In addition, the proportion of atmospheric 14C fluctuates with changes in the global carbon 

cycle as its distribution between reservoirs changes (Damon et al., 1978; Stuiver & Braziunas, 1993; 

Edwards et al., 1993; Stocker & Wright, 1996; Hughen et al., 2000; Beck et al., 2001). 
 

Over time, centennial and millennial-scale variations in 14C production and the global carbon cycle 

have altered the proportion of 14C in the atmosphere relative to its stable carbon counterparts 

(Damon et al., 1978; Reimer et al., 2020). As a result, the conventional 14C age of a sample must be 

calibrated using true calendar ages provided by independent measurements. A wealth of records 

are used to produce this calibration. Continuous and overlapping tree rings are the primary method 

for calibration of the Holocene (Stuiver, 1982; Stuiver et al., 1998; Friedrich et al., 2004; Hogg et 

al., 2016; Capano et al., 2020), while a range of longer records go beyond this, spanning the last 60 

ka. These records include: paired 14C and uranium/thorium (U/Th) on corals (Bard et al., 1990; 

Edwards et al., 1993; Bard et al., 1998; Fairbanks et al., 2005) and stalagmites (Beck et al., 2001; 

Hoffmann et al., 2010; Southon et al., 2012); lacustrine records using 14C dating of macrofossils and 

lake varves (Goslar et al. 1995; 2000; Bjorck et al., 1996; Kitagawa & Van Der Plicht, 1997); 

cosmogenic chlorine-36 (36Cl) and beryllium-10 (10Be) in ice cores (Wagner et al., 2000; Muscheler 

et al., 2000; 2005) and marine sediments (Frank et al., 1997); and foraminifera 14C ages cross 

calibrated with ice core (Voelker et al., 2000; Hughen et al., 2004) and speleothem records (Hughen 

et al., 2006; Bard et al., 2013; Hughen & Heaton, 2020). At present, the most up to date 

internationally agreed calibration curve for Northern Hemispheric records is provided by IntCAL20 

(Reimer et al., 2020), while for Southern Hemispheric and marine records, SHCal20 and Marine 20 

are available, respectively (Hogg et al., 2020; Heaton et al., 2020a). 

 

Analysis of changes in atmospheric 14C (∆14C) over the Last Glacial and last deglaciation show 

abrupt centennial and millennial-scale shifts, superimposed onto a long-term trend of declining 
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atmospheric 14C (Bard et al., 1998; Beck et al., 2001; Reimer et al., 2020). Between 13 – 12 ka 

(corresponding with the YD period) there was a substantial and rapid excursion of 14C into the 

atmosphere (Edwards et al., 1993; Goslar et al., 1995; Capano et al., 2020), while annual records 

have highlighted numerous rapid shifts during the Holocene, including 14C excursions between 774 

– 775 AD, 993 – 994 AD and ~660 BC (Miyake et al., 2012; 2013; Büntgen et al., 2018; O’Hare et 

al., 2019).  

 

Despite decades of significant advances in 14C calibration, errors arise from 

climatological/biological characteristics of individual datasets, laboratory methods and statistical 

integration of records (Reimer et al., 2020). Beyond the tree-ring record (before 13.9 ka), there are 

substantially fewer high-precision data available, resulting in less precise calibration of records 

earlier than the YD (Reimer et al., 2020). The most recent calibration curve, however, uses a greater 

quantity of records, a higher precision of AMS dating, and a Bayesian spline approach to statistically 

integrate records beyond 13.9 ka (Reimer et al., 2020; Heaton et al., 2020b). 

 

6.1.3. Marine reservoir age offsets 

Conventional 14C ages (and therefore calibration curves such as IntCal20) do not account for 14C 

age offsets that occur between different carbon reservoirs. Understanding the reservoir age offset 

between the atmosphere and surface ocean (R-age) is essential when creating an accurate 

chronology using fossils of the surface ocean dwelling planktonic foraminifera, G. bulloides, as the 

surface ocean is continuously exchanging carbon with the atmosphere and deep waters below. 

Consequently, a marine calibration curve that is corrected for R-age is applied to marine samples, 

with Marine20 being the most recently published curve (Heaton et al., 2020a).  

 

Although today the average R-age is ~400 years, there is significant spatiotemporal variation that 

must be acknowledged when applying a marine correction (Heaton et al., 2020a). While the 

globally averaged R-age of the Holocene is ~500 years (Heaton et al., 2020a), the changing strength 

of the AMOC during the deglaciation altered the ventilation rate and consequently the offset 

between the atmosphere and the surface and deep ocean (Skinner & Shackleton, 2004; Barker et 

al., 2010; Thornalley et al., 2011; 2015; Skinner et al., 2010; 2014; 2015a; Sikes et al., 2016). It is 

widely accepted that North Atlantic surface and deep-ocean reservoir ages were magnified during 

the cold LGM, HS1 and YD, and reduced during the warm BA and Holocene (Waelbroeck et al., 

2001; Thornalley et al., 2011; Skinner et al., 2014).  
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Unlike earlier calibration curves which have applied a static reservoir correction beyond the 

Holocene (Reimer et al., 2013), Marine20 acknowledges and accounts for the globally averaged 

temporal variation in R-age beyond 11.7 ka, caused by changes in the AMOC which have long been 

documented (Skinner & Shackleton, 2004; Barker et al., 2010; Thornalley et al., 2011; 2015; Skinner 

et al., 2010; 2014; 2015a; Sikes et al., 2016), but not previously quantified in the calibration curve. 

The R-age correction in Marine20 is a ‘global-average’ of the non-polar ocean located between 

40°S and 50°N in the Atlantic Ocean. It is produced using 500 simulations created by a box model 

of the global isotopic carbon cycle (BICYCLE model), incorporating terrestrial, oceanic and 

atmospheric modules. An external specification of atmospheric CO2 and 14C are used, obtained 

from ice core reconstructions and the IntCal20 curve, respectively. The propagated uncertainty is 

quantified using a Monte Carlo approach. The Marine20 calibration curve shows a large R-age 

between 15 – 28 ka (750-1000 years), a significant decline between 14 – 15 ka (~400 years) and a 

rise between 12 – 13 ka (~750 years). 

 

In addition to this temporal variability over the last deglaciation, there are local/regional deviations 

in the surface reservoir age (ΔR) that must be acknowledged (Stuiver et al., 1986). While regional 

upwelling of 14C depleted deep-ocean water (Stuiver et al., 1986; Bard, 1988; Toggweiler et al., 

1991; Southon et al., 2002; Monges Soares et al., 2016) can cause spatial variations in R-age, during 

cold events, high-latitude R-ages were of greater amplitude than those of mid-latitude areas (Bard, 

1988; Sikes & Guilderson, 2016; Skinner et al., 2019). It has been acknowledged that circulation 

changes over the Last Glacial and subsequent deglaciation led to local R-age variations over this 

period (Waelbroeck et al., 2001; Stern and Lisiecki, 2013; Skinner et al., 2015b; Freeman et al., 

2016; Skinner et al., 2019) with suppressed upwelling on the Iberian Margin during abrupt cold 

events (Voelker et al., 2009; Ausin et al., 2020). The synchroneity of temperature changes recorded 

in Greenland d18Oice with planktonic foraminifera d18O from Iberian Margin cores (Shackleton et 

al., 2004; Skinner & Shackleton, 2005) has allowed Iberian Margin R-ages over the Last Glacial and 

subsequent deglaciation to be estimated by integrating the stratigraphy of marine records using 

the absolute age constraints of Greenland ice core records (Martrat et al., 2007; Skinner et al., 

2008). There are suggestions that during HS1 and HS2, Iberian Margin R-ages exceeded 1000 years 

(Skinner et al., 2015b; Freeman et al., 2016; Skinner et al., 2019), however, an accurate 

quantification of this region’s spatiotemporal variability in R-ages over the Last Glacial and 

subsequent deglacial is yet to be determined (Skinner et al., 2019). 
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6.2. Materials and Methods 

 

AMS 14C ages of monospecific samples of the planktonic foraminifera G. bulloides were measured 

from cores SHAK06-5K (n = 40) and MD01-2444 (n = 7) to create a master chronology on the 

SHAK06-5K depth scale. Existing Iberian Margin records have used G. bulloides AMS 14C ages to 

produce reliable age models for this region (Bard et al., 2004; Chabaud et al., 2014; Oliveira et al., 

2018). While the 40 AMS 14C measurements from core SHAK06-5K have previously been published 

in Ausin et al. (2019a), for this research, seven new AMS 14C dates have been measured from core 

MD01-2444. The two cores were aligned using an automated stratigraphical alignment method. 

The alignment served to transfer the MD01-2444 dates onto the SHAK06-5K stratigraphy in order 

to create a combined ‘Master’ Bayesian age model. 

 

6.2.1. Radiometric dating 

While a similar preparation approach was taken to isolate G. bulloides specimens from samples in 

SHAK06-5K and MD01-2444, preparation of the former was conducted at ETH Zürich and is 

outlined in Ausin et al. (2019a), while the latter took place at the UCL Department of Geography. 

10 regularly spaced samples were taken from MD01-2444, with ~15 g of wet sediment weighed for 

each depth. This was then diluted with deionised water and disaggregated using a centrifuge tube 

rotator on a slow speed (to avoid shell breakage) for ~2 hours. Using 300 – 250 μm sieves and a 

high-pressure deionised water stream, the solution was wet sieved, washed, and left to dry 

overnight in a 60°C oven. From this fraction ~200 well preserved G. bulloides specimens were 

picked. 

 

The AMS 14C measurements (14C/12C) for both the SHAK06-5K and MD01-2444 samples were 

determined using a Mini Carbon Dating System (MICADAS) with a gaseous ion source (Synal et al., 

2007; Wacker et al., 2013), at the ETH Zürich Laboratory of Ion Beam Physics. Firstly, atmospheric 

CO2 was removed from the septa sealed glass vial (4.5 ml exetainer vials from Labco Ltd, UK) 

containing the sample, using a 60 ml min-1 He flow for 10 minutes. Surface contaminants were then 

leached (referred hereafter as the leachate) from the foraminifera using 100 μl of ultrapure HCl 

(0.02 M) inserted by an automated syringe. The CO2 released from the leachate was transported 

to a zeolite trap using helium and subsequently transferred to the ion source for 14C measurement. 

This step removes any possible contamination from secondary calcite or exogenous carbon 
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introduced during sample collection/preparation (Wacker et al., 2013). After measuring the 

leachate, the remaining sample (referred to as the main fraction) was acidified using 100 μl 

ultrapure phosphoric acid (H3PO4; 85%) and heated (75°C) for 1 hour. The CO2 released from the 

main fraction was then transferred into the zeolite trap, injected into the ion source, and again, 

measured for 14C for at least 15 minutes on two gas targets. 

 

IAEA standards C1 and C2 were used; the former as a blank and the latter as an internal standard. 

For fractionation correction and normalization, Oxalic acid II NIST SRM  4990 standard was used. 

The measured 14C/12C ratios are corrected and reported as fraction modern (F14C) according to 

Stuiver & Polach (1977) and Reimer et al. (2004). The measurement precision is better than 5‰ 

for modern samples, with the data processing conducted using BATs Software (Wacker et al., 

2010). 14C values and errors were not rounded in order to prevent propagated errors and artificial 

offsets; although they have been rounded in the following section (6.3) to follow convention. 

 

6.2.2. Alignment of the SHAK06-5K and MD01-2444 records 

The stratigraphical alignment of the cores was modelled using an automated algorithm based on 

Bayesian Markov-chain Monte Carlo (MCMC) inversion using the mathematical formulation of 

Muschitiello et al. (2020) which has been successfully applied to a variety of palaeoclimate records 

(Muschitiello et al., 2015; 2019; Wohlfarth et al., 2018; Sessford et al., 2019; West et al., 2019). A 

robust multi-parameter alignment was performed that simultaneously correlated the input and 

target stratigraphies using two independent proxy signals, applying XRF calcium/titanium (Ca/Ti) 

and 14C records from core MD01-2444 (Hodell et al., 2013a) as inputs and their counterpart records 

from core SHAK06-5K (Ausin et al., 2020) as targets. The data from both records were pre-

normalised between -1 and 1 and the algorithm was run for 106 iterations after discarding the initial 

105 MCMC samples (“burn-in”). The median of the MCMC alignment sample was used to infer the 

posterior optimal correlation between MD01-2444 and SHAK06-5K, while its variability was used 

to estimate the posterior uncertainty of the synchronisation of the records. This algorithm is 

grounded on the assumption that variations in the Ca/Ti records and G. bulloides AMS 14C ages 

were near synchronous at both sites at the resolution of our records. This removes the subjective 

nature of visual alignment, providing a reproducible and continuous alignment that accounts for 

potential uneven compaction/expansion in the sediment cores.  
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6.2.3. Age-depth model 

In SHAK06-5K, planktonic foraminiferal 14C ages continuously increase downcore. This is generally 

the case in MD01-2444, although one 14C age was rejected (151 cm) as reflecting older material (see 

next section). The automated stratigraphical alignment also highlighted two further 14C age 

reversals, which were removed from the age model. This decision is explained in more detail in 

section 6.3.  

 

Seven new 14C dates MD01-2444 transferred onto the SHAK06-5K stratigraphy and 40 14C dates from 

SHAK06-5K were used in the production of the master age model. A Bayesian depositional age-

depth model (P_sequence) was created using the calibration package Oxcal 4.4 (Bronk Ramsey, 

2009). As previously discussed, planktonic foraminifera 14C ages must be corrected to account for 

the R-age. With a range of R-age correction methods available, three different corrections were 

applied to the calibration of our 14C dates to assess the alignment of our SHAK06-5K records with 

the resulting age models. These were: i) the Marine13 calibration curve which uses a static R-age 

correction beyond the Holocene (Reimer et al., 2013); ii) the Marine20 calibration curve which uses 

a temporally variable R-age beyond the Holocene (Heaton et al., 2020a); and iii) the Marine20 

calibration curve with an added temporally variable ΔR correction for the YD and HS1 to bring these 

stadials into sync with the corresponding stadials in the Greenland Ice Core Chronology 2005 

(GICC05) (Rasmussen et al., 2014). The suitability of the resulting age models was assessed by 

comparing the calendar ages of the abrupt cold to warm transitions in our records (the YD into the 

Holocene; HS1 into the BA; and HS2 into the LGM) with those of the North Greenland ice core 

project (NGRIP) d18O record (Greenland Stadial (GS)-1 into the Holocene; GS-2.1a to Greenland 

Interstadial (GI)-1e; GS-3 to GI-2.2), established by the Greenland Ice Core Chronology 2005 

(GICC05) (Vinther et al., 2006; Andersen et al., 2006; Svensson et al., 2006; Rasmussen et al., 2006; 

2014). The timing of these abrupt transitions has previously been demarcated in core SHAK06-5K by 

Ausin et al. (2019a; 2019b) using SST and d18OG. bulloides records; these timings will be followed here. 

 

The application of the Marine13 calibration curve to our age model results in an asynchrony of the 

timing of the cold to warm abrupt events (Table 6.1), with these periods in the SHAK06-5K records 

leading those of the NGRIP d18O record (Fig. 6.1). This offset is ~600 years for the end of the YD, and 

~900 and ~500 years for the end of HS1 and HS2, respectively. With the exception of the end of HS2, 

this offset falls outside of the combined estimated uncertainty of the Marine13 calibrated master 

age model and the GICC05 timescale (± 2σ; Table 6.2). 
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Transition on the GICC05 

timescale 

 

Age on GICC05 

timescale 

(cal ka BP) 

 

Cold to warm 

transition 

 

Age using Marine13 

age model 

(cal ka BP) 

 

Age using Marine20 

age model 

(cal ka BP) 

 

Age using Marine20 

calibration curve with 

variable ΔR (cal ka BP) 

 

GS-1 to the Holocene 11.7 End of YD 12.3 12 11.7 

GS-2.1a to GS-1e 14.7 End of HS1 15.6 15.2 14.7 

GS-3 to GI-2.2 23.3 End of HS2 23.8 23.3 23.3 

 

Table 6.1: The age (cal ka BP) of the cold to warm transitions on the GICC05 timescale, and the age 

of the corresponding event in the SHAK06-5K record when applying the Marine13 age model 

(shown in Fig. 6.1), the Marine20 age model (shown in Fig. 6.2) and the Marine20 calibration curve 

with variable ΔR (shown in Fig. 6.3). 

 

 

 

Cold to warm transition 

 

GICC05 timescale 

error (± 2σ) 

Age model error (years; ± 2σ) Offset between NGRIP d18O and 

SHAK06-5K records (years) 

 Marine13 

calibration curve 

Marine20 

calibration curve 

Marine13 age 

model 

Marine20 age 

model 

End of YD ~120 ~290 ~320 ~600 ~300 

End of HS1 ~250 ~320 ~330 ~900 ~500 

End of HS2 ~630 ~380 ~380 ~500 0 

 

Table 6.2: For the cold to warm transitions at the end of YD, HS1 and HS2, the mean error (± 2σ) 

of the GICC05 timescale and SHAK06-5K age models produced using the Marine13 and Marine20 

calibration curves, and the calendar age offset (years) between these events in NGRIP d18O record 

and the SHAK06-5K records with the respective age models. Error for the SHAK06-5K age models 

calculated using the mean of the uncertainties of the depths of the high resolution XRF record. The 

offset between the records is calculated using the ages in Table 6.1 and is visually illustrated in 

Figures. 6.1 and 6.2. 
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Fig. 6.1: Master age model produced using the Marine13 calibration curve: a. NGRIP d18O ice core 

record plotted using the GICC05 timescale (‰ VSMOW); and SHAK06-5K records plotted against 

the master age model (cal yrs BP) of: b. d18O from G. bulloides (‰ VPDB); c. temperate pollen (%); 

d. steppe pollen (%); and e. ln(Ca/Ti). Blue bands show the position of the abrupt warming events 

at the transition from GS-1 to the Holocene, GS-2.1a to GI-1e and GS-3 to GI-2.2 (Rasmussen et al., 

2014) (correlative with the end of the YD, the end of HS1 and the end of HS2, respectively) in the 

NGRIP d18O record according to the GICC05 timescale, while the red bands show the position of 

the cold to warm transitions in the SHAK06-5K records according to the master age model. 

 

By applying the Marine20 calibration curve to the age model, the cold to warm transitions in our 

core are closer aligned with the NGRIP d18O record (Fig. 6.2), although there is still an apparent 

offset of the cold to warm transitions for both the end of the YD and the end of HS1 of ~300 and 

~500 years, respectively. Both offsets, however, fall within the combined estimated uncertainty of 

the Marine20 calibrated age model and the GICC05 timescale (± 2σ; Table 6.1). The transition at 

the end of HS2 does not display a significant offset when applying this age model. 
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Fig. 6.2: Master age model produced using the Marine20 calibration curve: a. NGRIP d18O ice core 

record plotted using the GICC05 timescale (‰ VSMOW); and SHAK06-5K records plotted against 

age (cal yrs BP) of: b. d18O from G. bulloides (‰ VPDB); c. temperate pollen (%); d. steppe pollen 

(%); and e. ln(Ca/Ti). Blue bands show the position of the abrupt warming events at the transition 

from GS-1 to the Holocene, GS-2.1a to GI-1e and GS-3 to GI-2.2 (Rasmussen et al., 2014) 

(correlative with the end of the YD, the end of HS1 and the end of HS2, respectively) in the NGRIP 

d18O record according to the GICC05 timescale, while the red bands show the position of the cold 

to warm transitions in the SHAK06-5K records according to the master age model. 

 

In order to test adding a local R-age correction to the Marine20 calibration curve, a variable ΔR 

correction was applied to the cold stadials of the YD and HS1 (of 300 and 500 years, respectively) 

to align these periods with the corresponding stadials in the GICC05 (Rasmussen et al., 2014). The 

resulting alignment of the abrupt changes in the SHAK06-5K records and NGRIP d18O record is 

better than that of the previous models (Fig. 6.3), but despite the fit of the stratigraphy of these 

records, there are a number of issues with using this correction for the master age model. Although 

research has acknowledged the spatiotemporal variability in the Iberian Margin’s R-age over the 
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Last Glacial and subsequent deglaciation (Waelbroeck et al., 2001; Stern and Lisiecki, 2013; 

Freeman et al., 2016; Skinner et al., 2019), an accurate quantification of this is yet to emerge 

(Skinner et al., 2019). Thereby, the addition of a variable ΔR correction (based on the stratigraphic 

links between corresponding cold to warm transitions in the SHAK0605K and NGRIP d18O records) 

means that an assumption is being made that no time lag exists between the abrupt temperature 

changes in Greenland and the abrupt events in SW Iberia, highlighted by our records. Additionally, 

this ΔR correction assumes that the error lies fully in the R-age at the Iberian Margin, when in 

reality the error could result, to some degree, from both timescales. 

  

 
 

Fig. 6.3: Master age model produced using the Marine20 calibration curve with variable ΔR 

correction added to the cold stadials of YD, HS1 and HS2: a. NGRIP d18O ice core record plotted 

using the GICC05 timescale (‰ VSMOW); and SHAK06-5K records plotted against age (cal yrs BP) 

of: b. d18O from G. bulloides (‰ VPDB); c. temperate pollen (%); d. steppe pollen (%); and e. 

ln(Ca/Ti). Blue bands show the position of the abrupt warming events at the transition from GS-1 

to the Holocene, GS-2.1a to GI-1e and GS-3 to GI-2.2 (Rasmussen et al., 2014) (correlative with the 

end of the YD, the end of HS1 and the end of HS2, respectively) in the NGRIP d18O record according 

to the GICC05 timescale. 
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This exercise suggests that there is significant scope for future improvement of the precision and 

quantification of the R-age correction at the Iberian Margin to account for this region’s 

spatiotemporal variability over the deglaciation. The Marine20 calibration curve, providing a 

baseline for the global surface ocean reservoir, is here considered as the most suitable for 

producing a master age model. The features of Marine20 enable a more accurate calculation of R-

age, accounting for the globally averaged temporal variation in marine reservoir age beyond the 

Holocene, while the calculation of propagated uncertainty using a Monte Carlo approach provides 

a more reliable precision of the 14C calibration of our marine records (Heaton et al., 2020a). Finally, 

given its distance from high-latitude regions where R-ages are both large and variable (Waelbroeck, 

2001; Bard et al., 2004), the SW Iberian Margin is within a suitable latitudinal range for this 

calibration curve (Heaton et al., 2020a). The marine 14C ages from both cores used in the master 

age model were therefore corrected using a temporally variable R-age, applied using the Marine20 

curve (Heaton et al., 2020a). All reported ages are in calendar years before present (cal yrs BP), 

with present corresponding to 1950 AD. 

 

The final master age-model is created using 47 AMS 14C dates from SHAK06-5K and MD01-2444. 

The sediment accumulation rate (SAR) of the master sequence has been calculated for the depths 

of the high-resolution XRF records of SHAK06-5K and MD01-2444 providing a sample resolution of 

0.5 cm for the majority of the core, increasing to ~0.1 cm between 55 and 102 cm. This is calculated 

using the Bayesian P_sequence model in Oxcal 4.4, which assumes random deposition (Bronk 

Ramsey, 2007). 
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6.3. Results and Discussion 

 

6.3.1. Master Age Model 14C dates  

While the 40 14C dates of SHAK06-5K and associated uncertainties (± 1σ) have been published in 

Ausin et al. (2019a), those of MD01-2444 are presented for the first time below (Table 6.3). 

 

6.3.1.1. MD01-2444: Main fraction vs leachate 

The difference between the 14C ages of the leachate and main fraction of the MD01-2444 samples 

is < 8%. The leachate shows younger values than the main fraction in all but two samples (Table 

6.3); a trend that is demonstrated in other studies (Bard et al., 2015; Ausin et al., 2019a). The two 

samples that do not follow this trend are the shallowest depth (121 cm; Table 6.3, highlighted in 

grey) and the outlier (151 cm; Table 6.3, highlighted in red). In sample 121 cm, the difference 

between the values of the leachate and main fraction is still within the margin of error (± 1σ), while 

that of 151 cm, is not. As previous research shows leached material to be younger than that of the 

main fraction (Bard et al., 2015), the differences between the two values are proposed to be the 

result of successful surface contaminant removal (Ausin et al., 2019a). 

 

  Main fraction  Leachate 
 

SHAK06-5K 
aligned 

depth (cm) 

‘Real’ MD01-
2444 depth 

(cm) 
Lab Code 

Radiocarbon 
age (14C yr BP) 

± 1σ 
 

Lab Code 
Radiocarbon age 

(14C yr BP) 
± 1σ 

Age 
difference 

(yrs) 

55.2 121 102679.1.1 5,501 ± 65  102679.2.1 5,556 ± 75 55 

59.3 136 102678.1.1 7,322 ± 80  102678.2.1 7,019 ± 80 304 

61.9 151 102677.1.1 7,810 ± 80  102677.2.1 7,596 ± 90 214 

63.7 163 102676.1.1 7,683 ± 95  102676.2.1 7,274 ± 90 409 

65.8 178 102675.1.1 8,012 ± 85  102675.2.1 7,709 ± 90 303 

67.3 193 102674.1.1 8,378 ± 95  102674.2.1 7,996 ± 90 382 

69.5 211 102673.1.1 8,603 ± 85  102673.2.1 7,990 ± 95 613 

72.4 223 102672.1.1 9,553 ± 95  102672.2.1 9,016 ± 95 537 

86.9 232 102671.1.1 11,742 ± 115  102671.2.1 11,161 ± 110 581 

102.2 238 102670.1.1 11,851 ± 115  102670.2.1 11,341 ± 105 510 
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Table 6.3: MD01-2444 14C age differences between the main fraction and leachate. Both the ‘real’ 

depth in the MD01-2444 core (cm) and the SHAK06-5K aligned depth (cm) (using the automated 

proxy-to-proxy stratigraphical alignment method) is shown. Values in bold represent depths where 

the leachate is older than the main fraction, with grey representing a difference within the margin 

of error and red representing an age reversal outside the margin of error and therefore removed 

from the age-model. Associated error have been rounded according to convention. 

 

6.3.1.2. MD01-2444 14C dates 

Of the 10 14C dates sampled from MD01-2444, three were not included in the master age-model; 

151cm, 232cm, and 238cm. The outlier at 151 cm was removed prior to running the automated 

stratigraphical alignment algorithm as it was clear that this sample (both the main fraction and 

leachate) does not follow the decline in 14C age with increasing depth. Additionally, the age 

uncertainty (± 1σ) falls outside of the margin of error of the two neighbouring samples. 

Consequently, this sample is likely reflecting older material. Although high SAR has been shown to 

minimise the influence of bioturbation (Bard, 2010), age offsets between coexisting planktonic 

foraminifera (Ausin et al., 2019a) and ichnofabric analysis (Dorador & Rodríguez-Tovar, 2016) 

during this period in records close to core MD01-2444 indicate that bioturbation may well have 

influenced the age of the material at this site. Downslope remobilisation and calcite dissolution 

may have also played a role in these age reversals. The precision of the main fraction of the 

remaining nine 14C values is relatively high (quoted at 68.3%; ± 1σ), ranging between ± 65 and ± 

115 years, with values generally increasing up the core. 

 

6.3.2. Alignment of SHAK06-5K and MD01-2444 records 

During the automated stratigraphical alignment of MD01-2444 with SHAK06-5K, it became 

apparent that the MD01-2444 14C dates at 232 cm and 238 cm also reflected age reversals. Even 

when accounting for the uncertainty of the alignment (± 2σ), the 14C age of 232 cm reflected older 

material than the SHAK06-5K samples up the core, and 238 cm demonstrated younger 14C age than 

SHAK06-5K samples down the core (Fig. 6.4). Both were consequently removed from the master 

age model. The result of the synchronisation is shown in Fig. 6.5, with the MD01-2444 record 

aligning to the SHAK06-5K depth scale between 55 – 102 cm. The alignment has relatively high 

precision (± 2σ), with a mean of ±1.35 cm. The smallest uncertainties are seen at the beginning and 

end of the record (reaching a minimum of ±1 cm). The variability increases from 74 cm, peaking at 

227.5 cm (±2.94 cm), and reducing thereafter. 
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Fig. 6.4: Alignment of the SHAK06-5K (blue dots) and MD01-2444 (red dots) 14C records on the 

SHAK06-5K depth scale (cm), produced by the automated stratigraphical alignment method. The 

two outliers from MD01-2444 are highlighted (232 and 238 cm). These samples reflect 

older/younger material and are consequently not used in the age model. Horizontal error bars 

(MD01 samples) show the uncertainty of the model alignment on the SHAK06-5K depth scale; 

vertical error bars show 14C age uncertainties (± 1σ). 
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Fig. 6.5: Alignment of the SHAK06-5K and MD01-2444 records on the SHAK06-5K depth scale (cm), 

produced by the automated stratigraphical alignment method, highlighting the synchronisation of: 

a. the seven 14C ages (years) from MD01-2444 (red) with those of SHAK06-5K (blue); and b. the 

Ca/Ti records of MD01-2444 (red) with SHAK06-5K (blue). 151, 232 and 238 cm are not used in the 

production of the age model. 

 

6.3.3. Master age model 

47 samples (40 from SHAK06-5K and seven from MD01-2444) create the age-depth model 

presented in Fig. 6.6, which spans the last 27.4 kyr and will be referred to, hereafter, as the ‘master 

age model’. The 14C age estimates have relatively high precision (Table 6.4), which generally 

increase up the core. The confidence intervals of the 14C ages are quoted at 68.3% (±1σ) and range 

from ± 200 years at 329 cm to ± 50 years at 30 cm. The precision, however, declines at the very 

top of the core, with a value of ±150 years at both 0 and 4 cm. The calibrated age uncertainties 

(calculated in Oxcal and quoted at 95% confidence values; ±2σ) are all £ ±420 years. The 

uncertainty of the seven MD01-2444 14C dates and calibrated ages are similar to those of the 

closely aligned SHAK06-5K samples. 

 

 

Core Lab Code 
Master depth 

(cm) 

Radiocarbon age  
± 1σ 

Calendar age  
± 2σ 

(14C yr BP) (cal yr BP) 

SHAK06-5K 82182.2.1 0 790 ± 150 255 ± 228 

SHAK06-5K 82183.2.1 4 1,010 ± 150 433 ± 210 

SHAK06-5K 72979.2.1 10 1,250 ± 70 662 ± 148 

SHAK06-5K 82185.2.1 14 1,450 ± 70 834 ± 165 

SHAK06-5K 72981.2.1 20 1,820 ± 55 1,202 ± 159 

SHAK06-5K 72983.2.1 30 2,300 ± 50 1,749 ± 181 

SHAK06-5K 72985.2.1 40 3,090 ± 65 2,731 ± 217 

SHAK06-5K 75040.1.1 44 3,620 ± 75 3,334 ± 208 

SHAK06-5K 70397.1.1 48 3,760 ± 60 3,542 ± 193 

SHAK06-5K 75041.1.1 54 5,300 ± 80 5,514 ± 202 

MD01-2444 102679.1.1 55 5,500 ± 65 5,655 ± 195 

MD01-2444 102678.1.1 59 7,320 ± 80 7,649 ± 170 

SHAK06-5K 72987.2.1 60 7,470 ± 60 7,714 ± 151 

MD01-2444 102676.1.1 64 7,680 ± 95 7.990 ± 231 

MD01-2444 102675.1.1 66 8,010 ± 85 8,306 ± 244 
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MD01-2444 102674.1.1 67 8,380 ± 95 8,741 ± 303 

MD01-2444 102673.1.1 69 8,600 ± 90 9,108 ± 229 

SHAK06-5K 72989.2.1 70 8,740 ± 70 9,175 ± 197 

MD01-2444 102672.1.1 72 9550 ± 95 10,261 ± 300 

SHAK06-5K 75042.1.1 76 9,960 ± 80 10,821 ± 283 

SHAK06-5K 72991.2.1 82 11,050 ± 85 12,336 ± 287 

SHAK06-5K 72993.2.1 90 11,450 ± 90 12,795 ± 201 

SHAK06-5K 70400.1.1 100 12,100 ± 110 13,404 ± 248 

SHAK06-5K 72995.2.1 110 12,400 ± 100 13,848 ± 276 

SHAK06-5K 72997.2.1 120 13,250 ± 95 15,050 ± 309 

SHAK06-5K 70403.1.1 130 13,600 ± 110 15,581 ± 313 

SHAK06-5K 72999.2.1 140 14,100 ± 100 16,209 ± 285 

SHAK06-5K 75043.1.1 146 14,300 ± 100 16,527 ± 295 

SHAK06-5K 73001.2.1 152 14,900 ± 100 17,063 ± 256 

SHAK06-5K 73002.2.1 160 14,900 ± 110 17,291 ± 269 

SHAK06-5K 73003.2.1 172 15,350 ± 110 17,839 ± 306 

SHAK06-5K 73005.2.1 180 15,950 ± 140 18,394 ± 304 

SHAK06-5K 75044.1.1 196 16,650 ± 120 19,274 ± 303 

SHAK06-5K 75016.1.1 200 17,100 ± 120 19,596 ± 285 

SHAK06-5K 75018.1.1 210 17,300 ± 120 19,964 ± 281 

SHAK06-5K 75020.1.1 220 17,400 ± 140 20,298 ± 321 

SHAK06-5K 75022.1.1 230 18,600 ± 180 21,381 ± 420 

SHAK06-5K 75024.1.1 240 18,750 ± 140 21,839 ± 352 

SHAK06-5K 70406.1.1 260 20,000 ± 180 23,098 ± 373 

SHAK06-5K 75028.1.1 270 20,400 ± 150 23,556 ± 304 

SHAK06-5K 75030.1.1 280 20,700 ± 150 23,988 ± 284 

SHAK06-5K 75048.1.1 284 21,000 ± 160 24,229 ± 332 

SHAK06-5K 75032.1.1 290 21,300 ± 160 24,621 ± 376 

SHAK06-5K 75033.1.1 300 22,100 ± 170 25,432 ± 339 

SHAK06-5K 75034.1.1 310 22,600 ± 180 25,965 ± 318 

SHAK06-5K 75036.1.1 320 23,000 ± 180 26,506 ± 407 

SHAK06-5K 75038.1.1 329 24,100 ± 200 27,395 ± 358 

 

Table 6.4: The master age-depth model based on 40 monospecific planktonic foraminifera G. 

bulloides samples from SHAK06-5K and seven from MD01-2444. The alignment of the cores 

produced using an automated stratigraphical alignment method. Ages and associated error have 

been rounded according to convention. 
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Based on the SAR calculated for the depths of the high-resolution XRF records, the mean SAR of 

the master sequence is 13 cm kyr-1, ranging between 2 and 35 cm kyr-1 (shown in Fig. 6.6). The 

largest SAR occurs between 27.4 and 12.4 cal ka BP (329 - 83 cm), with the highest SAR (35 cm kyr-

1) reached at 17.2 cal ka BP (158 cm). The SAR declines between 12.4 and 3.5 cal ka BP (83 – 48 

cm), reaching the minimum value of the record (2 cm kyr-1) at 6.6 cal ka BP (57 cm). While the 

master age model uses the SHAK06-5K stratigraphy, the incorporation of 14C dates from core 

MD01-2444 in the master age model means that the original SAR of core SHAK06-5K is modified. 

Consequently, the SAR between 8.2 and 7.7 cal ka BP is higher in the master sequence than for the 

same period in the SHAK06-5K record, with a mean SAR of 10.7 cm kyr-1 in the former, compared 

to 5.7 cm kyr-1 in the latter (Appendix 13). This increase is due to the inclusion of MD01-2444 in 

the master sequence which demonstrates a considerably higher SAR than the SHAK06-5K sequence 

for the same period, averaging 49 cm kyr-1 between 9.1 and 7.6 cal ka BP (Appendix 13). Towards 

the top of the master sequence, the SAR increases, reaching 23 cm kyr-1 at 0.3 cal ka BP (0 cm). 

 

Applying the master chronology to both cores records demonstrates that the pollen record has a 

mean sampling resolution of 165 years for the SHAK06-5K pollen record and 218 years for the 

MD01-2444 pollen record. The n-alkane d13C record from SHAK06-5K has a lower mean sampling 

resolution of 421 years. When applying our master age model to the SHAK06-5K and MD01-2444 

records and comparing the climate events in these records to those in the NGRIP d18O ice core 

record, the following age ranges have been applied to the key climate events of the last 28 kyr. 

HS2 spans 25.7 – 23.6 cal ka BP, while the LGM is dated between 23.6 – 19 cal ka BP and HS1 occurs 

from 18.2 – 15.4 cal ka BP. The BA proceeds this, lasting until 13.2 cal ka BP, followed by the YD 

which ends at 12 cal ka BP. The early Holocene ensues until 8.2 cal ka BP, followed by the mid-

Holocene which continues until 4.2 cal ka BP, moving thereafter to the late Holocene (Nesje & 

Dahl, 1993; Walker et al., 2018). 
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Fig. 6.6: Master calibrated age-depth model (cal yrs BP), created using 40 AMS 14C dates from 

SHAK06-5K (blue dots) and seven from MD01-2444 (red diamonds). Black line shows sediment 

accumulation rate (SAR; cm kyr-1). Both the age-depth model and SAR produced using a 

P_sequence depositional model in OxCal. 
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6.4. Conclusion 

Here, a master Bayesian P_sequence chronology has been created and presented using 47 14C 

dates from cores SHAK06-5K and MD01-2444. The synchronisation of the records was conducted 

using an automated stratigraphical alignment method algorithm (Muschitiello et al., 2020), 

simultaneously aligning the Ca/Ti and 14C records of both cores. The resulting master age-model (0 

– 329 cm) is based on 40 14C dates from SHAK06-5K and seven from MD01-2444 and spans 0 – 27.4 

cal ka BP. This chronology will be applied to our pollen and biomarker records to assist in the 

palaeoclimatic interpretation of the glacial-interglacial and millennial to centennial-scale abrupt 

changes in SW Iberian vegetation over the past 27.4 kyr. 
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Chapter 7: SW Iberian modern leaf-wax n-alkane record 

 

7.1. Introduction: 

Significant uncertainty surrounds the dominant environmental signal of leaf-waxes in sediment 

records, as discussed in section 5.1. Consequently, the interpretation of fossil n-alkane records 

relies on a strong understanding of the production of these lipids in modern plants, variations 

between species, and their physiological and environmental controls. Existing research into the 

drivers of leaf-wax composition in present-day Mediterranean vegetation is limited in terms of 

species and locations (Damesin et al., 1997; Schäfer et al., 2016; Norström et al., 2017). Thus, 

improving our understanding of the complex climatic and ecological controls of leaf-wax 

distribution and isotopic composition in SW Iberian vegetation is urgently required. To assess 

potential interspecies differences and the dominant biological/climatic drivers of n-alkane 

distribution and n-alkane d13C (d13Cn-alkane) in SW Iberian vegetation, modern leaf samples were 

collected from within the Tagus basin, the dominant supplier of plant biomass from to core site 

SHAK06-5K. The aim is to then use these findings to assist with the interpretation of our fossil n-

alkane records from core SHAK06-5K. 

 

7.1.1. Understanding the dominant control of leaf-wax ACL 

As discussed in section 5.1, leaf-wax ACL in sediment archives is used as a tool for 

palaeoenvironmental reconstruction. While it has been suggested that ACL is primarily driven by 

photosynthetic pathway and can therefore be used to distinguish C3 from C4 vegetation 

(Rommerskirchen et al., 2006), other studies have concluded that ACL is influenced by plant type 

and can identify arboreal from herbaceous taxa (Cranwell, 1973; Meyers & Ishiwatari, 1993; 

Schwark et al., 2002; Meyers, 2003). ACL has also been linked to temperature (Hoffmann et al., 

2013; Tipple & Pagani, 2013; Bush & McInerney, 2015), and water availability (Huang et al., 2000; 

Schefuss et al., 2003), but despite decades of research on this topic, there is little scientific 

consensus over the dominant physiological and environmental controls of leaf-wax ACL. 

 

One area, however, that has received little attention from the palaeoclimatic community is the 

relationship between the crystalline structure of leaf cuticular wax lipids and its ACL. A plant’s 

cuticle performs a number of functions including: repelling water from the cuticle surface, and 

acting as a barrier against water permeability, UV radiation, and contamination from harmful 



 

 128 

chemicals and microorganisms. The cuticle is composed of a number of layers (Fig. 7.1). The 

cuticular layer (CL), located above the epidermal cells primarily consists of cutin, carbohydrates 

and waxes (Von Mohl, 1847; Heredia, 2003; Jeffree, 2006) and plays a significant role in 

determining the mechanical integrity and the thermal susceptibility of the transpiration barrier 

(Khanal & Knoche, 2017). The cuticle proper (CP) is the outermost layer, composed of intracuticular 

and epicuticular waxes. The intracuticular layer is embedded in the cutin matrix of the CL (Jeffree, 

2006), while in many plant species, the epicuticular wax film is impregnated with epicuticular wax 

crystals (De Bary, 1871; Jeffree et al., 1975; Barthlott et al., 1998). While both layers are composed 

of a mixture of aliphatic compounds and can also contain cyclic compounds (Von Mohl, 1847; 

Baker, 1982), the composition of each layer is chemically distinct, performing different functions 

(Jetter et al., 2000; Buschhaus & Jetter, 2011; Jetter & Reiderer, 2016). The epicuticular layer plays 

an important role in water repellence and protection against UV radiation and pathogens 

(Cameron, 1970; Neinhuis & Barthlott, 1997; Holmes and Keiller, 2002; Müller & Reiderer, 2005), 

with the quantity and composition of these waxes shown to change over time (Jetter & Schäffer, 

2001). There appears to be little temporal change in the composition and quantity of intracuticular 

waxes (Jetter & Schäffer, 2001), with this layer acting as the dominant water permeability barrier 

(Jetter & Reiderer, 2016; Zeisler & Schreiber, 2016; Zeisler-Diehl et al., 2018). Aliphatic compounds 

are the primary contributor to the transpiration barrier while cyclic compounds demonstrate very 

little (if any) barrier to water permeability (Jetter & Reiderer, 2016), but increase the plasticity and 

tensile strength of the wax (Edwards, 1958; Reiderer & Schneider, 1990).  

 

The cuticular permeability is primarily determined by the physical molecular structure of the 

waxes, rather than just by the chemicals it is composed of, or delivery method of waxes to the leaf 

surface, or its thickness/coverage (Jeffree et al., 1975; Riederer & Schönherr, 1985; Reiderer & 

Schneider, 1990; Jetter & Reiderer, 2016). No correlation has been found between cuticular 

transpiration and wax amounts or cuticle thickness (Becker et al., 1986; Schreiber & Riederer, 

1996; Jetter & Riederer, 2016; Zeisler-Diehl et al., 2018). 
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Fig. 7.1: Schematic diagram of a plant’s cuticle structure (not to scale). The cuticle is separated into 

two major layers, described by von Mohl (1947). The cuticle proper (CP), which includes the 

epicuticular and intracuticular wax layers, and the cuticular layer (CL). 

 

The aliphatic components are composed of both long (≥ C40; alkyl esters) and shorter (C20 – C38; n-

alkanes, n-alkanols, n-alkanoic acids, and n-alkanals) chain lipids, although these ‘shorter chained 

lipids’ are favoured (Riederer & Schneider, 1990; Reynhardt & Riederer, 1994). These compounds 

form crystalline and amorphous zones, as shown in the Fig. 7.2 schematic, with the long axes of 

the molecules primarily anticlinal orientated (Basson & Reynhardt, 1988a; 1988b; Riederer & 

Schneider, 1990; Reynhardt & Riederer, 1994). The crystalline zone has an orthorhombic structure, 

transforming into a hexagonal structure just below its melting point (Reynhardt, 1986; Basson & 

Reynhardt, 1991). Molecules within the crystalline zone are of differing chain-lengths and form a 

staggered, irregular arrangement, while the amorphous zone does not have discrete structural 

order and contains chain ends (Lourens & Reynhardt, 1979). The range of molecules in cuticular 

waxes produces steric hindrances between the chains. This disrupts the geometric homogeneity 

of the wax structure and contributes to the amorphous layer (Riederer & Schneider, 1990; 

Reynhardt, 1997). Consequently, the larger the chain-length distribution, the greater the steric 

hindrances and the lower the crystallinity of the wax (Riederer & Schneider, 1990; Reynhardt, 

1997).  
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While the crystalline zone prevents molecules from permeating across it, the disorder of the 

amorphous zone makes it accessible to permeating molecules (Riederer & Schneider, 1990; 

Reynhardt & Riederer, 1994). Due to their anticlinal orientation, this pathway is perpendicular to 

the flow of water and plays a minor role in movement of water from inside the leaf (Riederer & 

Schneider, 1990). Groups of these lipids form ‘flake’ structures which can form layers parallel to 

the surface of the leaf (Riederer & Schneider, 1990). Water then permeates primarily through the 

amorphous zone between the flakes (Riederer & Schneider, 1990). As the amorphous domain is 

determined by: i) the volume fraction of crystallites, and ii) the flake size and distance from each 

other, these factors influence the water permeability of the membrane (Riederer & Schneider, 

1990). 

 

Thermal stress can change the structure of the cuticle (Schönherr et al., 1979; Eckl & Gruler, 1980; 

Schreiber & Schönherr, 1990; Reiderer & Schreiber, 2001). While permeability doubles on average 

when the leaf surface rises from 15 to 35°C (Reiderer & Schreiber, 2001) temperatures above 45°C 

can cause irreversible structural changes, such as hydrophilic holes, which increase permeability 

(Eckl & Gruler, 1980; Schreiber & Schönherr, 1990). The cuticular waxes melt over a wide 

temperature range; below this range, the wax is solid, but within it, a mobile amorphous zone 

forms, firstly within the solid amorphous zone, then outside of this zone (shown in Fig. 7.2; Basson 

& Reynhardt, 1992; Reynhardt & Riederer, 1994). Higher temperatures correspond with higher 

chain-lengths in the mobile amorphous zone (Reynhardt & Riederer, 1994). Just below the melting 

point, the orthorhombic structure transforms into a hexagonal structure, with chains rotating 

around their long axes (Reynhardt, 1986; Basson & Reynhardt, 1991; Reynhardt & Riederer, 1994). 

With rising temperatures, the mobile amorphous zone increases, which increases the cuticular 

permeability (Schreiber & Schönherr, 1990; Reynhardt & Riederer, 1994). At melting point, all of 

the wax is within the mobile amorphous zone. Due to the mixture of components forming the 

cuticular wax, its melting point is lower than that predicted by the melting point of its isolated lipid 

components (Patel et al., 2001). 

 

Despite this, the structure of the cuticular wax acts as mechanical reinforcement, enabling it to 

withstand significant thermal stress before entering this transition phase (Reynhardt, 1997; Bueno 

et al., 2019). While n-alkanes have weak interchain forces, the presence of hydrogen bonds in n-

alkanols, n-alkanoic acids, and n-esters prevent phase separation of long chain lipids (≥ C40) and 
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shorter chain lipids (C20 – C38), and the long-chain lipids bridge the amorphous gap to increase the 

melting point of the cuticular wax (Reynhardt & Riederer, 1994; Reynhardt, 1997). Despite this 

apparent critical role that the molecular structure of a leaf’s cuticle plays in its permeability, little 

research has connected this to the distribution of a plant’s cuticular n-alkanes and the surrounding 

environmental conditions. Consequently, while n-alkane ACL may not represent a species, a plant 

functional group, or surrounding environmental conditions in a predictable way, it may reflect a 

genetic adaptation of a species to heat or drought stress. This is, therefore, an area of research 

that requires further exploration. 

 

 

Fig. 7.2: Schematic diagram of the molecular structure of the cuticular layer (not to scale), including 

the crystalline zone and the solid, rigid amorphous zone, and the mobile amorphous zone (which 

occurs during crystallisation, only forming outside the solid amorphous zone when this void has 

been filled). Adapted from: (Riederer & Schneider, 1990; Reynhardt & Riederer, 1994). 
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7.1.2. Understanding the dominant control of a plant’s d13C 

As discussed in section 5.1 and illustrated in Fig. 5.2, there are various physiological and 

environmental controls of cuticular carbon isotope fractionation. A plant’s biomass is depleted in 

13C compared to the atmosphere as a result of carbon isotope fractionation associated with CO2 

uptake and photosynthetic carbon fixation (Farquhar et al., 1982; 1989; Cernusak et al., 2013; 

Freeman & Pancost, 2013). Further fractionation then occurs during lipid biosynthesis, causing 

cuticular n-alkanes to be further depleted in 13C relative to the plant’s biomass (Collister et al., 

1994; Chikaraishi et al., 2004; Pancost & Boot, 2004; Diefendorf & Friemuth, 2017). Numerous 

environmental and biological factors drive this carbon isotope fractionation, as explained in section 

5.1, and to enable accurate interpretation of terrestrial n-alkane signals in fossil records, it is 

important to understand the dominant drivers of 13C discrimination in plants and how this may 

vary at a taxonomic level. 

 

While the d13C of a plant’s biomass (d13Cplant) varies between C3, C4, and CAM vegetation, and also 

between C3 angiosperms and gymnosperms (Collister et al., 1994; Chikaraishi & Naraoka, 2003; 

Diefendorf et al., 2010; Norström et al., 2017), carbon isotope fractionation during lipid 

biosynthesis also varies between C3 trees, graminoids, forbs and shrubs, (Diefendorf & Friemuth, 

2017), between angiosperms and gymnosperms (Chikaraishi & Naraoka, 2003), and between 

gymnosperm families (Diefendorf et al., 2015a). 

 

Water availability is also a key driver of d13Cplant across large spatial scales, with C3 plants 

demonstrating a significant negative correlation with mean annual precipitation (Diefendorf et al., 

2010; Liu & An, 2020). Enhanced water stress increases stomatal closure which reduces the plant’s 

discrimination against 13C, which in turn increases d13Cplant (Madhavan et al., 1991; Ehleringer et 

al., 1992; Diefendorf et al., 2010; Prentice et al., 2011). Research has suggested that the 

fractionation response to declining moisture availability is similar within and between angiosperm 

species, plant functional groups, and communities (Wittmer et al., 2008; Prentice et al., 2011). 

Temperature has shown little influence on d13Cplant over large spatial scales (Diefendorf et al., 2010; 

Liu & An, 2020), but d13Cplant has shown considerable variation with altitude, although the 

mechanisms behind this relationship are yet to be constrained (Diefendorf et al., 2010; Wu et al., 

2017). With regards to the association between atmospheric pCO2 concentration and d13Cplant, no 

significant correlation has yet been shown between these variables in C3 vegetation (Arens et al., 
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2000), and d13Cplant has shown a significantly stronger relationship with water availability and 

taxonomic group than with pCO2 (Diefendorf et al., 2015b).  

 

7.1.3. Existing modern Mediterranean n-alkane records  

Despite limited research on leaf-wax distributions and d13C in Mediterranean vegetation, there are 

existing modern records which document n-alkane concentrations, ACL, CPI and d13C in a number 

of Mediterranean species (Schäfer et al., 2016; Norström et al., 2017). Here, I aim to combine a 

new modern n-alkane record of Mediterranean vegetation with these two existing datasets to 

explore the principal environmental and physiological drivers of n-alkane concentrations, ACL, and 

d13C in Mediterranean vegetation. 

 

As the n-alkane record from SHAK06-5K demonstrates the dominance of C3 plants in SW Iberia over 

the past 27.4 kyr (Fig. 5.12), we aim use the new and existing modern n-alkane records of 

Mediterranean vegetation to explore the dominant controls of n-alkane properties in modern 

Mediterranean taxa and to disentangle physiological and environmental controls of ACL and 

carbon isotope fractionation in Mediterranean plants. The aim is to then use this to assist with the 

interpretation of the SHAK06-5K d13Cn-alkane record and provide some clarity on the climatic and/or 

biological signal of this fossil record over the last 27.4 kyr. 
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7.2. Materials and Methods 

7.2.1. Sample collection 

Samples were collected early in the growing season in May 2019, from sites in Portugal located 

within the Tagus basin (Fig. 7.3), the dominant supplier of terrestrial biomass to our core sites 

(Jouanneau et al., 1998). Plant samples were taken from regions away from human activity 

(including irrigation, controlled burning, and natural wildfires) meaning, to the best of our 

knowledge, the vegetation sampled for this research was predominantly affected by regional 

environmental conditions. Sites 2 and 3 were located inland within national parks: removed from 

settlements, agriculture, and recent wildfires. Site 1 is a remote cliff location within the Sintra-

Cascais Natural Park on the Atlantic coast. The species selected for our modern record were all 

Mediterranean C3 vegetation present in the pollen records of SHAK06-5K and MD01-2444 (Table 

7.1). For each taxon, 9 – 12 leaves were collected from three specimens closely situated to each 

other and then mixed to get an average n-alkane signal. New growth from the outer branches of 

isolated trees were selected to ensure equal light exposure. Hand collection of the leaves was 

avoided to prevent lipid contamination. In herbaceous and deciduous trees, we could be certain 

the growth was from this season, but the newest leaves were picked to ensure growth occurred 

over the past few weeks. In evergreen (Quercus ilex, Juniperus turbinata, Pinus pinaster, Olea 

europaea) and semi-evergreen species (Quercus suber), only obvious new growth was selected. 

Upon return to the UCL Department of Geography laboratory, samples were freeze-dried for 48 

hours, then weighed (Table 7.1). The dataset collected in this study was compared with two 

existing leaf wax records from the Mediterranean. The first record contains 9 samples taken from 

El Paraíso, located in the western Mediterranean, in central Spain, within the Tagus catchment 

basin (Schäfer et al., 2016). The second record is from the eastern Mediterranean and contains 21 

samples, sourced from the Messenian Plain, Greece (Norström et al., 2017). The sample locations 

are depicted in Fig. 7.3. 
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Fig. 7.3: Main map: Locations of modern leaf-wax samples from Portugal, (green; this study), El 

Paraíso, Central Spain (blue; Schäfer et al., 2016), and the Messenian Plain, Greece (red; Norström 

et al., 2017) also illustrating the Tagus River (blue line) and its catchment basin (black line). Inset: 

Sites from this study: 1. Sintra-Cascais Natural Park, Portuguese coast; 2. Serra de São Mamede; 3. 

Portas de Ródão.  
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WA: Woody angiosperm; WG: Woody gymnosperm; Gr: Graminoid; F: Forb 

C: cultivated; GL: grassland; G: garrigue; M: maquis; sM: sub-Mediterranean 

1: Portuguese coast; 2. Serra de São Mamede; 3. Portas de Ródão 

 
Table 7.1: Species collected from Portugal (this study), including pollen group, plant functional 

group, typical ecosystem, sample site and coordinates, and total dry weight of leaf sample (g). 

 

 

Taxa Pollen group Plant functional 
group 

Ecosystem Site Location Dry weight of 
sample (g)  Latitude Longitude 

Quercus pyrenaica Deciduous Quercus  WA sM 2 39.30 -7.41 0.70 

Quercus suber Quercus suber WA M 2 39.38 -7.32 0.09 

Quercus ilex Evergreen Quercus  WA M 3 39.65 -7.68 0.530 

Olea europaea Olea WA M 3 39.65 -7.68 0.26 

Cistus salviifolius Cistus WA G 2 39.30 -7.41 0.14 

Cistus crispus Cistus WA G 3 39.65 -7.68 0.07 

Pinus pinaster Pinus WG M 2 39.30 -7.41 0.49 

Juniperus turbinata Juniperus WG M 1 38.70 -9.45 0.50 

Chenopodium album Amaranthaceae F C 1 38.70 -9.45 0.06 

Rumex acetosella A Polygonaceae F C 1 38.70 -9.45 0.13 

Rumex acetosella B Polygonaceae F C 1 38.70 -9.45 0.11 

Glebionis coronaria Asteroideae F C 2 39.30 -7.41 0.08 

Thapsia villosa Apiaceae F sM 2 39.30 -7.41 0.31 

Carduus pycnocephalus Asteroideae F sM 2 39.38 -7.32 0.18 

Leucanthemum vulgare Asteroideae F sM 2 39.40 -7.34 0.03 

Andryala integrifolia Cichorioideae F sM 3 39.65 -7.68 0.11 

Crepis vesicaria Cichorioideae F sM 2 39.31 -7.41 0.14 

Tolpis barbata Cichorioideae F sM 3 39.65 -7.68 0.09 

Briza maxima Poaceae Gr GL 2 39.30 -7.41 0.08 

Bromus diandrus Poaceae Gr GL 2 39.40 -7.34 0.10 

Lagurus ovatus Poaceae Gr GL 1 38.70 -9.45 0.07 
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7.2.2. Leaf-wax n-alkane extraction 

Performed at the Biogeoscience Laboratory, ETH, Zürich, a two-step method was used to extract 

leaf-waxes from our samples, which is outlined below and illustrated in Fig. 7.4. 

 

Stage 1. Total Lipid Extraction: Into a 40 ml glass centrifuge tube, 2 ml of methanol was added to 

the leaf sample to extract the lipids, before sonicating for 10 minutes to break cell walls. 18 ml of 

DCM was added to transfer lipids into the solvent, before reducing the DCM:Hex (9:1) using a heat 

block and nitrogen evaporator. 20 ml of Hex:DCM (4:1) was added to take any remaining 

hydrocarbons into the solvent; this was reduced and ~1 ml of Hexane added. 
 

Stage 2. Column Chromatography: The chromatography column was set-up as outlined in section 

4.3.1. Two drops of hexane were added to the samples, dissolving the n-alkanes within. A glass 

pipette transferred the solvent into the column, trapping all fractions in the silica gel bar the 

hexane and n-alkane solution which moved into the first 4 ml vial. The initial vial was cleaned twice 

with hexane, followed by a wash of the column, to ensure the complete transfer of all n-alkanes 

into the 4 ml vial. This was blown down and transferred into a 2 ml vial ready for quantification 

and distribution analysis on the GC-FID. 

 

Fig. 7.4: n-Alkane extraction method from dried leaf sample (red), outlining the two method stages 

(black), chemicals used for extraction (green), and the fractions extracted from the sediment 

during the process (blue). 
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7.2.3. n-Alkane quantification 

The concentration of each long-chain n-alkane homologue was quantified using the GC-FID 

(outlined in section 5.2.1.1) (Appendix 14 and 15). Each sequence was run with our external 

standard (outlined in section 5.1.2) to identify the retention time of each n-alkane homologue, and 

a number of blanks to monitor the working of the GC-FID and trace any artificial contamination. 

The typical sequence involved one hexane blank, one standard injection, then the n-alkane 

samples which were interposed by a hexane blank every three/four vials. The peak area of all odd 

and even long-chain n-alkane homologues in each sample was calculated on GC-FID 2 (Table 5.3). 

The n-alkane concentration per gram of dry leaf was calculated for odd and even homologues that 

were reflective of vascular plants (C25 to C35). Equation. 5.2 was used to calculate the concentration 

of each homologue, which will hereafter be described in μg per gram of dry leaf weight (μg g-1). 

Finally, the combined concentration of all odd long-chain n-alkanes (C25 – C35) were calculated and 

will hereafter be referred to as the total concentration. The total concentration was calculated 

using the sum of all long-chain odd n-alkanes in the sample that were representative of vascular 

plants (C25 – C35). The CPI and ACL were calculated for each taxon using Equations. 5.3a & b, 

respectively. The chromatograms showed clean peaks of the long-chain n-alkanes of interest 

meaning no further cleaning was required to remove highly-branched or cyclic structures. 

 

7.2.4. Biomarker Isotope Analysis 

Carbon isotope measurements were performed at the Lyell Centre, Heriot-Watt University (GC-MS 

details in Table 5.3). The methods are outlined in detail in section 5.2.3. All isotopic measurements 

are defined relative to a reference gas and calibrated to Vienna Pee Dee Belemnite (VPDB), with 

all values expressed in permil (‰) units. Each sample was measured in duplicates or triplicates. 

The standard deviation (± 1σ) for each sample did not exceed 0.74, with an average of 0.12 

(Appendix 16). One exception was Pinus pinaster, where the isotopic composition of the dominant 

homologues could not be accurately measured; consequently, this sample is excluded from further 

analysis. As the leaf-wax of each species was composed of a range of n-alkane homologues, each 

with different concentrations, the weighted average of d13C was calculated for each taxon as 

follows (Equation. 7.1) and will be expressed hereafter as d13Cn-alkane: 
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<32=7689:87; =	 (<32=/0 ×	?/0)+	(<32=/1 ×	?/1)…	 (?/0 +	?/1…)⁄  

 

Equation. 7.1: Formula for calculating n-alkane d13C weighted average (d13Cn-alkane; ‰ VPDB) using 

the d13C of each n-alkane homologue present in the leaf-wax of the species, and the weight (W) 

given to each homologue, calculated using its dry leaf concentration (μg g-1). 

 

7.2.5. Statistical Analyses 

Leaf-wax data from our Portugal record were analysed using Principal Component Analysis (PCA). 

PCA is based on a correlation matrix, with the aim of reducing the dimensions of the multivariate 

dataset, and ordinate taxa and variables on principal component axes in order to explore potential 

correlations between our variables. The PCA was performed using the code-based platform, R, 

utilising the packages ‘factoextra’ and ‘FactoMineR’. Data were standardised to stabilise variance, 

enabling extraction and visualisation of the multivariate analyses. Measured leaf-wax n-alkane 

variables (continuous datasets) were used to explain the variations between the different species. 

These include ACL, CPI, d13C (‰ VPDB), and total n-alkane concentration (μg g-1). Two quantitative 

supplementary variables (ordinal datasets) were also added to the PCA. These were heat tolerance 

and drought tolerance, with values assigned to each species based on resources from the literature 

(e.g. Baquedano & Castillo, 2007; Castillo et al., 2002; Lapidot et al., 2019). A value of 5 was 

assigned to the least tolerant vegetation, with 1 representing the most tolerant to extreme 

drought/heat (Appendix 17). While the supplementary variables are not used in the PCA 

computation, the aim is to use these variables to explore any potential correlations between the 

heat/drought tolerance of a plant and its leaf-wax n-alkane composition. 
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7.3. Results 
 

7.3.1. N-alkane distributions 

The taxa in our dataset (n = 21) show a considerable range of n-alkane concentrations (Table 7.2). 

Olea europaea demonstrates the highest total and dominant homologue concentration (C31; 

2,995.00 and 1,117.30 μg g-1, respectively), while Pinus pinaster has the lowest (C29; 8.40 and 3.24 

μg g-1, respectively). There is a strong positive correlation between the total n-alkane 

concentration and the dominant homologue concentration of individual species (r2 = 0.74; p < 

0.05). There is a large range in the CPI of taxa, which is skewed towards lower values (Table 7.2). 

Carduus pycnocephalus has the highest CPI (66.57), while Andryala integrifolia has the lowest 

(4.01). ACL varies considerably between taxa in the dataset (Table 7.2), with Juniperus turbinata 

demonstrating the highest ACL (33.27) and Thapsia villosa showing the lowest values (27.50). d13Cn-

alkane ranges from -26.83 ‰ (Juniperus turbinata) to -40.22 ‰ (Andryala integrifolia), with a mean 

value of -35.93 ‰. Similar carbon isotope measurements were provided by two individual plants 

of same species (Rumex acetosella), while different Quercus species, all sampled from different 

locations, showed similar d13Cn-alkane values. The two Cistus species, however, displayed d13Cn-alkane 

values that differed by 1.6 ‰. 

 

As highlighted by the ternary diagrams (Fig. 7.5), C29 and C31 are the most abundant chain-lengths 

in nearly all taxa in our dataset. In 15 of the 21 samples, C29 is the dominant homologue, as shown 

in Table 7.2. Fig. 7.5a. shows Thapsia villosa and Crepis vesicaria clearly separated from other taxa 

by the C27homologue, which is their dominant chain-length. Quercus pyrenaica and Pinus pinaster 

also have a moderate proportion of C27, but in both species the C29 homologue dominates. Fig. 7.5b 

and c show that few taxa are separated by high proportions of the shortest/longest homologues 

(C25 and C33). Thapsia villosa alone demonstrates relatively high proportions of C25, while all 

Poaceae species (in particular Briza maxima), Olea europaea and Juniperus turbinata are separated 

due to the high presence of C33. Juniperus turbinata and Briza maxima show C33 to be their 

dominant homologue (Table 7.2). 

 

Within each species, d13Cn-alkane varies between homologues (on average 0.87‰). While Cistus 

crispus demonstrates the greatest variation between homologues (2.45 ‰), Leucanthemum 

vulgare demonstrates the smallest difference (0.14 ‰). By max-min normalising the dataset (0-1) 
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(Fig. 7.6), it was possible to assess potential relationships between chain-length and d13Cn-alkane of 

each homologue. Unlike the SHAK06-5K fossil record, which demonstrates lower d13Cn-alkane with 

increasing chain-length, no clear trends are seen in the species of the modern record, with different 

taxa displaying different relationships between chain-length and homologue d13Cn-alkane. Some taxa 

demonstrate a positive relationship between d13Cn-alkane and chain-length (ie. Olea europaea and 

Carduus pycnocephalus), others show a negative relationship (ie. Quercus suber and Lagurus 

ovatus), while many species show no relationship between these variables (i.e. Quercus pyrenaica 

and Chenopodium album). As the fossil record is an average of all the waxes of regional species, 

this could indicate that the fossil record is dominated by a small subset of species. Finally, d13Cn-

alkane of each species’ dominant chain-length (highlighted by square points in Fig. 7.6) demonstrates 

no consistent relationship with d13Cn-alkane of co-occurring homologues. 

 
Fig. 7.5: Ternary diagram of n-alkane homologue abundance with taxa coloured either by genus or 

family. Diagrams show comparative proportions of homologues a. C27, C29 and C31; b. C25, C29, C31; 

c. C29, C31, C33 
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Table 7.2: For each taxon, the n-alkane concentration of each homologue, the total n-alkane concentration (C25-C35; μg g-1), concentration of the 

dominant chain-length (μg g-1), ACL, CPI, and d13Cn-alkane (weighted average; ‰ VPDB).

 
Taxon 

Total amount of alkane in dry leaf ( μg g-1) 
 

Total amount     
C25- C35 (μg g-1) 

Dominant 
chain-length 

ACL CPI 
 

d13Cn-alkane 

(‰ VPDB) 

 C25 C27 C29 C31 C33 C35      

Juniperus turbinata 0.77 1.59 18.77 34.98 435.37 165.63 659.44 C33 33.26 25.49 -26.83 

Pinus pinaster 1.89 1.71 3.24 0.50 0.62 0.44 8.40 C29 28.42 6.18 -32.00 

Olea europaea 0.00 88.02 829.62 1117.30 747.21 212.85 2995.00 C31 31.11 10.98 -33.04 

Quercus pyrenaica 27.51 142.04 272.73 58.18 0.00 0.00 500.45 C29 28.44 14.90 -33.42 

Quercus suber 8.19 71.06 258.78 74.28 5.61 0.00 417.92 C29 28.99 6.97 -33.77 

Quercus ilex 2.26 18.02 98.60 26.41 1.06 0.00 146.35 C29 29.08 9.85 -34.26 

Cistus salviifolius 7.37 190.42 957.11 208.04 13.30 0.00 1376.23 C29 29.04 17.43 -36.39 

Cistus crispus 0.00 132.34 1135.12 221.88 58.52 0.00 1547.86 C29 29.27 17.15 -38.06 

Thapsia villosa 2.25 3.62 2.61 1.00 0.00 0.00 9.48 C27 27.50 8.72 -35.34 

Crepis vesicaria 11.69 52.83 40.31 12.03 0.00 0.00 116.86 C27 27.90 7.34 -35.60 

Andryala integrifolia 0.00 17.61 98.48 201.12 9.25 0.00 326.46 C31 30.24 4.01 -40.22 

Tolpis barbata 0.00 14.52 671.36 312.80 41.44 0.00 1040.13 C29 29.73 15.19 -36.36 

Leucanthemum vulgare 0.00 25.89 93.70 10.52 0.00 0.00 130.12 C29 28.76 8.95 -36.33 

Glebionis coronaria 4.75 19.76 313.14 139.60 8.43 0.00 485.67 C29 29.52 22.74 -37.27 

Carduus pycnocephalus 0.00 34.41 266.87 219.92 29.04 0.00 550.24 C29 29.89 66.57 -35.34 

Chenopodium album 11.64 44.68 335.71 224.02 18.29 0.00 634.33 C29 29.61 14.60 -37.94 

Rumex acetosella A 0.00 29.09 193.01 87.54 10.18 0.00 319.82 C29 29.49 10.50 -39.72 

Rumex acetosella B 3.69 15.79 84.16 42.97 10.61 0.00 157.23 C29 29.52 9.56 -39.17 

Bromus diandrus 0.00 34.83 203.72 98.77 64.81 3.17 405.29 C29 30.00 51.76 -37.85 

Lagurus ovatus 18.44 132.03 534.36 380.49 244.41 34.93 1344.67 C29 30.20 9.84 -37.53 

Briza maxima 8.75 9.77 20.85 78.20 118.05 8.02 243.64 C33 31.55 19.77 -39.17 
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Fig. 7.6: d13Cn-alkane of long-chain homologues for each species in the modern record, (max-min 

normalised, 0-1, with 0 the more negative d13C values and 1 being less negative d13C values).  Colour 

represents the chain-length, highlighting d13CC27 (yellow), d13CC29 (orange), d13CC31 (red), d13CC33 

(dark red), d13CC35 (black), while squares represent the chain-length with the highest concentration. 

 

Correlation analysis was applied to our data to assess relationships between the four n-alkane 

properties measured for each taxon (Fig. 7.7). The correlation coefficient (r) was calculated by 

applying Pearson product-moment correlation to normally distributed data (ACL and d13Cn-alkane) 

and Spearman’s Rank correlation to non-normal distributions (total n-alkane concentration and 

CPI). Although significant (p < 0.05), relatively weak correlations are shown between CPI and total 

concentration (r = 0.54), ACL and total concentration (r = 0.51), and ACL and CPI (r = 0.48). No 

significant correlation is shown between d13Cn-alkane and the other variables. All of the scatter plots 

are noisy and demonstrate a number of outlier values. 
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Fig. 7.7: Correlogram of the variables in our record. Diagonally central squares display histograms 

of each variable’s distribution in the modern samples, while bottom squares show scatter plots of 

the data, including a linear regression curve for normally distributed data (black), and a local 

polynomial regression curve for non-parametric data (red). Upper squares illustrate the correlation 

between the variables (r ; applying Pearson product-moment correlation to normally distributed 

data and Spearman’s Rank correlation to non-normal distributions), and the significance of the 

correlation (p < 0.05). 
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7.3.2. Plant functional groups 

To assess potential differences in n-alkane concentration, homologue distribution, and isotope 

composition across plant functional groups (Fig. 7.8), taxa were grouped into woody angiosperms, 

woody gymnosperms, forbs, and graminoids, shown in Table 7.1. ‘Woody angiosperms’ 

encompasses all angiosperm trees and shrubs (n = 6), ‘woody gymnosperms’ includes gymnosperm 

trees and shrubs (n = 2), ‘forbs’ encompasses all angiosperm herbs, excluding grasses (n = 10), and 

‘graminoids’ encompass all angiosperm grasses (n = 3). As shown in Fig. 7.8a, ACL varies between 

plant functional groups, with the lowest average shown in forbs (29.2), followed by woody 

angiosperms (29.3), graminoids (30.6), and woody gymnosperms (30.8). There is, however, 

considerable variation in the ACL of individual taxa within each plant group. Woody gymnosperms 

show the highest variation (4.8), followed by forbs (2.7), woody angiosperms (2.7), and graminoids 

(1.6). Fig. 7.8a shows two low ACL outlier values (Thapsia villosa (forb) and Q. pyrenaica (woody 

angiosperm)) and one high ACL outlier value (Olea europaea (woody angiosperm)). Fig. 7.8b shows 

the average CPI varies between groups, with woody angiosperms demonstrating the lowest 

average (12.9), followed by woody gymnosperms (15.7), forbs (16.8), and graminoids (26.9). 

Although CPI is skewed towards lower values (~10 – 20), there is significant variation within each 

group with forbs showing the highest range (62.6), followed by graminoids (41.9), gymnosperms 

(19.5), and angiosperms (10.5). The single outlier in Fig. 7.8b is Carduus pycnocephalus (forb) which 

demonstrates an exceptionally high CPI. Total n-alkane concentration varies considerably within 

and between plant functional groups. On average, woody angiosperms have the highest total n-

alkane concentration (Fig. 7.8d; 1,164 μg g-1) and dominant chain-length concentration (Fig. 7.8c; 

640 μg g-1) as well as a large range of values for each variable (2,849 μg g-1 and 1,037 μg g-1, 

respectively). Woody gymnosperms demonstrate the lowest mean and range of values for total n-

alkane concentration (334 μg g-1 and 651 μg g-1), while graminoids have the lowest mean and range 

of values for dominant chain-length concentration (151 μg g-1 and 86 μg g-1, respectively). The 

single outlier in Fig. 7.8c is Tolpis barbata which demonstrates a high dominant chain-length 

concentration. The large range in the leaf wax n-alkane ACL, CPI and concentration within plant 

functional groups, suggests that plant type does not have a strong control on the composition of 

leaf wax n-alkanes. 

 

Compared to the other variables, the range of d13Cn-alkane values within each plant functional group 

is relatively small (Fig. 7.8e). The two woody gymnosperm species demonstrate a higher d13Cn-alkane 
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than all other angiosperm species in this record, with a mean of -29.4 ‰. Of our angiosperm plant 

functional groups, woody vegetation has the next highest mean value (-34.6 ‰), followed by forbs 

(-37.3 ‰), and graminoids (-38.2 ‰). The small range of values within each plant functional group 

and the variation between their means suggests that a relationship may exist between plant 

functional group and d13Cn-alkane. 
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Fig. 7.8: Box plots split by plant functional group for a. ACL; b. CPI; c. dominant chain-length (CL) 

concentration (μg g-1); d. total concentration C25-C35 (μg g-1); e. d13Cn-alkane (‰ VPDB). Each box 

represents the range of the middle 50% of the dataset, while the mid-line shows the mean value, 

and each whisker represents 25% of data. Red diamonds highlight outliers. Data from this study. 

 

7.3.3. Principal Component Analysis 

PCA was used to identify patterns and associations in the original data set by combining co-

variables and highlighting relationships between leaf-wax n-alkane geochemical data and plant 

physiology (Table 7.3). This was conducted using leaf-wax n-alkane ACL, CPI, total concentration 

(μg g-1), and d13Cn-alkane as the variables (Fig. 7.9; light blue vectors), and heat resistance and drought 

tolerance as supplementary variables (dark blue, dashed vectors). The results show that 64% of 

the variance between the species can be explained by the first two eigenvalues (Table 7.3). 

Principal component 1 (PC1) explains 39% of the total variation in the dataset, with all leaf-wax 

variables demonstrating a positive loading to PC1. ACL has the most positive loading followed by 

total concentration. Forbs generally show a negative loading to PC1, while graminoids primarily 

demonstrate a positive loading. PC2 explains 25% of the variance, with CPI demonstrating a high 

positive loading to PC2, and total concentration and d13Cn-alkane showing a negative loading. Woody 

angiosperms generally show a negative loading to PC2. With the angle between vectors signifying 

the correlation between variables, heat resistance and drought tolerance display a strong positive 

correlation with each other and a positive correlation with ACL. 

 
 

  PC1 PC2 PC3 PC4 

Correlation dimension         

            ACL 0.83 0.07 -0.12 -0.54 

         d13Cn-alkane 0.51 -0.31 0.79 0.14 

            CPI 0.47 0.83 0.02 0.31 

            Total concentration 0.63 -0.47 -0.50 0.37 

Eigenvalue 1.57 1.00 0.89 0.54 

Cumulative % of variance 39.18 64.12 86.40 100.00 

 
Table 7.3: Principal component analysis of leaf-wax n-alkane measurements. Data from this study. 
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Fig. 7.9: Biplot of the species collected in this study, showing the vectors of the leaf-wax n-alkane 

variables ACL, CPI, d13Cn-alkane (‰ VPDB), total concentration (μg g-1) (solid light blue lines). The 

vectors of the supplementary variables, heat resistance and drought tolerance, are also shown 

(dashed dark blue lines). The small dots represent each plant species, coloured according to their 

plant functional group, while the large dots represent the plant functional group. 

 

7.3.4. Comparison to existing modern Mediterranean leaf-wax n-alkane records 

To further explore the leaf-wax n-alkane homologue distributions and isotopic composition of 

Mediterranean taxa, the dataset from this study has been combined with two existing leaf-wax 

records from the Mediterranean (Schäfer et al., 2016; Norström et al., 2017). While the research 

sites are shown in Fig. 7.3, the species sampled at both locations are detailed in Table 7.4.
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Taxa Pollen group 
Plant functional 

group 
Ecosystem Site ACL 

Total n-alkane concentration  

C25-C35 (μg g-1) 
d13Cbulk Author 

Juniperus phoenicea Juniperus WG M El Paraíso 32.89 78.87 - Schäfer et al., 2016 

Juniperus thurifera Juniperus WG M El Paraíso 32.65 113.70 - Schäfer et al., 2016 

Olea europaea Olea WA M El Paraíso 32.17 112.03 - Schäfer et al., 2016 

Olea europaea Olea WA M El Paraíso 29.14 122.02 - Schäfer et al., 2016 

Pinus halepensis Pinus WG M El Paraíso 30.04 2.39 - Schäfer et al., 2016 

Pinus nigra Pinus WG Mo El Paraíso 31.71 5.35 - Schäfer et al., 2016 

Quercus ilex Evergreen Quercus  WA M El Paraíso 29.25 90.32 - Schäfer et al., 2016 

Stipa tenacissima Poaceae Gr GL El Paraíso 30.97 284.50 - Schäfer et al., 2016 

Thymus vulgaris Lamiaceae WA G El Paraíso 31.82 352.29 - Schäfer et al., 2016 

Arundo donax Poaceae Gr sM Messenian Plain 28.06 273.34 -28.44 Norström et al., 2017 

Acer sempervirens Acer WA Mo Messenian Plain 29.95 222.94 -28.28 Norström et al., 2017 

Ceratonia siliqua Ceratonia WA M Messenian Plain 30.56 70.62 -28.89 Norström et al., 2017 

Calicotome spinosa Fabaceae WA M Messenian Plain 29.70 36.11 -30.08 Norström et al., 2017 

Daucus carota Apiaceae F sM Messenian Plain 28.53 59.47 -29.45 Norström et al., 2017 

Ficus carica Ficus WA sM Messenian Plain 29.18 122.19 -26.99 Norström et al., 2017 

Juniperus phoenicea Juniperus WG M Messenian Plain 33.38 499.83 -25.53 Norström et al., 2017 

Nerium oleander Nerium WA G Messenian Plain 32.60 607.74 -26.36 Norström et al., 2017 

Olea europaea Olea WA M Messenian Plain 31.11 452.41 -26.31 Norström et al., 2017 
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Phillyrea latifolia Phillyrea WA M Messenian Plain 30.49 148.88 -28.60 Norström et al., 2017 

Pistacia lentiscus Pistacia WA M Messenian Plain 30.65 79.75 -29.24 Norström et al., 2017 

Platanus orientalis Platanus WA sM Messenian Plain 30.84 870.48 -31.93 Norström et al., 2017 

Pistacia terebinthus Pistacia WA M Messenian Plain 27.38 21.16 -29.02 Norström et al., 2017 

Phlomis fruticosa Lamiaceae F G Messenian Plain 31.37 4915.77 -27.29 Norström et al., 2017 

Quercus coccifera Evergreen Quercus  WA M Messenian Plain 29.24 152.08 -28.65 Norström et al., 2017 

Quercus ilex Evergreen Quercus  WA M Messenian Plain 29.43 182.17 -29.60 Norström et al., 2017 

Rosmarius officinalis Lamiaceae WA G Messenian Plain 31.79 2202.80 -26.56 Norström et al., 2017 

Sarcopoterium spinosum Rosaceae WA M Messenian Plain 31.47 1194.90 -27.68 Norström et al., 2017 

Salvia triloba Lamiaceae F M Messenian Plain 32.59 1581.00 -29.05 Norström et al., 2017 

Thymus capitatus Lamiaceae WA G Messenian Plain 30.81 588.99 -28.69 Norström et al., 2017 

Vitex agnus castus Lamiaceae WA G Messenian Plain 33.15 1797.97 -27.11 Norström et al., 2017 

 

WA: Woody angiosperm; WG: Woody gymnosperm; Gr: Graminoid; F: Forb 

GL: grassland; G: garrigue; M: maquis; sM: sub-Mediterranean; Mo: Montane 

 

Table 7.4: Species collected from El Paraíso, Spain (Schäfer et al., 2016) and the Messenian Plain, Greece (Norström et al., 2017) including pollen 

group, plant functional group, typical ecosystem, sample site, ACL, total n-alkane concentration and leaf bulk d13C. 
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The relationship between total n-alkane concentration and wider ecological variables is 

explored in Fig. 7.10. Of the plant functional groups, forbs show the highest mean total n-alkane 

concentration (348 µg g-1) with two high outlier values (P. fructicosa and S. triloba; 1,581 and 

4,916 µg g-1, respectively), while woody gymnosperms have the lowest mean total 

concentration (467 µg g-1). On average, graminoids and woody angiosperms have similar mean 

total n-alkane concentrations, but the latter displays two high outlier values (O. europaea and 

R. officinalis; > 2000 µg g-1). When assessing the relationship between total n-alkane 

concentration and ecosystem, cultivated, grassland, montane and sub-Mediterranean species 

show a low distribution of values as well as a low mean, although this is likely influenced by 

small sample sizes (n = < 4) in the first three groups. Maquis vegetation, on average, has a low 

total n-alkane concentration, contrary to the high mean of garrigue species, but both 

demonstrate a wide range of values. In more heat tolerant vegetation, the mean and range of 

total n-alkane concentration values appear to be higher than in less heat tolerant vegetation. 

This pattern is also shown between total n-alkane concentration and drought tolerance. When 

assessing the variation in total n-alkane concentration according to sampling site, the highest 

mean is seen in samples from Portas de Ródão, while vegetation from El Paraíso has the 

smallest mean and a small distribution in total n-alkane concentration values. 

 

Potential relationships between the ACL of Mediterranean species and wider ecological 

variables are explored in Fig. 7.11. It is, however, acknowledged that the limited sample size of 

some variable groups may have led to some sampling bias. When assessing the relationship 

between ACL and plant functional group, woody gymnosperms have a higher ACL, on average 

than woody angiosperms, but both groups cover a similar wide range of values. Graminoids 

have a similar mean ACL to woody angiosperms, but much smaller range, while forbs show the 

lowest mean ACL, but a wider distribution of values. When assessing the ACL of different 

species within the same genus, there is significant interspecies variation. While the four species 

of Pinus and two species of Pistacia (Table 7.1 and 7.4) show a considerable range in ACL (28.4 

– 31.7 in the former, and 27.4 – 30.7 in the latter), other genera, such as the four species of 

Quercus, three species of Juniperus, and two species of Cistus, have ACL’s that vary by < 1. 

Considerable variability is shown in the mean ACL of vegetation from different ecosystems. 

While garrigue taxa demonstrate the largest mean ACL (31.2), sub-Mediterranean vegetation 

has the lowest (29.0). There is high variation in the distribution of values within each 

ecosystem, but the low range of ACL values within cultivated, montane, and grassland 

vegetation is likely influenced by the small sample sizes. ACL appears to increase with higher 
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heat resistance; the largest mean ACL occurs in species with the highest tolerance to high 

temperatures, while the lowest values are in those with the least resistance. The ACL of taxa 

with middle resistance levels, however, show a large range with numerous outliers (n = 7). ACL 

shows a similar relationship with drought tolerance, with the highest mean ACL occurring in 

species with the greatest tolerance of water stress and the lowest values in those with the 

lowest tolerance. Similar to the PCA results using the data from Portugal (Fig. 7.9), there 

appears to be a relationship between the heat resistance and drought tolerance of a plant and 

its ACL. ACL does not show a strong relationship with site of sample collection, with the most 

westerly site (the Messenian Plain) demonstrating an extremely large range of values, likely 

reflective of the large sample size. Plants from El Paraíso have the largest mean ACL (31.2), 

while vegetation from the Serra de São Mamede site have the lowest mean ACL (29.2). 

 

While the carbon isotope record from Portugal documents d13Cn-alkane, the Messenian Plain d13C 

record analyses the carbon isotope composition of leaf tissue (d13Cbulk). As we are unable to 

constrain lipid biosynthesis fractionation, these records cannot be directly compared. Two 

sclerophyllous species, Olea europaea and Quercus ilex, analysed by both studies show lower 

d13Cn-alkane than d13Cbulk. In O. europaea, d13Cn-alkane values are 6.8 ‰ lower than d13Cbulk, while in 

Q. ilex, they are 5.2 ‰ lower. These values are similar to previous research which showed d13Cn-

alkane in C3 plants to be more depleted in 13C compared to the leaf tissue by ~5.9 ‰ (Collister et 

al., 1994). 
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Fig. 7.10: Box plots for total concentration (μg g-1) split by: a. plant functional group; b. 

ecosystem; c. heat resistance; d. drought tolerance; and e. site of sample collection. Each box 

represents the range of the middle 50% of the dataset, while the mid-line shows the mean 

value, and each whisker represents 25% of data. Red diamonds highlight outliers. Data from 

this study, Schäfer et al. (2016), and Norström et al. (2017). 
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Fig. 7.11: Box plots for ACL split by: a. plant functional group; b. ecosystem; c. heat resistance; 

d. drought tolerance; and e. site of sample collection. Each box represents the range of the 

middle 50% of the dataset, while the mid-line shows the mean value, and each whisker 

represents 25% of data. Red diamonds highlight outliers. Data from this study, Schäfer et al. 

(2016), and Norström et al. (2017). 
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7.3.5. n-Alkane distribution in the fossil record 

So as to use these modern leaf-wax records in the interpretation of the SHAK06-5K n-alkane 

records (see next section), these fossil records are presented here against age (Fig. 7.12), 

applying the chronology presented in Chapter 6. n-Alkane d13C (d13CC31) in the fossil record 

varies over the last 27.4 kyr (Fig. 7.12c), ranging from -30.2 to -32.9‰. While the highest d13C31 

values occur during the Holocene, the lowest values are reached during HS1. During HS2 and 

the LGM, values remain steady and low, averaging ~-32.3‰. During HS1, there is considerably 

more variability, and although the lowest levels of the record (-33.0‰) are reached at 15.96 

cal ka BP, higher values are seen at ~17.47 and 16.53 cal ka BP. Over the BA, d13C31 rises from -

32.7‰ at the start of the stadial to -31.3‰ at the transition into the YD. The YD sees a slight 

decline in d13C31, averaging ~-31.5‰. From the transition into the Holocene, d13C31 rises from -

31.36‰ to a peak of -30.3‰ at 8.36 cal ka BP. After this, d13C31 continues to decline through 

the mid-Holocene, reaching -32.0‰ at 5.19 cal ka BP. d13C31 then rises into the late Holocene, 

with increasing variability shown over this period, ranging from -30.2‰ at 2.54 cal ka BP to -

31.83 at 0.6 cal ka BP. 

 

Comparatively, d13C of atmospheric CO2 (d13Catmos) (Fig. 7.12b) demonstrates a much smaller 

variation, ranging between -6.3 and -6.7‰ (Eggleston et al., 2016). During MIS 2 the lowest 

values occur during the YD (-6.7‰) and HS1 (-6.7‰), while during the LGM (~-6.5‰) and BA 

higher values are reached (~-6.5 and ~-6.7‰, respectively). d13Catmos gradually rises in the early 

Holocene, reaching the highest values of the record in the mid-Holocene (-6.3‰) and 

remaining high thereafter. The concentration of CO2 in the atmosphere (pCO2) (Fig. 7.12a) 

increases significantly over the deglaciation, rising rapidly from ~184 ppmv during the LGM to 

~263 ppmv at 11.11 cal ka BP and rising more gradually thereafter to pre-industrial levels of 

280 ppmv (Monnin et al., 2004). 
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Fig. 7.12: Changes over time (cal yrs BP) in a. atmospheric CO2 concentration (pCO2) (ppmv) 

(Monnin et al., 2004); b. d13C of atmospheric CO2 (d13Catmos) (Eggleston et al., 2016); c. n-alkane 

d13CC31 from SHAK06-5K (‰ VPDB); d. n-alkane ACL from SHAK06-5K; e. temperate pollen (%) 

from SHAK06-5K; f. steppe pollen (%) from SHAK06-5K; g. Ericaceae pollen (%) from SHAK06-

5K; h. June boreal insolation (40°N; Wm2) (Berger, 1978). 
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7.4. Discussion 
 

7.4.1. Controls of total n-alkane concentration 

All three Mediterranean datasets show significantly higher total n-alkane concentrations per 

gram of dry leaf mass in woody angiosperms than in woody gymnosperms, mirroring the 

findings of existing studies across other regions (Chikaraishi et al., 2004; Diefendorf et al., 2011; 

Bush & McInerney, 2013). Herbaceous taxa (forbs and graminoids) from this region also 

demonstrated larger total n-alkane concentrations than woody gymnosperms. These findings 

are significant for fossil records for two reasons. Firstly, sediments with terrestrial proxies 

sourced primarily from gymnosperms will have significantly lower n-alkane concentrations 

than regions dominated by angiosperm elements. This means that without supporting proxies 

such as pollen or macrofossils, total n-alkane concentration in the sediment record cannot be 

used as an indicator of regional biomass density, as it is heavily controlled by the composition 

of the source vegetation. Secondly, where n-alkanes are sourced from mixed vegetation 

containing gymnosperms, woody angiosperms and herbaceous elements, the gymnosperm 

signal will be underrepresented relative to that of the angiosperm taxa (Diefendorf et al., 2011; 

Bush & McInerney, 2013). A parallel can be drawn to the treatment of some gymnosperm 

species in marine fossil pollen records. Pinus grains must be removed from palaeoclimatic 

reconstructions due to its over representation in marine sediments (Heusser & Balsam, 1977; 

Heusser, 1983), and as a consequence, neither leaf-wax n-alkane or marine pollen records can 

be reliably used to indicate the regional presence of gymnosperm vegetation compared to that 

of angiosperms. 

 

7.4.2. Controls of CPI 

Although the CPI in the Portuguese record demonstrates a significant correlation with both ACL 

and total n-alkane concentration, both relationships are weak (0.48 and 0.51, respectively; p < 

0.05). Furthermore, no relationship is apparent between CPI and plant functional group 

showing that this variable cannot be used in the fossil record to signal the presence or 

dominance of a particular plant group. Although there is considerable variation in the CPI of 

species in the Portuguese record, no species demonstrates a CPI value under 4. This indicates 

that CPI remains a useful quantitative tool for assessing the degradation of n-alkanes in marine 

sediments in SW Iberia, as values < 1 indicate a significant input from petrogenic or degraded 

material (Bray & Evans, 1961; Eglinton & Hamilton, 1967; Kennicutt et al., 1987). Further 

research on a greater range of species from this region, however, is required to support this 

conclusion.  
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7.4.3. Controls of ACL 

The three Mediterranean datasets show ACL varies considerably across Mediterranean 

vegetation. There is also significant variability in homologue distribution between species 

within the same genus (as demonstrated by Pinus pinaster, Pinus halepensis, and Pinus nigra 

and Pistacia lentiscus and Pistacia terebinthus), but within a single species (Olea europaea, 

Quercus ilex, Juniperus phoenicea, and Rumex acetosella), similar ACL values are demonstrated, 

despite being sampled in different locations. This finding has been shown in previous research 

(Eglinton et al., 1962). No relationship is demonstrated between plant functional groups and 

ACL in any of the records, despite this relationship having been previously implied for 

vegetation in other regions (Cranwell, 1973; Schwark et al., 2002; Zech et al., 2010; 2012). 

Consequently, we conclude that certain n-alkane chain-lengths cannot be used to represent 

certain plant functional groups in the Mediterranean region, but within some Mediterranean 

species, the distribution of n-alkane homologues appears to be similar. 

 

The species with the highest ACL values from the three datasets are the three Juniperus species, 

Vitex, Nerium, Olea, Salvia, Rosmarinus, Briza, Sarcopoterium, Phlomis, and both Thymus 

species. All are from garrigue, maquis, and grassland ecosystems which are found on the drier 

end of the moisture gradient compared to sub-Mediterranean and montane ecosystems 

(Margaris & Vokou, 1982). To further explore the potential relationship between heat/drought 

and ACL, every species in all three datasets were assessed for their heat resistance and drought 

tolerance, because many of these species can be found in multiple ecosystems and coexist in 

the same ecosystem despite different tolerance levels. As has already been shown by Norström 

et al. (2017) in the Messenian Plain dataset, the most drought tolerant and heat resistant 

species from all three locations demonstrate the highest ACL values. This relationship in the 

Portuguese dataset was further explored by PCA which demonstrated that drought resistance, 

heat tolerance and ACL are the key explanatory variables of the variation between these taxa. 

Furthermore, drought and heat tolerance show a strong positive relationship with ACL. 

Previous research has linked higher ACL of terrestrially sourced n-alkanes to lower latitudes 

and consequently increased temperatures/aridity (Poynter et al., 1989; Tipple & Pagani, 2013; 

Bush & McInerney, 2015). Here, I suggest that the ACL of cuticular n-alkanes of Mediterranean 

vegetation is closely linked to the drought and heat tolerance of the plant and therefore, the 

climatic conditions it is exposed to. 
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7.4.4. Mechanisms driving ACL 

It is acknowledged that increased crystallinity and a higher melting point lowers the 

permeability of the cuticular wax (Riederer & Schneider, 1990). Although cuticular waxes are 

composed of both long-chain lipids (≤ C40) and shorter-chain lipids (C20-C38; which includes n-

alkanes), steric hindrances form between chains of different lengths, meaning the greater the 

chain-length distribution, the larger the amorphous zone and the lower the crystallinity 

(Riederer & Schneider, 1990; Reynhardt, 1997). The higher the ratio of short chain lipids to 

long-chain lipids, the smaller the steric hindrances and chain-length distribution, which 

consequently increases the wax crystallinity (Reynhardt, 1997). 

 

Here, we suggest that as a drought avoidance mechanism, some plants benefit from higher ACL 

of their n-alkanes which consequently increases the chain-length distribution of the ‘shorter-

chain lipids’ (C20 – C38). This increases the volume of crystallites as well as the melting point of 

the wax because the longer the lipid chain-length, the higher its melting point. This enables the 

wax to maintain a high proportion of ‘shorter-chain’ hydrocarbons which reduces steric 

hinderances by decreasing the chain-length distribution, whilst increasing the volume fraction 

of crystallites. This potentially explains why it is beneficial in Mediterranean environments for 

plants under extreme temperature and drought stress to produce longer ‘shorter-chain’ lipids 

in order to reduce cuticular permeability, despite the increased energy required to do so. With 

previous research showing lower cuticular permeability in species better adapted to drought 

conditions (Kirsch et al., 1997), we suggest that ACL is a localised ecological adaptation at 

molecular level to the water availability of a species’ habitat. 

 

7.4.5. Dominant drivers of d13C variations in the modern record 

When assessing d13C of Juniperus, the only gymnosperm genus which garnered accurate 

isotopic results, both d13Cn-alkane of Juniperus turbinata and d13Cbulk of Juniperus phoenicea 

demonstrate the highest values of the Portuguese and Greek datasets, respectively. Previous 

research has shown the extent of both photosynthesis carbon fractionation and lipid 

biosynthesis fractionation varies between angiosperms and gymnosperms (Brooks et al., 1997; 

Chikaraishi & Naraoka, 2003; Diefendorf et al., 2010), and while our work cannot draw any firm 

conclusions from a single gymnosperm genus, it does indicate an area of interest for future 

research. d13Cn-alkane and d13Cbulk varies between angiosperm plant functional groups, with 

woody taxa demonstrating higher d13C values than herbaceous taxa in both records. This 
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variation suggests that a significant proportion of carbon isotope fractionation in 

Mediterranean vegetation is driven by the plant’s functional group. 

 

While the Mediterranean vegetation in both the Portuguese and Messenian Plain datasets 

display a wide range of d13Cn-alkane and d13Cbulk values, plant samples from the same 

species/genus demonstrate similar d13Cn-alkane (Rumex acetosella and Quercus) and d13Cbulk 

values (Pistacia and Quercus). These similarities occur despite many of the plants having been 

sampled from different locations, and consequently, exposed to varying local geological, 

ecological, and climatic conditions. This suggests that internal biological mechanisms are the 

dominant driver of the carbon isotopic signature within a species/genus, rather than external 

environmental conditions. Within families, however, d13Cn-alkane can vary significantly (i.e. 

Asteraceae), as does d13Cbulk (i.e. Lamiaceae and Oleaceae), suggesting that the biological 

mechanisms controlling plant carbon isotope fractionation differ between genera within the 

same family. While moisture availability can significantly influence a plant’s carbon isotope 

fractionation during CO2 uptake (Madhavan et al., 1991; Ehleringer et al., 1992; Pancost & Boot, 

2004; Diefendorf et al., 2010; Prentice et al., 2011; Freeman & Pancost, 2013), this 

fractionation is suggested to be similar within and between angiosperm species, plant 

functional groups, and communities (Wittmer et al., 2008; Prentice et al., 2011). Existing 

research on two Mediterranean Quercus species found similar d13C values within each species 

(with a total range of 4.4 and 3.1‰ for Q. pubescens and Q. ilex, respectively), despite samples 

having been taken across four Mediterranean sites with varied water availability (Damesin et 

al., 1997). In the Portuguese record, different species at each site show a wide range of d13Cn-

alkane values; similarly, the d13Cbulk values (all sampled from the Messenian Plain) also show a 

wide distribution. This supports the suggestion that the variations in carbon isotope 

fractionation between Mediterranean plants is primarily biologically controlled, as d13Cn-alkane 

and d13Cbulk varies considerably between genera despite these plants having grown in the same 

location, under similar local environmental conditions. Consequently, the plant function 

appears to drive significant differences in carbon isotope fractionation, while similar carbon 

isotope fractionation occurs within a species/genus. 

 

Finally, PCA (Fig. 7.9) showed that d13Cn-alkane explained a minor proportion of the variability in 

the Portuguese dataset, with no significant relationship found between d13Cn-alkane and other 

leaf-wax n-alkane properties (ACL, CPI, and total n-alkane concentration) (Fig. 7.7). This 

suggests that the primary driver(s) of other leaf-wax n-alkane properties are not linked to the 
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dominant driver of d13Cn-alkane in Mediterranean plants. Consequently, d13Cn-alkane may be useful 

as an independent climate proxy, with the potential for interpretation without reference to the 

other leaf-wax properties. 

 

7.4.5. Implications for palaeoclimate reconstructions using fossil leaf-wax n-alkanes 

Due to the significant variation in total n-alkane concentration between species and plant 

functional groups across all three Mediterranean datasets, the total n-alkane concentration in 

the fossil record cannot be confidently used to indicate the vegetation density of the source 

area. CPI values < 1 in the fossil record remain a useable tool in this region for indicating the 

significant input of petrogenic or degraded material. 

 

The three Mediterranean records demonstrate that ACL cannot be used as an indicator of 

dominant vegetation type (woody taxa vs herbaceous vegetation) in this region because ACL 

varies considerably between Mediterranean species and within plant functional groups. 

Although the modern Mediterranean datasets show a relationship between a plant’s ACL and 

its drought tolerance/heat resistance, the fossil n-alkane ACL record from SHAK06-5K shows 

considerable noise over the last 27.4 kyr. Consequently, it is not possible to assess whether ACL 

changes in the fossil record are primarily driven by the tolerance of the dominant plant 

communities to drought/heat stress. 

 

Considerable variation is shown in the SHAK06-5K fossil d13CC31 record over the last 27.4 kyr, 

signifying changes in carbon isotope fractionation in SW Iberian vegetation throughout MIS 2 

and the Holocene. While d13Catmos varied over this period (Fig. 7.12b), changes in SHAK06-5K 

d13CC31 are significantly higher (Fig. 7.12c). This shows that d13CC31 was influenced by factors 

other than d13Catmos over the last 27.4 kyr. Additionally, while leaf d13Cbulk can increase during 

periods of low pCO2 (Popp et al., 1989), the SHAK06-5K record displays the opposite trend, with 

low d13CC31 values during the LGM and HS1, coinciding with low pCO2 (Fig. 7.12a and c). 

Furthermore, existing research has shown atmospheric pCO2 to have a weak association with 

d13C in C3 plants compared to other environmental variables (Arens et al., 2000; Diefendorf et 

al., 2015b). 

 

While the modern data show that internal biological mechanisms are a key driver of carbon 

isotope fractionation in Mediterranean vegetation, demonstrating similar d13Cn-alkane values 

within plant functional groups, the SHAK06-5K fossil record is the combined signal of plant 
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communities within the Tagus catchment basin. Across large spatial scales, research has 

suggested that moisture availability is the dominant driver of d13Cn-alkane (Diefendorf et al., 

2010). Consequently, the d13Cn-alkane signal of the SHAK06-5K fossil record could be driven by 

two possible mechanisms: i) the direct influence of regional moisture availability/water stress 

on carbon isotope fractionation in SW Iberian vegetation, or ii) the indirect influence of the 

climate on regional vegetation structure leading to a change in dominant plant species with 

inherently different n-alkane d13C signatures. 

 

The first hypothesis is that fossil d13Cn-alkane is directly driven by spring/summer climate 

conditions, particularly in relation to water availability/water stress. As previously mentioned, 

water availability can drive significant changes in carbon isotope fractionation during CO2 

uptake as plants modulate their stomata in response to changing moisture availability 

(Farquhar et al., 1982; Farquhar & Sharkey, 1982; Ehleringer et al., 1992; Diefendorf et al., 

2010; Kohn et al., 2010; Liu & An, 2020). n-Alkane d13C in Mediterranean plants will primarily 

reflect spring/summer conditions as the greatest leaf-wax biosynthesis occurs during the 

growing season (Tipple et al., 2013; Nelson et al., 2018). Consequently, higher (lower) fossil 

d13Cn-alkane may document large-scale reduction (increase) in 13C discrimination across SW 

Iberian vegetation in response to reduced (enhanced) Spring/Summer water availability. 

 

The second hypothesis is that fossil d13Cn-alkane is driven by the isotopic signature of the 

dominant regional vegetation. The modern Mediterranean d13Cn-alkane records suggest that 

biological mechanisms are responsible for driving carbon isotope fractionation in 

Mediterranean vegetation, while in the SHAK06-5K record, d13CC31 is closely coupled with 

changes in temperate and steppe vegetation, signifying a close relationship between this proxy 

and SW Iberian vegetation composition. The highest d13CC31 occurs during the Holocene when 

thermophilous elements reached their peak expansion, while in the modern record, 

thermophilous woodland species demonstrate high d13C values between ~-33 and -34‰. 

Conversely, the lowest d13CC31 values are seen during the LGM and HS1 when steppe taxa reach 

their maximum expansion, while in the modern record, Chenopodium and graminoids (two 

major components of steppe taxa) show low d13C values around ~-38‰. 

 

When assessing the likelihood of these two suggested d13C drivers, we are unable to 

deconvolve the signal in the fossil record. It is possible that the low d13CC31 during the LGM and 

HS1 represents the low water stress of steppe taxa (due to their adaptation to arid conditions), 
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while the peak in d13CC31 at ~8.36 cal ka BP reflects high spring/summer water stress of 

woodland taxa which reach their maximum expansion at this time. Based on the findings of the 

modern Mediterranean records, however, and the close relationship between the SHAK06-5K 

d13CC31 and temperate/steppe vegetation records, the fossil d13Cn-alkane signal could be driven 

primarily by changes in SW Iberian vegetation composition. In turn, these vegetation 

communities are influenced by regional climate conditions. Further research is required to 

disentangle the climate and biological controls of d13Cn-alkane in the fossil record. In particular, 

the production of a hydrogen isotope n-alkane (dDn-alkane) record from SHAK06-5K would assist 

with the interpretation of the d13C signal by providing an independent precipitation signal 

(Sachse et al. 2004; Hou et al. 2008; Liu & Yang, 2008; Xia et al., 2008; Garcin et al. 2012; Sachse 

et al., 2012; Liu & An, 2018). 
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7.5. Conclusions 

• All modern Mediterranean species in the Portuguese dataset demonstrate CPI values 

greater than 4. As CPI values > 1 are used to indicate no significant contribution of 

petrogenic or degraded material to the sedimentary record, our modern record suggests 

that CPI is a reliable tool to ensure that fossil n-alkanes in SW Iberian sedimentary 

sequences are sourced from terrestrial vegetation. 

• The distribution of cuticular n-alkane ACL in modern Mediterranean vegetation varies 

between species within the same genus and within plant functional groups. This shows that 

n-alkane ACL cannot reliably indicate the dominant vegetation type (woody vs herbaceous 

taxa) in sediment records from this region. 

• In modern Mediterranean vegetation, ACL appears to have a strong relationship with the 

plant’s drought tolerance/heat resistance, with longer n-alkane chain-lengths occurring in 

species that are more tolerant of extreme drought/heat. I suggest this is an adaptive 

feature of Mediterranean vegetation at the molecular level, whereby the longer the chain-

length of the ‘shorter-chain lipids’ (C20 – C38; which includes n-alkanes), the higher the 

volume of crystallites and the higher melting point of the leaf-wax, which consequently 

reduces the cuticular permeability. 

• In modern Mediterranean vegetation, d13Cbulk and d13Cn-alkane are both driven by 

physiological mechanisms, with similar carbon isotope fractionation within a 

species/genus, and similar values occurring within plant functional groups. 

• We suggest that the fossil d13Cn-alkane record from SHAK06-5K could be driven by two key 

mechanisms: i) the direct influence of water availability on the carbon isotope fractionation 

of SW Iberian vegetation, and/or ii) the indirect influence of the climate on regional 

vegetation structure, as a carbon isotope fractionation may be primarily driven by a plant’s 

physiology. 

• Further research is required to produce a dDn-alkane record from SHAK06-5K; this will provide 

an independent precipitation signal, enabling the climatic and biological controls of d13Cn-

alkane to be disentangled. 
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Chapter 8: Palaeoclimate Discussion 

 

8.1. Introduction 

This chapter presents the following palaeoclimatic records against the age model developed in 

Chapter 6: SW Iberian Margin pollen from SHAK06-5K and MD01-2444, leaf-wax n-alkane d13C 

from SHAK06-5K, and existing palaeoceanographic records from both cores, all spanning the 

past 27.4 kyr. The materials and methods used in the production and quantitative analysis of 

these datasets will be outlined followed by a discussion of the palaeoclimatic interpretations 

of these records. This will explore orbital and millennial-scale variability in SW Iberian 

vegetation over the past 27.4 kyr as well as changes in the deposition of terrestrial material at 

our core sites over the last deglaciation. Abrupt changes in the pollen records will be explored 

to assess both extrinsically and intrinsically mediated SW Iberian vegetation changes over the 

past 27.4 kyr in response to changing background conditions. An ‘extrinsic’ abrupt vegetation 

change is defined as a direct ecological response to an abrupt climate forcing, while an 

‘intrinsic’ abrupt vegetation change is the result of a threshold/tipping point/non-linear 

feedback caused by a gradual climate forcing (Williams et al., 2011). 
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8.2. Methodology 
 

8.2.1. Bulk density and mass accumulation rates 

The bulk density of samples along the length of core SHAK06-5K (n = 111) were calculated using 

Equation. 8.1a, maintaining a constant laboratory temperature (~24°C) during these 

measurements (Appendix 18). Samples were dried by placing in the oven for 12 hours at 50°C. 

Mass accumulation rates (MAR) were calculated for the SHAK06-5K terrestrial records: pollen 

(grains cm-2 kyr-1) (Appendix 4) and n-alkanes (ng cm-2 kyr-1), using bulk density, SAR, and proxy 

concentrations (Equation 8.1b) (Appendix 19). The calculation of pollen and n-alkane 

concentrations is explained in sections 4.2 and 5.2, respectively. As the SAR of the master 

sequence (Fig. 6.6; created using 40 AMS 14C dates from SHAK06-5K and seven from MD01-

2444) is higher between 8.2 and 7.7 cal ka BP than in core SHAK06-5K, due to the inclusion of 

MD01-2444 14C dates, the SAR used in the MAR calculations was produced using only SHAK06-

5K 14C dates, applying a Bayesian P_sequence model in Oxcal (Bronk Ramsey, 2007). This 

prevented the higher sedimentation rate of MD01-2444 from influencing the SHAK06-5K pollen 

and n-alkane MARs. 

 

The bulk density record (n = 111) was linearly extrapolated to provide values for every depth 

of the pollen and n-alkane records (n = 162 and n = 71, respectively). While the MAR was 

calculated for every sample of the n-alkane record, three samples were excluded from the 

pollen record (96, 168 and 314cm); these depths displaying extreme pollen concentrations 

(shown in section 4.3). Their removal prevents the distortion of the figures and improves the 

subsequent analysis of the temporal changes in the mass flux of pollen to site SHAK06-5K. The 

pollen MAR record highlighted four additional extreme values (188, 202, 218 and 224 cm) 

which exceed 136,000 grains g-1, with the largest of these outliers being 3.3x greater than the 

largest ‘non-extreme’ value. As all four outliers are single datapoints without corresponding n-

alkane or bulk density measurements, it could not be determined whether these outliers 

resulted from a methodological error or an abrupt environmental change. Consequently, all 

four values were removed from the MAR dataset to improve the visualisation and 

interpretation of the record. This data allows for the analysis of temporal variations over the 

past 27.4 kyr in the deposition of pollen and n-alkanes at this location. 
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a.						BD	 = 	M!"# 	 ∗ 		V$%& 
 

b. 						MAR'"()# 	= 	 C'"()# 	 ∗ 		SAR	 ∗ 	BD 

 

Equation. 8.1: Calculation of a sample’s: a. bulk density (BD; g cm-3) using the sample’s dry 

sediment mass (Mdry; mg) and wet sediment volume (Vwet; mm3); and b. mass accumulation 

rate of pollen and n-alkanes (MARproxy) (MARpollen, grains cm-2 kyr-1; MARn-alkane, ng cm-2 kyr-1) 

using the proxy concentration (Cproxy) (Cpollen, grains g-1; Cn-alkane, ng g-1), sediment accumulation 

rate (SAR; cm kyr-1), and bulk density (BD; g cm-3). 

 

 

8.2.2. Intrinsic/extrinsic vegetation response 

In order to quantitatively analyse the response of SW Iberian vegetation to abrupt climate 

events over the past 27.4 kyr, the rate of change (RoC) of the SHAK06-5K vegetation records 

was calculated and compared to the RoC of simulated and proxy climate records from this 

region. Temperate and steppe pollen records from SHAK06-5K were used to assess the rate of 

vegetation change, while UK'
37- derived Iberian Margin SSTs from MD01-2444 (Martrat et al., 

2007), and simulated annual precipitation (cm yr-1) and surface air temperature for December, 

January, and February (DJF SAT) (°C) over Iberia were used as regional climate forcings. 

Western Iberian DJF SAT and annual precipitation (9 – 2°W, 39 – 43°N) were extracted from 

transient experiments of the last glacial period (here 29.9 – 18 cal ka BP, Menviel et al., 2014), 

subsequent deglaciation and Holocene (18 – 2 cal ka BP , Menviel et al., 2011), performed with 

the Earth system model of intermediate complexity, LOVECLIM (Goosse et al., 2010). The 

experiments were forced with time varying changes in orbital parameters (Berger, 1978), 

Northern Hemispheric ice-sheets topography, extent and albedo (Abe-Ouchi et al., 2007), and 

atmospheric CO2 concentration (Ahn & Brook, 2008). To mimic millennial-scale climate 

variability associated with Heinrich events and the YD, meltwater was added into the North 

Atlantic to induce AMOC variations. Reconstructed SW Iberian Margin SSTs (UK'
37- derived) 

from MD01-2444 were aligned to the master age model using the automated proxy-to-proxy 

stratigraphical alignment method outlined in Chapter 4. 

 

Gaussian interpolation was used to resample the simulated climate records and the SST and 

pollen timeseries every 200 years, although for the proxy data where the SAR in the master age 

model is extremely low, linear interpolation was used (~50 – 83 cm). The RoC was calculated 
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for the simulated and fossil climate records by taking the difference between consecutive 

samples every 200 years, then normalizing the data by subtracting the mean and dividing by 

the standard deviation, and finally transforming all values into positives (Table 8.1; Fig. 8.4). To 

define an abrupt event, the RoC in the simulated and fossil records had to meet the following 

criteria: a minimum of two datapoints in succession must exceed 1s. One exception to this rule 

is the abrupt DJF SAT increase at the end of HS2, where one value falls slightly below 1s (0.87). 

The RoC of its neighbouring samples, however, exceed the 1s threshold as does the mean RoC 

of the three samples together; consequently, the rapid SAT increase at the end of HS2 was 

accepted as an abrupt event. The simulated and fossil records have different timescales and 

are therefore displayed separately in Fig. 8.4. As the timings of these abrupt changes in the 

simulated and fossil records do not always have the same age, only the RoC of abrupt climate 

transitions are analysed and compared. 

 

8.2.3. Methods of published SW Iberian Margin palaeoceanographic records 

While the following SW Iberian Margin palaeoceanographic records have been published 

elsewhere, a summary of the methods used to construct these records is provided below. 

 

SHAK06-5K IRD measurements (Ausin et al., 2020): 

A stereomicroscope was used to identify IRD from the sediment fraction > 300 μm. The 

measurements were made at a 2cm resolution for the depths of HS2 (308 – 262 cm), HS1 (170 

– 114 cm) and the YD (96 – 78 cm). From the total IRD, detrital carbonate was then measured. 

The concentration of the total IRD and detrital carbonate IRD are expressed in grains per gram 

of dry sediment (grains g-1; > 300 μm) 

 

SHAK06-5K alkenone-derived SST (Ausin et al., 2019b): 

Alkenones were extracted from the freeze-dried sediment of core SHAK06-5K at the 

Biogeoscience laboratory, ETH, Zurich. The method is similar to that outlined in section 5.2.2, 

with total lipid extraction, followed by saponification used to firstly isolate the neutral fraction. 

Silica gel column chromatography was then used to split the neutral fraction into three polarity 

fractions (explained in 5.2.2 and illustrated in Fig. 5.4), with fraction 2 (ketones and aldehydes) 

containing the alkenones. Abundances and Uk’37 ratios (Brassell et al., 1986) were determined 

using GC-FID while Uk’37-derived SSTs were calculated using the latest global calibrations of 

Tierney and Tingley (2018). 

 



 

 169 

MD01-2444 alkenone-derived SST (Martrat et al., 2007): 

Alkenones were extracted from MD01-2444 sediment samples. Samples were first freeze dried 

and lipids extracted by sonification using DCM. Extracts were then hydrolysed with KOH (6%) 

in MeOH and derivatised using bis(trimethylsilyl)trifluoroacetamide. Samples were analysed 

using GC-FID and GC-MS. Absolute concentration errors were < 10%. The uncertainty of the 

Uk’37 determinations was < 0.015 (~ ±0.5oC). SST reconstructions were calculated using the 

relative composition of unsaturated C37 alkenones [Uk’
37= C37:2/(C37:2+C37:3)] and calibrated 

following the method of Müller et al. (1998). 
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8.3. Results and Discussion: 

 

8.3.1. Variation in the deposition of terrestrially sourced material 

The pollen concentration and MAR, and the n-alkane MAR of SHAK06-5K is highest in the lower 

part of the core (the LGM, HS1, BA, and YD) (Fig. 8.1e-g). Between ~12 and 11 cal ka BP, the 

pollen MAR declines from 38,150 to 1,990 grains cm-2 ka-1, while the pollen concentration 

declines from 3,070 to 680 grains g-1, with both records remaining low thereafter. This decline 

coincides with a decrease in n-alkane MAR at ~12.3 cal ka BP and bulk density of the core at 

~13 cal ka BP (Fig. 8.1b and d). A smaller but simultaneous decline is seen in the MD01-2444 

pollen concentration record, reducing from 924 to 274 grains g-1 between ~12 and 11 cal ka BP 

(Fig. 8.1h). In contrast to our MAR and concentration records, lacustrine pollen records from 

Charco da Candieira  (van der Knaap & van Leuween, 1997) show a prominent increase in total 

pollen concentration from the YD into the Holocene, indicating that vegetation density 

increased from the deglaciation into the warmer Holocene interglacial. The SHAK06-5K 

ln(Ca/Ti) reflects variations in the proportion of biogenic (Ca) to detrital (Ti) sediment (Fig. 8.1c) 

(Hodell et al., 2013b). During warm interglacials/interstadials, Ti has been shown to decrease 

relative to Ca in the marine environment as a result of increased vegetation cover, reduced 

catchment erosion, reduced river transport of detrital material, and also increased carbonate 

productivity (Hodell et al., 2013b). Our record demonstrates a slight rise in ln(Ca/Ti) during the 

BA and a significant increase throughout the Holocene, suggesting a decrease in terrigenous 

supply likely a result of increased  vegetation cover, coinciding with the expansion of woodland. 

Conversely, during the LGM and subsequent deglaciation, ln(Ca/Ti) declined, indicating 

decreased carbonate productivity relative to the terrigenous supply, and by extension reduced 

vegetation cover which coincided with the expansion of steppe vegetation. 

 

It would, therefore, be expected that the SHAK06-5K pollen and n-alkane MAR and 

concentration records would increase from the glacial into the Holocene. The pollen 

concentrations and MARs and the n-alkane MARs, however, show a significant decline from 

the middle of the YD into the Holocene, with the lowest values reached in the mid-Holocene 

(~6.1 cal ka BP in the pollen records and ~8 cal ka BP in the n-alkane MAR record). A similar 

pattern is also observed in the total pollen concentration record of nearby marine core MD95-

2042 (Chabaud et al., 2014), which shows an abrupt decline at ~12 cal ka BP and lowest values 

between ~8 – 5 cal ka BP. MD01-2444 also documents a significantly reduced pollen 

concentration from the YD into the Holocene, while core D13882 (Gomes et al., 2020; Fig. 8.1i), 
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located on the continental shelf, near the mouth of the Tagus, shows lower pollen 

concentrations after 10.6 ka which remain low until 5.5 cal ka BP, increasing gradually until a 

significant increase at 2.3 cal ka BP. 

 

I suggest that the decline in mass flux and concentration of terrestrial vegetation proxies in 

cores SHAK06-5K and MD01-2444 is a consequence of altered terrestrial sediment deposition 

at our core sites. While the source area of pollen to this site remained relatively constant over 

the last 27.4 kyr, the depocenter of terrestrial material delivered from the continent by the 

Tagus River was altered by rising sea levels over the deglaciation (Jouanneau et al., 1998; Vis 

et al., 2008; 2016). 

 

The decline in pollen concentration and pollen and n-alkane MARs at our site is coeval with the 

timing of the disconnection of the Tagus river from the Cascais and Sebutal-Lisbon canyons 

between 13 – 12 cal ka BP (Vis et al., 2008; 2016; Vis & Kasse, 2009). Throughout MIS 2, the 

direct connection of the river to these canyons (illustrated in Fig. 2.3) meant that high volumes 

of sediment bypassed the continental shelf and were deposited in the deeper marine 

environment (Vis et al., 2008; 2016; Vis & Kasse, 2009). Deglacial sea-level rise resulted in the 

landward movement of the depocenter, starting between 13 – 12 cal ka BP and lasting until 7 

cal ka BP (Vis et al., 2008; 2016; Vis & Kasse, 2009). This reduced the transport of pollen and 

leaf-wax n-alkanes to greater depths, including to sites SHAK06-5K and MD01-2444, both 

located on the Promontório do Príncipe de Avis spur. While these deeper cores show a decline 

in pollen concentration and MAR, and n-alkane MAR after the disconnection of the canyon with 

the Tagus river, the location of D13882, situated on the continental shelf close to the mouth of 

the river (shown in Fig. 2.3), meant high quantities of terrestrial sediment continued to be 

deposited until much later. The decline in pollen concentration at D13882 occurred between 

10.6 – 5.1 cal ka BP, coeval with the trapping of large quantities of fluvial sediment in the Lower 

Tagus Valley, reducing transport to the marine environment (Vis et al., 2016). Once the lower 

valley had been filled after 5.5 cal ka BP, sedimentation to the shelf increased, which is likely 

to have contributed to the increase in pollen concentration in core D13882 after this time. We 

therefore suggest, on a glacial-interglacial timescale, that the location of terrestrial sediment 

deposition in this region, and consequently the pollen and n-alkane MARs at sites SHAK06-5K 

and MD01-2444, is strongly controlled by relative sea level.  
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After 2.7 cal ka BP, there is a slight rise in pollen concentrations and MARs and n-alkane MARs 

which coincides with a significant rise in SAR and a decline in ln(Ca/Ti). Other records from this 

region also show a rise in sedimentation rates after ~2 cal ka BP, resulting from the impact of 

anthropogenic land-use change (Vis et al., 2016; Gomes et al., 2020). The D13882 record, 

located closer to the Tagus river, shows a considerable rise in pollen concentration after this 

time, indicating that a large proportion of terrestrial proxies over the last 2 cal ka BP did not 

reach the deep ocean but were instead deposited in high concentrations on the continental 

shelf. At the very top of the SHAK06-5K record, after 0.6 cal ka BP, SAR declined, coinciding 

with reduced pollen and n-alkane concentrations and MARs, a pattern also seen in the pollen 

concentration of core D13882. This likely reflects enhanced anthropogenic activities in the 

catchment after this time (including the intensification of agriculture, reduction of 

Mediterranean shrublands, establishment of Pinus plantations, and hydrological regulation) 

altering the hydrology and sediment dynamics of the Tagus river (Vis et al., 2008; Fernandes et 

al., 2020), and consequently altering the deposition of terrestrial material at our core sites. 
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Fig. 8.1: a. Sediment accumulation rate (SAR) of core SHAK06-5K (cm ka-1); b. bulk density of 

core SHAK06-5K (g cm-3); c. ln(Ca/Ti) from SHAK06-5K; d. n-alkane concentration (C27 – C33) of 

core SHAK06-5K (ng g-1); e. n-alkane mass accumulation rate (C27 – C33) of core SHAK06-5K 

(MARn-alkane; ng cm-2 ka-1); f. pollen concentration of core SHAK06-5K (grains g-1); g. pollen mass 

accumulation rate of core SHAK06-5K (MARpollen; grains cm-2 ka-1); h. pollen concentration of 

core MD01-2444 (grains g-1); i. pollen concentration of core D13882 (grains g-1; Gomes et al., 

2020); j. ice rafted debris from core SHAK06-5K (grains g-1; Ausin et al., 2020). 
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8.3.2. Orbital-scale variability 

 

8.3.2.1. MIS 2 

Over MIS 2, the expansion of steppe vegetation, low SSTs (Ausin et al., 2019b; Martrat et al., 

2007), and high d18OG. bulloides values (Ausin et al., 2019a) in core SHAK06-5K and high benthic 

foraminiferal d18O in MD95-2042 (Shackleton et al., 2000) (Fig. 8.2), reflect the influence of low 

insolation, low pCO2, and northern ice sheets on atmospheric circulation patterns, surface 

ocean and air temperatures, and the hydrological cycle (Pollard & Barron, 2003). In addition, 

the dominance of steppe taxa indicates the direct influence of low pCO2 concentrations on the 

photosynthetic rate and water use efficiency of vegetation (Polley et al., 1993; Cowling & Sykes, 

1999; Ehleringer & Cerling, 1995; Monnin et al., 2001; 2004; Marcott et al., 2014). Research 

has suggested that the maximum ice volume extent of the LGM shifted the polar front 

southwards, intensifying the westerlies over Southern Europe and altering the transport of 

atmospheric heat and moisture (Bard et al., 1987; Eynaud et al., 2009). While some modelling 

studies have suggested that the westerlies strengthened and shifted southward, and 

precipitation over the Iberian Peninsula increased during the LGM (Laîné et al., 2009; Beghin 

et al., 2016; Ludwig et al., 2016; Kutzbach et al., 2020), other simulations show a drying 

(Braconnot et al., 2007). Simulated cold/dry conditions are in line with the dominance of steppe 

in vegetation records from this region (Hooghiemstra et al., 1992; Turon et al., 2003; Oliveira 

et al., 2018). 

 

In the SHAK06-5K record, although steppe elements dominated throughout the LGM, there is 

a low (<12%) but continuous presence of thermophilous temperate pollen and an increase in 

Ericaceae pollen percentages which coincides with northern winter at perihelion ~22.5 ka (Fig. 

8.2). Heathland expansion has been linked to reduced summer aridity as a result of 

precessional changes leading to reduced boreal summer insolation (Margari et al., 2007; 2014; 

Fletcher & Sánchez Goñi, 2008). 

 

While lower LGM temperatures and reduced winter precipitation favoured the expansion of 

steppe taxa, the reduced seasonality caused by the summer insolation minimum, combined 

with moderate Iberian Margin SSTs (Cayre et al., 1999; Pailler & Bard, 2002; de Abreu et al., 

2003; Ausin et al., 2019b) may  have reduced summer evaporative conditions and allowed for 

moderate levels of effective moisture that were able to sustain heathland populations and 

some thermophilous elements. Simulated precipitation records from Western Iberia also show 
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reduced hydrological seasonality during the LGM compared to pre-industrial levels (Menviel et 

al., 2011). At this time, d 13CC31 displays the lowest values of the record, demonstrating high 

carbon isotope fractionation in SW Iberian vegetation, though it remains unclear  whether this 

represents a direct or indirect climate control: the increased fractionation could reflect 

relatively low water stress or alternatively the physiology of the dominant vegetation. 

 

8.3.2.2. Early Holocene 

Following intermediate expansions and contractions during the Late Glacial (see next section), 

temperate tree pollen percentages gradually increased at the start of the Holocene, seeing an 

early expansion of pioneer taxa later replaced by thermophilous temperate elements, 

indicating an increasingly dense woodland environment and warmer/wetter conditions. 

Temperate tree taxa peaks in both SHAK06-5K and MD01-2444 between ~10.1 - 8.4 cal ka BP. 

This gradual forest expansion at the onset of the Holocene is in phase with the rise in d13CC31 

which peaked at ~8.3 cal ka BP, and the gradual decline in d18OG. bulloides and rise in SSTs. In 

parallel, Ericaceae percentages declined, reaching a minimum during the time of the summer 

insolation maximum, associated with enhanced hydrological seasonality and summer aridity, 

as indicated by the peak in Mediterranean sclerophylls. After ~7.8 cal ka BP temperate tree 

pollen values decreased while Ericaceae percentages increased and d13CC31 declined. Iberian 

Margin SSTs remained high (~18°C) (Martrat et al., 2007; Rodrigues et al., 2010; Ausin et al., 

2019b; Gomes et al., 2020), but with an overall small gradual decreasing trend throughout the 

mid and late Holocene. Again, the increase in Ericaceae mirrors the decline in summer 

insolation, pointing to a shift in summer moisture availability. 

 

What emerges is that while seasonality of precipitation in SW Iberia followed changes in 

summer insolation,  the peak in temperate woodland values lags the insolation maximum by 

~1 – 3 kyr. Comparison with the timing of vegetation changes during the Last Interglacial (LIG) 

at the same location (core MD01-2444) (Tzedakis et al., 2018) reveals a distinct difference, with 

the peak in temperate tree pollen percentages occurring at ~128 ka, very close to the onset of 

the interglacial and ~1 kyr ahead of the insolation peak. One possible explanation for this 

difference might lie in the evolution of ice volume during the two interglacials, with sea level 

approaching present-day values at the onset of the LIG (Dutton et al., 2015; Rohling et al., 

2019), while being 60 m below present values at the onset of the Holocene (Lambeck et al., 

2014). Thus, in the early Holocene, residual ice sheets still had a dominant influence over 
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regional temperatures and winter moisture availability (Baker et al., 2017; Marsicek et al., 

2018), which delayed forest expansion, despite maximum boreal insolation. 

 

A final consideration is the parallel evolution of the d13CC31 and temperate tree pollen records 

during the early Holocene. Following on from the suggestions in Chapter 7, the d13CC31 record 

could reflect a direct or indirect relationship with the changing climate. One possibility is that 

d13CC31 over the early Holocene was primarily driven by the changing vegetation structure. The 

increase in d13CC31 over this period coincided with the rise in thermophilous woodland which 

may indicate that the physiology of temperate taxa led to lower carbon isotope fractionation. 

Another possibility is that the d13CC31 record was directly influenced by changing climate 

conditions. As global ice volume reduced over the early Holocene, rising regional summer 

temperatures and evaporative conditions enhanced Spring/Summer water stress of the 

dominant taxa which led to higher d13CC31. 

 

8.3.2.3. Early to Mid-Holocene transition 

At the transition from the early to the mid-Holocene, MD01-2444 displays a brief decline in 

thermophilous woodland between 8.4 and 7.9 cal ka BP, with this contraction extending over 

the 8.2 ka event, which has been attributed to a catastrophic release of meltwater from Lake 

Agassiz/Ojibway that led to a perturbation of the AMOC (Barber et al., 1999; Renssen et al., 

2001; Alley, 2003; Alley & Ágústsdóttir, 2005; LeGrande et al., 2006) and a large-scale North 

Atlantic cooling (Von Grafenstein et al., 1998; Tinner and Lotter, 2001; Thomas et al., 2007). 

After a short recovery, a rapid and significant contraction of thermophilous woodland 

occurred, declining ~40% in < 500 cal yrs BP. Temperate woodland percentages remained low 

(between 19 - 33%) throughout the mid-Holocene, coinciding with an expansion of Ericaceae 

and heliophilous Cichorioideae. These changes follow the gradual decline in boreal insolation, 

suggesting that the associated increased summer water availability favoured the expansion of 

heathland over temperate woodland and provided a more open environment, allowing the 

expansion of heliophilous elements. While the mid-Holocene gradual expansion of heathland 

and heliophilous herbs is a relatively linear response to declining boreal insolation, the rapid 

decline of temperate taxa at ~7.8 cal ka BP signifies an abrupt response to the same gradual 

climate forcing. This abrupt ecological response will be further explored in section 8.3.4. 

 

Similar to the temperate record, d13CC31 gradually increased over the early Holocene, peaking 

at 8.4 cal ka BP before declining and reaching the lowest values of the Holocene (-32‰) at 5.2 
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cal ka BP. The d13CC31 decline through the mid-Holocene is much more gradual than that of the 

temperate pollen record. While the Mid-Holocene d13CC31 decline may have been primarily 

influenced by the changing vegetation structure at this time, it is more likely reflecting the 

gradually decreasing Spring/Summer water stress of the dominant taxa over this period. The 

correspondence of the d13CC31 decline with the expansion of Ericaceae and declining boreal 

insolation indicates that the reduced hydrological seasonality may have lowered the 

spring/summer water stress of the dominant vegetation, and therefore increased carbon 

isotope fractionation in SW Iberian vegetation. 

 

8.3.2.4. Late Holocene 

Open woodland characterises the late Holocene, with low but increasing levels of 

thermophilous temperate woodland and high levels of heliophilous Cichorioideae and 

Ericaceae. The heathland expansion coincides with a boreal insolation minimum, associated 

with reduced precipitation seasonality and increased summer water availability. The SHAK06-

5K pollen MAR record indicates that anthropogenic activities in the catchment significantly 

enhanced after 2.7 cal ka BP, while the sharp rise in Pinus after ~0.6 cal ka BP is likely linked to 

large-scale afforestation of this genus. The d13CC31 record shows significant variability, with an 

initial increase followed by a decline in values until ~0.6 cal ka BP. The vegetation composition 

of core SHAK06-5K, therefore, will have been heavily influenced after this time by the 

increasing intensification of agriculture and regulation of hydrology, with the latter making the 

interpretation of the d13CC31 record particularly difficult. Supporting data would be required to 

disentangle the anthropogenic, climatic and physiological controls of leaf-wax n-alkane d13C in 

SW Iberian vegetation during this period. 
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Fig. 8.2: Climate records over the past 27.4 kyr (cal yrs BP) of: a. North Greenland d18Oice 

established by the Greenland Ice Core Chronology 2005 (VSMOW ‰; Rasmussen et al., 2006); 

b. ln(Zr/Sr) from SHAK06-5K (Ausin et al., 2020); c. d18O of planktonic foraminifera from 

SHAK06-5K (d18Oplanktonic; ‰ VPDB; Ausin et al., 2019a); d. d18O of benthic foraminifera from 

MD95-2042 (d18Obenthic; ‰ VPDB; Shackleton et al., 2000); e. UK’37 -derived sea surface 

temperature (SST; °C) from SHAK06-5K (Ausin et al., 2019b) and MD01-2444 (Martrat et al., 

2007); f. temperate pollen from SHAK06-5K (dark green) and MD01-2444 (light green) (%); g. 

Mediterranean pollen from SHAK06-5K (red) and MD01-2444 (light red) (%); h. steppe pollen 

from SHAK06-5K (dark blue) and MD01-2444 (light blue); i. Ericaceae pollen from SHAK05-5K 

(dark purple) and MD01-2444 (light purple) (%); j. n-alkane d13CC31 from SHAK06-5K (‰ VPDB); 

k. boreal insolation at 40°N (Wm2; Berger, 1978); l. ice-rafted debris (IRD; grains g-1; Ausin et 

al., 2020). Note different scales in pollen percentages. 

 

8.3.3. Abrupt climate variability 

 

8.3.3.1. Heinrich Stadials 1 & 2 

Following Margari et al. (2020), HS2 and HS1 are defined in core SHAK06-5K by changes in 

lithology: the XRF ln(Ca/Ti) and ln(Zr/Sr) ratios (Figs. 8.1c and 8.2b) reflect variations in the 

relative proportion of detrital (Zr, Ti) and biogenic (Sr, Ca) sediment; this is governed by both 

dilution by terrigenous sediment and carbonate production. Carbonate productivity during 

stadial periods declined relative to the supply of terrigenous material; however transient 

increases in Ca reflect the input of detrital carbonate IRD, presumably originating from the 

Hudson Strait (Hodell et al., 2013b). 

 

During HS2, (25.7 – 23.6 cal ka BP) the pollen spectra are dominated by cryoxerophytic steppe 

taxa, primarily Artemisia, with some open woodland elements, indicating cold/dry conditions. 

Early in HS2, an expansion of steppe taxa with the presence of temperate and pioneer 

vegetation signifies cool temperatures and moderate moisture availability. Within HS2, a small 

peak in IRD, including detrital carbonate, occurs between ~24.6 - 24.1 cal ka BP (Ausin et al., 

2020) (Fig. 8.3) coeval with a local maximum in steppe taxa, while arboreal taxa and Ericaceae 

declined, indicating the coldest, driest conditions of the stadial. 

 

HS1 (23.6 – 19.1 cal ka BP) is a complex interval characterized by lower SSTs and an increase in 

d18OG. bulloides and high steppe pollen percentages. Early in HS1 (18.2 – 17.2 cal ka BP) SSTs and 

pollen percentages of temperate trees and pioneer taxa fluctuate, while Ericaceae remained 
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relatively high. The most extreme conditions of the entire 27.4 kyr record are documented 

within the second part of HS1, coeval with a peak in IRD, including detrital carbonate (17.2 – 

16.1 cal ka BP): SSTs reached a minimum of 11.3°C (Fig. 8.3c), while the pollen record shows 

the greatest expansion of steppe taxa alongside minimal levels of temperate and pioneer 

vegetation and low levels of Ericaceae, signifying the coldest, driest conditions of the stadial 

and entire deglaciation. In the final section of HS1 (16.1 – 15.4 cal ka BP), IRD concentrations 

declined while SSTs and temperate tree pollen percentages gradually recovered, reflecting an 

interval of slowly evolving conditions before the onset of the BA interstadial. 

 

A complex structure, with a double IRD peak and attendant cooling, has been identified in 

North Atlantic records of HS1 (Bond & Lotti, 1995; Bard et al., 2000; Marcott et al., 2011; Hodell 

et al., 2017). This has also been observed in SW Iberian Margin SSTs (Pailler & Bard, 2002; 

Martrat et al., 2007) and primary productivity (Ausin et al., 2020), and in NW Iberian vegetation 

records (Naughton et al., 2007; 2009). Our records also show two SST minima at 17.5 and 16.6 

cal ka BP, with the first SST decline and SW Iberian steppe expansion occurring prior to the 

deposition of IRD at our core site. The IRD layer is associated with the second and more 

extensive SST and steppe maximum, indicating that the penetration of iceberg meltwater at 

the SW Iberian margin altered surface ocean conditions and regional hydrology (Bard et al., 

2000; Pailler & Bard, 2002; Voelker et al., 2009; Salgueiro et al., 2014; Ausin et al., 2020), 

leading to the coldest/driest land conditions in SW Iberia. Although the low North Atlantic SSTs 

during HSs have been linked to the southward shift in the polar front and strengthened winds 

over SW and Central Iberia (Costas et al., 2016; Wolf et al., 2018; 2019), I suggest that despite 

the strengthened westerlies, lower regional temperatures reduced evaporative moisture in SW 

Iberia which favoured the expansion of steppe taxa during both HS2 and HS1. During both 

Heinrich Stadials, changes in steppe taxa are in phase with SSTs, d18OG. bulloides and IRD (Fig. 8.2), 

demonstrating a close coupling of land-sea conditions in SW Iberia during these extreme cold 

North Atlantic events. 

 

8.3.3.2. BA 

The BA (15.4 – 13.2 cal ka BP) is defined by a change in lithology, with lower XRF ln(Zr/Sr) values 

and characterized by a shift in SSTs, d18OG. bulloides, and pollen percentages to an interstadial 

state, indicating warmer and wetter conditions. After a rapid expansion of arboreal vegetation 

and decline in d18OG. bulloides at the transition from HS1, temperate taxa briefly declined at 15.2 

cal ka BP, coeval with a small decrease in SSTs. Temperate tree values then gradually increased, 
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signifying progressively warmer/wetter conditions, and coinciding with declining d18OG. bulloides. 

The peak in percentages of thermophilous elements occurred at 13.7 cal ka BP (47%), coeval 

with a decline in steppe values and rise in SSTs. Ericaceae pollen percentages expanded at the 

onset of the BA before gradually decreasing, while values of Mediterranean sclerophylls show 

an opposite trend, suggesting a gradual rise in summer aridity. All arboreal elements declined 

after 13.7 cal ka BP, along with a contraction of heathland and expansion of steppe, indicating 

a cooling/drying. During this interstadial, d13CC31 increased from -32.2‰ at 15.1 cal ka BP to -

31.3‰ at 13.4 cal ka BP, indicating that carbon isotope fractionation in SW Iberian vegetation 

declined over the BA. This could reflect the changing vegetation structure of this period, with 

the temperate arboreal elements that expanded over the BA having lower carbon isotope 

fractionation than the steppe elements that preceded them. It may, however, be primarily 

influenced by enhanced Spring/Summer water stress of SW Iberian vegetation as hydrological 

seasonality increased, caused by the rising boreal insolation over the course of the interstadial. 
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Fig. 8.3: In SW Iberian Margin cores over HS1 and HS2, changes in: a. ln(Zr/Sr) from SHAK06-5K 

(Ausin et al., 2020); b. ln(Ca/Ti) from SHAK06-5K (Ausin et al., 2020); c. UK’37 -derived sea 

surface temperature (SST; °C) from SHAK06-5K (Ausin et al., 2019b) and MD01-2444 (Martrat 

et al., 2007); d. Eurosiberian pollen from SHAK06-5K (%); e. Mediterranean pollen from 

SHAK06-5K (%); f. pioneer pollen from SHAK06-5K (%); g. steppe pollen from SHAK06-5K (%); 

h. Ericaceae pollen from SHAK06-5K (%); and i. ice rafted debris (IRD; grains g-1; Ausin et al., 

2020). 

 

8.3.3.3. YD 

A shift in XRF ln(Zr/Sr) and ln(Ca/Ti) values demarcates the YD stadial in both cores SHAK06-5K 

and MD01-2444 (13.2 -12 cal ka BP), with the stadial characterized by a drop in SSTs.  Pollen 

records document the expansion of steppe communities throughout this period, with a 

moderate presence of mixed open woodland, indicating cooler/drier conditions than the 

preceding interstadial. The pollen values of steppe taxa, however, do not reach those of HS2 
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and HS1 and the low but continuous presence of Mediterranean vegetation suggests that 

winter temperatures were moderate enough to sustain these elements. At the onset of the YD, 

steppe taxa rapidly expanded in < 250 years, coinciding with a decline in SSTs and a rise in d18OG. 

bulloides. 

 

8.3.4. Intrinsic/Extrinsic vegetation change 

For each climate transition (the onset and end of HS2, HS1, and the YD) and the HS1 IRD event, 

the criteria for abrupt change are met by at least one of the three regional climate records 

(simulated DJF SAT and annual precipitation, and UK'
37- derived SSTs from MD01-2444); 

additionally, while not always having two consecutive samples above the threshold for 

inclusion, some of the records had one datapoint above 1s at these transitions (highlighted by 

blue markers in Fig. 8.4). This demonstrates that all these climate changes can be defined as 

abrupt. In the vegetation records, however, the criteria for an abrupt change were not met for 

all transitions; notably at the onset of HS1 and the transition from the YD into the Holocene. At 

the onset of HS1 and the Holocene, an abrupt decline is seen in the climate records, while the 

vegetation records demonstrate a more gradual change. 

 

The highest RoC values for the climate forcing and inferred vegetation response that meet the 

criteria for abrupt change are shown in Table 8.1. At the onset of HS2, the RoC of simulated 

annual precipitation qualifies as an abrupt event, coinciding with an abrupt change in both 

temperate and steppe pollen. At the end of HS2, the RoC of the declining simulated DJF SAT 

qualifies as an abrupt event, with the steppe pollen record also demonstrating an abrupt 

reduction at this time. The onset of HS1 sees an abrupt decline in DJF SAT and SSTs with the 

latter demonstrating the largest RoC. The pollen records, however, demonstrate a more 

gradual change at this transition, with the RoC of the temperate and steppe pollen not 

exceeding the 1s threshold. The rapid decline in SSTs in the middle of HS1 qualifies as an abrupt 

event, coinciding with the maximum IRD deposition at this site. In parallel, steppe abruptly 

increased. Neither of the simulated records show this event, likely due to the timing of the 

freshwater fluxes applied in the model (Fig. 8.4a) which does not resolve the complex double 

peak structure of meltwater at this site, demonstrated by SW Iberian Margin 

palaeoceanographic records during HS1 (Bard et al., 2000; Pailler & Bard, 2002; Martrat et al., 

2007; Ausin et al., 2020).  At the end of HS1, all regional climate variables show an abrupt 

change, with the SST record having the largest RoC. This coincides with an abrupt increase in 

temperate pollen and abrupt decline in steppe taxa, with the highest RoC shown by the latter. 
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At the onset of the YD, an abrupt decline is shown in both the simulated annual precipitation 

and DJF SAT records, with the former having the highest RoC. At this transition, an abrupt 

decline is apparent in the temperate pollen record, which coincides with an abrupt rise in 

steppe taxa. At the end of the YD, an abrupt decline is shown in both simulated variables, 

however, no abrupt change is shown in the SST or vegetation records. Instead, SSTs and 

temperate pollen show a gradual rise from the YD into the Holocene, while steppe taxa 

gradually decline. In the mid-Holocene, the rapid decline in thermophilous woodland between 

7 – 7.6 cal ka BP meets the abrupt change criteria. The regional climate records, however, show 

no abrupt change at this time; while the RoC of SW Iberian SSTs does not exceed the threshold 

between 9.2 cal ka BP and the Late Holocene, the RoC of simulated annual precipitation and 

DJF SAT does not exceed 1s for the entire early and mid-Holocene. 

 

In the glacial part of the record, all qualifying abrupt pollen changes in core SHAK06-5K occur 

either at the transition between stadial and interstadial conditions or at the start/end of the 

HS1 IRD event. At all these transitions (the onset and end of HS2, the IRD event during HS1, the 

end of HS1, and the onset of the YD), these abrupt pollen changes coincide with an abrupt 

change in one or more of the regional climate records (Fig. 8.4 and Table 8.1), indicating that 

these vegetation changes were an ecological response to extrinsic climate changes. The abrupt 

decline in temperate tree pollen percentages during the mid-Holocene (7 – 7.6 cal ka BP), 

however, does not correspond with an abrupt climate change in any of the climate records. 

This suggests the rapid decline in thermophilous woodland was an intrinsically-mediated 

response, whereby temperate woodland crossed an ecological threshold resulting from 

regional feedbacks to external conditions. I propose that this is likely to be the gradual decline 

in boreal insolation and its influence on precipitation seasonality. 
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    Climate variable Pollen change 

    Age (ka BP) 
 

RoC 

(normalised) 
 

Forcing 
 

Age (ka BP) 
 

RoC pollen 

(normalised) 
 

Inferred 

vegetation type 

HS2 Onset 25-25.2 1.18 Precipitation 25.2-25.4 2.24 Temperate 

  End 23-23.4 1.41 DJF SAT 23.8-24 1.23 Steppe 

HS1 Onset 17.2-18 1.89 DJF SAT  - - -  

  IRD event 16.6-16.8 2.45 SST 16.6-16.8 1.86 Steppe 

  End 15.2-15.6 2.83 SST 15.4-15.6 2.76 Steppe 

YD Onset 12.6-12.8 3.74 Precipitation 13-13.4 1.76 Temperate 

  End 11.6-11.8 2.87 Precipitation  - -  - 

Holocene    - -  - 7-7.6 2.04 Temperate 

 

Table 8.1: Rate of change (RoC) of regional climate forcings (simulated annual precipitation (cm 

yr-1) and DJF SAT (°C) over western Iberia, and SW Iberian Margin SSTs from MD01-2444 (°C)), 

and SW Iberian vegetation (steppe/temperate taxa) at the transitions of the millennial-scale 

climate events over the past 27.4 kyr. 
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Fig. 8.4: Changes over time (cal ka BP) in: a. freshwater forcing added into the North Atlantic 

(Sv) in the LOVECLIM model (Menviel et al., 2011; 2014); and b. AMOC (Sv) (grey) simulated by 

LOVECLIM, smoothed with 100-year running mean (black line) (Menviel et al., 2011; 2014). 

Changes over time in the normalised rates of change and resampled climate and vegetation 

records of: c. & d. annual precipitation simulated by LOVECLIM (cm yr-1) (Menviel et al., 2011; 

2014); e. & f. December to February surface air temperature simulated by LOVECLIM  (DJF SAT; 

°C) (Menviel et al., 2011; 2014); g. & h. UK’
37-derived sea surface temperatures from MD01-

2444 (SST; °C) (Martrat et al., 2007); i. & j. temperate taxa from SHAK06-5K (%); and i. & j. 

steppe taxa from SHAK06-5K (%). Changes over time of m. boreal insolation at 40°N (Wm2; 

Berger, 1978); and n. ice-rafted debris (IRD; grains g-1; Ausin et al., 2020). Orange and grey 

markers highlight the values of RoC for the climate forcing and inferred vegetation response 

that meet the criteria for abrupt change; the former demonstrates the climate/pollen record 

with the highest RoC. Blue markers highlight single datapoints at the transitions that exceed 

1s, but do not meet the criteria for abrupt change. 

 

8.3.5. Comparison to existing vegetation records 

Here, we compare four existing high-resolution SW Iberian pollen records, covering various 

stages of the last 18 cal ka BP, to those of SHAK06-5K and MD01-2444 (Fig. 8.5). Three of these 

are marine cores located close to the mouth of the Tagus River, while one is a lacustrine record 

from Charco da Candieira in the Serra da Estrela, Portugal (van der Knaap & van Leuween, 1995; 

1997), located 1400 m above sea level, bordering the Tagus catchment basin (all locations are 

shown in Fig. 3.1). While the marine records display large-scale vegetation change across this 

region, the terrestrial record documents a local signal, and provides a sense of spatial 

heterogeneity in the region. It must be noted that pollen percentages from the marine and 

terrestrial cores are not directly comparable. This is because in marine records, Pinus is 

excluded from the pollen sum, and herbaceous pollen percentages are significantly higher, 

likely a reflection of riparian and coastal vegetation communities. 

 

The pollen records from marine cores SHAK06-5K and U1385 (Oliveira et al., 2018) cover HS1 

and demonstrate the dominance of steppe taxa, reaching 68% in SHAK06-5K and 50% in U1385, 

indicating cold/dry conditions. Temperate forest and Ericaceae values remained low, while 

Pinus percentages were high over this stadial. The BA is covered in both SHAK06-5K and U1385, 

while MD95-2042 (Chabaud et al., 2014) begins in the mid-BA. The Charco da Candieira pollen 

record was plotted against a new age model, using the 24 14C bulk dates from the same record 
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(van der Knaap & van Leuween, 1995; 1997) and calibrated in Oxcal using the Intcal20 

calibration curve (Reimer et al., 2020). According to this, the record covers the interval 14.3 to 

0.4 cal ka BP and shows high percentages of temperate taxa during the BA (~22%), signifying 

warmer/wetter conditions (Fig. 8.5). The other records also show high levels of temperate taxa 

throughout the BA, averaging ~45% in U1385 and ~34% in SHAK06-5K. A small rise in Ericaceae 

is documented in both SHAK06-5K and the Charco da Candieira record, indicating a slight rise 

in year-round moisture availability coinciding with high lake levels in the Serra da Estrela region 

(van der Knaap & van Leuween, 1997). An abrupt decline in temperate taxa and rise in steppe 

vegetation is seen in all cores at the transition from the BA into the YD, signifying a rapid 

regional cooling/drying. Lake levels are low in the Serra da Estrela region (van der Knaap & van 

Leuween, 1997), while on average, steppe percentages are ~36% in SHAK06-5K, ~24% in MD95-

2042, ~24% in U1385, ~3% in Charco da Candieira, and ~20% in D13882 (Gomes et al., 2020). 

All records document a gradual expansion of thermophilous temperate forest during the Early 

Holocene, with the peak in these elements occurring between 9.7 – 8.8 ka BP in the SHAK06-

5K, MD95-2042, U1385, and Charco da Candieira records. The timing of this maximum 

woodland expansion coincides with increased lake levels in the Serra da Estrela region (van der 

Knaap & van Leuween, 1997). In core D13882, the peak in temperate woodland occurs later, 

at ~7.6 cal ka BP. The maximum percentage of these elements ranges between 64% in SHAK06-

5K to 88% in the Charco da Candieira core, with all records indicating that optimal conditions 

for forest expansion occurred around ~2 cal ka BP after the peak in insolation. After the peak 

in woodland, thermophilous elements in cores SHAK06-5K, MD01-2444, and MD95-2042 

briefly decline. Dated at ~8.6 cal ka BP in MD95-2042, it is likely that this event is aligned with 

the 8.2 cal ka BP decline displayed in cores SHAK06-5K and MD01-2444. These three cores, 

therefore, demonstrate the response of SW Iberian vegetation to regional cooling associated 

with feedbacks resulting from the 8.2 ka event. The lower resolution of the other regional 

pollen records at this time prevents this event from being assessed. 
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Fig. 8.5: SW Iberian pollen records of temperate tree (green), steppe (blue), and Ericaceae 

(purple) vegetation change over the past 17 kyr from cores MD95-2042 (Chabaud et al., 2014), 

MD01-2444 (this study), U1385 (Oliveira et al., 2018), SHAK06-5K (this study), D13882 (Gomes 

et al., 2020), and Charco da Candieira (Van der Knaap & van Leeuwen, 1997). 

 

All SW Iberian Margin marine cores analysed here display a rapid and significant decline in 

thermophilous woodland at the start of the mid-Holocene, with temperate elements declining 

to 30-45 % in under 500 years. The North Atlantic climate does not display any abrupt changes 

of this magnitude at this time, therefore, vegetation records from this region support the 

suggestion of an abrupt, intrinsic, non-linear response of SW Iberian thermophilous woodland 

to the gradual forcing of declining boreal insolation. The Charco da Candieira record, does not 

demonstrate this abrupt woodland contraction. This could be because the local vegetation 

signal is influenced by high altitude climate conditions, meaning the ecological threshold was 

not reached. Another possibility is that this is related to the problem of closure in percentages, 
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where significant changes in the size of tree populations are barely discernible when arboreal 

pollen values are high (Magri, 1994). 

 

All Late Holocene marine records from this region document low levels of temperate taxa 

compared to the early interglacial. The high-resolution D13882 and Charco da Candieira 

records demonstrate significant multi-centennial variability in temperate woodland after 2.2 

and 3.2 cal ka BP, respectively, likely due to the increasing intensification of anthropogenic 

pressures on this region’s land-use, hydrology, and vegetation (van der Knaap & van Leeuwen, 

1995; Gomes et al., 2020). A rise in Ericaceae is seen in all cores over the Late Holocene, 

coinciding with the declining boreal insolation, demonstrating the response of heathland to the 

associated rise summer water availability, although the final peak in the Charco da Candieira 

record at 0.8 cal ka BP is likely caused by anthropogenic activities (van der Knaap & van 

Leeuwen, 1995; Tzedakis, 2010). In the SHAK06-5K, U1385, and Charco da Candieira records, a 

sharp rise in Pinus can be seen after ~0.6 cal ka BP, possibly linked to the large-scale plantation 

of this genus. 

 

In summary, the pollen records discussed here provide support for the presence of extrinsic 

ecological responses of SW Iberian vegetation to rapid climate regime shifts during HS2, HS1, 

and the YD as well as the intrinsic abrupt vegetation response at ~7.8 cal ka BP to gradual 

climate change. 
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8.4. Conclusions 

 

1. Over the course of the deglaciation, the deposition of terrestrial sediment at our core site 

is strongly influenced by changes in relative sea level. Until ~12 cal ka BP, the pollen 

concentration and MAR in SHAK06-5K is relatively high, abruptly declining thereafter as a 

result of the disconnection of the Tagus River from the Cascais and Sebutal-Lisbon canyons 

and the consequential landward movement of the terrestrial sediment depocenter. 

2. Comparing the temperate and steppe records from core SHAK06-5K with SSTs, d18OG. bulloides, 

and ln(Ca/Ti) from the same core, a clear synchroneity is apparent in the timing of orbital 

and millennial-scale changes in all records. Additionally, when comparing our pollen 

records with existing SW Iberian vegetation records, a clear correlation can be seen in the 

timing and magnitude of abrupt vegetation changes in response to the abrupt climate 

events of HS2, HS1, the BA and the YD. 

3. On orbital timescales, over MIS 2 and onset of the Holocene, temperate and steppe records 

from SHAK06-5K document a close coupling with Iberian Margin SSTs, d18OG. bulloides, and 

benthic d18O, underscoring the influence of North Atlantic conditions and global ice volume 

on SW Iberian thermophilous and steppe elements over this period. The influence of 

residual high-latitude ice-sheets continues at the onset of the Holocene, causing the 

thermophilous woodland peak to lag boreal insolation maxima by ~2 kyr. This pattern is 

also apparent in existing SW Iberian vegetation records. 

4. On orbital timescales, d13CC31 is closely coupled with the temperate and steppe records, 

displaying low values during MIS 2 as steppe elements dominated, increasing over the 

deglaciation as thermophilous woodland expanded, and documenting the same gradual 

increase over the early Holocene as temperate vegetation, lagging the boreal insolation 

maxima by ~2 kyr. While the close coupling of these records on orbital timescales is clear, 

this relationship could result from the direct influence of climate on both proxies, or it could 

be driven by physiological differences in carbon isotope fractionation between different 

dominant taxa groups, meaning d13CC31 is indirectly linked to changing regional climate 

conditions through its influence on SW Iberian vegetation structure. 

5. On millennial timescales, the rapid changes in thermophilous and steppe elements in 

SHAK06-5K and MD01-2444 (at the onset and end of HS2, the IRD event and end of HS1, 

and the onset of the YD) are synchronous with abrupt North Atlantic events. This tight 

coupling and the RoC of the pollen and regional climate records suggests these abrupt 

ecosystem changes were extrinsically forced by abrupt climate regime shifts. At ~7.8 cal ka 
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BP, our pollen records show an abrupt and significant decline in thermophilous woodland, 

a pattern that is also documented across existing pollen records from this region. Occurring 

whilst boreal insolation is in gradual decline and North Atlantic conditions are relatively 

stable, this demonstrates an intrinsically mediated abrupt vegetation response, signifying 

that temperate taxa crossed an ecological threshold, possibly as a result of changes in 

moisture availability resulting from altered precipitation seasonality. 
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Chapter 9: Conclusions 

 

This research generated new continuous pollen and leaf-wax n-alkane records from deep-sea 

cores SHAK06-5K and MD01-2444 from the SW Iberian Margin, spanning the last glacial-

interglacial transition. A new high-resolution master age model was created and applied to 

these records, based on 47 Accelerator Mass Spectrometry 14C ages of monospecific samples 

of the planktonic foraminifera G. bulloides, measured from SHAK06-5K (n = 40) and MD01-2444 

(n = 7), and aligned using an automated stratigraphical alignment method. The SHAK06-5K 

pollen and n-alkane records span the past 27.4 kyr, documenting the changing climate of MIS 

2 and the Holocene and includes numerous abrupt North Atlantic climate events: HS2, HS1, the 

onset of the BA, the YD, and 8.2 cal ka BP. The MD01-2444 pollen record documents the 

transition from the YD into the Holocene, covering 5.7 to 13.5 cal ka BP. Consequently, these 

records provide insights into the changing depocenter of terrestrial sediment on the SW Iberian 

Margin over the last deglaciation, the potential use of the d13Cn-alkane record as a climate signal, 

and the ecological responses and sensitivity of SW Iberian vegetation to orbital and millennial-

scale climate changes over the past 27.4 kyr. 

 

9.1. The changing depocenter of terrestrial material at the SW Iberian Margin 

The high-resolution pollen and n-alkane concentration and MAR records combined with 

existing SW Iberian Margin pollen concentration records, demonstrate the changing 

depocenter of terrestrial material on the SW Iberian Margin over the last deglaciation and 

Holocene. While the source area of pollen and n-alkanes to the SW Iberian Margin remained 

relatively constant over the last 27.4 kyr, the deposition of terrestrial sediment to the deep-

sea environment, which had remained relatively high over the LGM, abruptly declined during 

the YD as the Tagus river became disconnected from the Cascais and Sebutal-Lisbon canyons 

due to sea level rise. This led to the landward movement of the terrestrial depocenter, resulting 

in the reduced transport of terrestrial material to the deep-ocean over the Holocene. 

Consequently, these vegetation records indicate the significant influence of marine 

transgression on the location of terrestrial sediment deposition on the SW Iberian Margin over 

the last 27.4 kyr. 

 

9.2. The use of d13Cn-alkane as a climate signal 

The production of the SHAK06-5K leaf-wax d13Cn-alkane record in combination with a pollen 

record from the same core, and leaf-wax d13Cn-alkane measurements on modern samples from 
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SW Iberia, enabled the dominant driver of d13Cn-alkane in the fossil record within a C3 vegetation 

environment to be explored. While we conclude that d13Cn-alkane in SHAK06-5K cannot be used 

here as an independent climate signal, this proxy is likely to be driven directly or indirectly by 

SW Iberian climate, with two potential mechanisms proposed here. Firstly, d13Cn-alkane may be 

primarily controlled by regional moisture availability which influences the water stress of the 

plant, in turn affecting its stomatal conductance and consequently carbon isotope 

fractionation. Secondly, d13Cn-alkane may be primarily driven by the regional vegetation 

structure, with different taxa demonstrating inherently different n-alkane d13C signatures, as 

shown by the modern records presented in Chapter 7. With the vegetation structure driven by 

the regional climate, d13Cn-alkane would therefore be indirectly influenced by these conditions. 

In conclusion, this research has enabled further exploration of the use of this geochemical 

proxy as a climate/vegetation signal in a C3 vegetation environment, outside of its traditional 

role as a C3/C4 vegetation signal. Although the dominant driver of d13Cn-alkane cannot be 

disentangled by this research alone, the close relationship displayed with the pollen record 

from within the same core indicates that, whether directly or indirectly, climate plays a key role 

in driving d13Cn-alkane in the fossil record. While d13Cn-alkane is likely to be a convolved signal, there 

is significant potential to disentangle the climate/physiological drivers of d13Cn-alkane using 

complementary palaeohydrological records (such as leaf-wax n-alkane dD). In future, it may be 

possible to use this proxy as an indicator of the dominant vegetation type or changes in regional 

water availability.  

 

9.3. Orbital and millennial-scale vegetation change over the past 27.4 kyr 

The pollen records indicate rapid responses of SW Iberian vegetation to orbital and millennial-

scale climate events over the past 27.4 kyr, demonstrating clear synchroneity with SW Iberian 

palaeoceanographic records from within the same cores. On orbital timescales, there is a close 

coupling between the temperate tree and steppe pollen records from SHAK06-5K and Iberian 

Margin SSTs and planktonic and benthic d18O over MIS 2, indicating the strong influence of 

North Atlantic conditions and global ice volume on SW Iberian vegetation at this time. This 

coupling continues at the onset of the Holocene demonstrating that the continued influence 

of residual high-latitude ice-sheets on SW Iberian vegetation likely caused the peak in 

thermophilous woodland to lag boreal insolation maxima by ~2 kyr. On millennial timescales 

there is also a tight temporal coupling between rapid changes in temperate tree and steppe 

pollen percentages, SSTs, planktonic d18O, and lithological variations during HS2, HS1, the onset 

of the BA, the YD, and the 8.2 ka event. This tight coupling and the RoC of the pollen and 
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regional climate records demonstrates that the abrupt vegetation changes at the onset and 

end of HS2, the IRD event and end of HS1, and the onset of the YD are extrinsically-forced 

ecosystem responses to abrupt climate shifts. In contrast, the abrupt decline in thermophilous 

elements at ~7.8 cal ka BP indicates an intrinsically-mediated abrupt vegetation response to 

the gradually declining boreal insolation, whereby temperate taxa crossed an ecological 

threshold, likely resulting from altered precipitation seasonality. 

 

Consequently, this research shows that SW Iberian vegetation changed abruptly in response to 

both gradual and abrupt climate changes over the past 27.4 kyr, demonstrating that vegetation 

in this region can respond both linearly and non-linearly to climate forcings, depending on 

background conditions. This highlights the need for further exploration into the sensitivity and 

thresholds of dominant Mediterranean ecosystems to various abrupt and gradual climate 

forcings. With this research concluding that changes in hydrological seasonality may have 

played a key role in the intrinsic vegetation response at the early to mid-Holocene transition, 

and in light of projections of enhanced drought stress across the western Mediterranean in 

future (Giorgi, 2006; Giorgi & Lionello, 2008; Lionello, 2012; Lionello et al., 2014), better 

understanding of the role of water availability and moisture stress on abrupt changes in 

western Mediterranean vegetation is required. 

 

9.4. SW Iberian hydrology over the LGM 

The continued discrepancies between the interpretations of SW Iberian hydrology over the 

LGM from proxy and simulated data highlight the need for better understanding of hydrological 

conditions in this region over MIS 2. Our pollen record shows that the hydrological conditions 

during the LGM were much more complex than just increased or reduced precipitation 

comparative to pre-industrial levels. The lower temperatures and reduced winter precipitation 

during the LGM favoured the dominance of steppe vegetation, while the reduced seasonality 

caused by the summer insolation minimum in combination with moderate Iberian Margin SSTs 

may  have reduced summer evaporative moisture leading to moderate levels of effective 

moisture that were able to sustain heathland populations and some thermophilous elements. 

Reduced hydrological seasonality over western Iberia during the LGM compared to pre-

industrial levels is also shown in the simulated precipitation records presented in this study 

(Menviel et al., 2011; 2014). 
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9.5. Future directions 

• With this thesis having focused on the response and sensitivity of SW Iberian vegetation to 

changing background conditions during the transition from the Last Glacial into the current 

interglacial (Termination I), there is potential to explore the response and sensitivity of SW 

Iberian vegetation to changing background conditions under different climate regimes. One 

period that could provide such insight is the transition from the Penultimate Glacial to Last 

Interglacial transition (Termination II), which also demonstrated complex climate changes 

with similar greenhouse gas forcings, but stronger boreal insolation and a different sea 

level and ice volume evolution (Berger et al., 1978; Dutton et al., 2015; Marino et al., 2015; 

Tzedakis et al., 2018). Comparing our records to new and/or existing high-resolution SW 

Iberian vegetation and palaeoceanographic records spanning Termination II (Tzedakis et 

al., 2018) would provide further insight into the sensitivity and intrinsic/extrinsic responses 

of SW Iberian vegetation to different background conditions. 

 

• While this research compared the RoC of abrupt events in vegetation and 

palaeoceanographic records, and simulated climate variables from SW Iberia, the 

production of an independent palaeohydrology record from within the same core would 

allow for the analysis of leads and lags between changes in vegetation and climate 

components. 

 

• As shown in Chapter 8, with the addition of the new pollen records from SHAK06-5K and 

MD01-2444, there are a number of SW Iberian Margin marine pollen records spanning the 

past 27.4 kyr that provide a strong understanding of large-scale vegetation changes across 

SW Iberia. Conversely, few terrestrial pollen records from this region currently exist, but 

these records can provide valuable insight into the spatial heterogeneity of vegetation 

change across a region. The production of more long terrestrial pollen records from SW 

Iberia, spanning different altitudes and ecosystems, would provide valuable insight into the 

response and sensitivity of different Mediterranean ecosystems to changing background 

conditions. This would enhance the interpretations made here and allow for a more 

detailed investigation into SW Iberian vegetation change over the last 27.4 kyr. 

 

• One of the original objectives of this research was to produce a complementary dDn-alkane 

record from SHAK06-5K as an independent proxy of SW Iberian hydrological change over 

the past 27.4 kyr. The national lockdowns, laboratory closures, and travel restrictions 

resulting from the Covid-19 pandemic prevented these measurements from being made 
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within the PhD timeframe. The production of a high-resolution leaf-wax dDn-alkane record 

from this core would enable a more robust interpretation of palaeoclimatic changes in 

SHAK06-5K, as this proxy is a useful tool for reconstructing hydrological changes over time 

(Sauer et al., 2001; Sachse et al., 2004; 2006; 2012; Polissar & D’Andrea, 2014; Sessions, 

2016). There is every intention to complete these measurements when restrictions are 

lifted, and the dDn-alkane record will be combined with the climate records presented in this 

thesis to further explore the dominant d13Cn-alkane signal in the fossil record and aid the 

reconstruction of orbital and millennial-scale hydrological changes in SW Iberia over the 

past 27.4 kyr. 

 

• As there are limited existing terrestrial biomarker studies from the western Mediterranean 

region, the contribution of pre-aged terrestrial n-alkanes to SW Iberian margin sediments 

has not previously been quantified. Research from other regions has shown that pre-aged 

leaf-wax material from intermediate reservoirs can significantly contribute to the fossil 

record (Huang et al., 1996; Eglinton et al., 1997; Pearson & Eglinton, 2000; Smittenberg et 

al., 2006; Mollenhauer & Eglinton, 2007; Kusch et al., 2010; French et al., 2018), therefore, 

further research is required to quantify this potential contribution at our core site in order 

to better understand the factors influencing the fossil n-alkane signal. 

 

• While the number of species sampled for our modern n-alkane record was limited by both 

time and financial constraints, it would be beneficial to build on this work and expand on 

the existing modern Mediterranean leaf-wax n-alkane records to include more plant 

species spanning a range of plant functional groups, ecosystems, and climates. This would 

enable further exploration into the role of external climate conditions and plant physiology 

on leaf-wax n-alkane distribution and isotope fractionation. In turn, this will assist with the 

interpretation of future fossil leaf-wax n-alkane records. 

 

• This research demonstrated a relationship in modern Mediterranean vegetation between 

a plant’s leaf-wax n-alkane ACL and its tolerance to heat and drought stress, suggesting that 

a higher ACL is an adaptive feature of Mediterranean taxa at the molecular level to 

increased drought and heat stress. The proposed mechanism behind this relationship is 

that longer n-alkane homologues increase the volume of crystallites and leaf-wax melting 

point, which in turn reduces cuticular permeability and reduces potential water loss. This 

relationship, however, has not been widely investigated and further research is required to 

explore this in more detail.
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Appendices 

 
Appendix 1:  Reworked calcareous nannofossils (%). 

Appendix 2:  Pollen percentages (%) of main taxa groups from core SHAK06-5K. 

Appendix 3:  Pollen percentages (%) of main taxa groups from core MD01-2444. 

Appendix 4:  Pollen concentration (grains g-1) and mass accumulation rate (grains cm-2 kyr-1) of 

SHAK06-5K samples. 

Appendix 5:  Pollen concentration (grains g-1) in samples from MD01-2444. 

Appendix 6:  For the small sediment aliquots from SHAK06-5K the peak areas and concentrations (ng g-

1) of odd homologues C25-C35 for each sample. 

Appendix 7:  For the small sediment aliquots from SHAK06-5K, the peak areas and concentrations (ng g-

1) of even homologues C26-C34 for each sample. 

Appendix 8:  For the large sediment aliquots from SHAK06-5K the peak areas and concentrations (ng g-

1) of odd homologues C25-C35 for each sample. 

Appendix 9:  For the large sediment aliquots from SHAK06-5K, the peak areas and concentrations  

(ng g-1) of even homologues C26-C34 for each sample. 

Appendix 10:  The n-alkane recovery rate (%) of the zeolite cleaning method. 

Appendix 11:  The recovery rate (%) of the urea adduction cleaning method. 

Appendix 12:  For SHAK06-5K samples, the mean d13Cn-alkane values of the multiple runs for each  

homologue, showing the standard deviation (± 1σ) of the duplicate/triplicate runs. 

Appendix 13:  Sediment accumulation rate (cm kyr-1) in cores SHAK06-5K and MD01-2444. 

Appendix 14:  For the modern leaf samples, the concentrations (ng g-1) of odd homologues. 

Appendix 15:  For the modern leaf samples, the concentrations (ng g-1) of even homologues. 

Appendix 16:      For the modern leaf samples, the mean d13Cn-alkane values of the multiple runs for each  

homologue, showing the standard deviation (± 1σ) of these duplicate/triplicate runs. 

Appendix 17: Value assigned to each species (1-5) for both drought tolerance and heat resistance. 1 

represents the most tolerant, 5 represents the least tolerant. Values used in PCA. 

Appendix 18: Bulk density (g cm-3) of SHAK06-5K samples. 

Appendix 19: n-Alkane concentration (grains g-1) and mass accumulation rate (grains cm-2 kyr-1) of 

SHAK06-5K samples. 
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Depth 

(cm) 

Age 

(cal yrs BP) 

Reworked       

 (%) 

0 414 2.3 

2 503 1.5 

4 591 0.4 

5 628 0.7 

8 740 1.6 

10 815 0.8 

12 908 1.3 

14 1001 1 

16 1123 1.8 

18 1245 3.4 

22 1478 2.5 

24 1588 1 

26 1699 1.8 

28 1809 0.8 

30 1920 1.5 

32 2112 1.7 

34 2304 1.8 

36 2495 0.6 

38 2687 1 

40 2879 2 

42 3197 0.6 

44 3514 0 

46 3608 1.1 

48 3702 0.3 

52 5014 0.3 

54 5670 1.8 

56 6421 0.6 

58 7172 2.2 

62 8219 0.4 

64 8515 0.9 

66 8812 1.9 

68 9108 1.3 

70 9404 0.5 

72 9911 0.2 

74 10418 0.8 

76 10925 1.2 

78 11472 1.1 

82 12566 2.5 

86 12740 1.8 
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88 12826 3 

90 12913 4.5 

92 13034 3.6 

94 13155 4.3 

96 13275 1.1 

98 13396 0.7 

100 13517 3.3 

102 13595 1.1 

106 13752 3.1 

108 13831 1.1 

112 14182 2.8 

114 14456 3.4 

116 14729 1.9 

118 15003 3.9 

120 15276 6.6 

122 15396 5.2 

124 15516 6.7 

126 15635 7.2 

128 15755 5 

130 15875 9 

132 16004 5.9 

134 16134 4.5 

136 16263 9.3 

138 16393 13 

140 16522 15.7 

142 16636 9.4 

144 16750 19 

146 16864 10.9 

148 17085 8.9 

150 17306 9.9 

152 17527 13.8 

154 17581 6 

156 17635 16.7 

158 17688 10.6 

160 17742 7.7 

162 17822 9.3 

164 17901 12.4 

166 17981 12.5 

168 18060 8.9 

170 18140 3.1 

172 18219 9.1 

174 18362 6.3 

176 18505 5 

178 18648 4.4 
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180 18791 4.2 

182 18897 3 

184 19004 2.4 

186 19110 8.2 

188 19217 3.1 

190 19323 3.8 

192 19429 2.4 

194 19536 5.5 

196 19642 4 

198 19816 6.8 

200 19989 6.2 

202 20061 7.9 

204 20132 5.3 

206 20204 4.7 

208 20275 5.9 

222 20923 5.7 

246 22630 4.8 

 

Appendix 1: Reworked calcareous nannofossils (Magill et al., 2019). 

 

 

Sample depth Steppe Ericaceae Pioneer Mediterranean Eurosiberian Temperate AP Pinus 

0 7 11 4 10 10 19 23 55 

2 10 4 1 12 12 24 25 39 

4 7 11 3 9 12 20 23 20 

5 12 11 2 7 8 15 17 13 

8 10 19 4 8 13 21 25 17 

12 7 14 1 7 10 16 17 20 

14 19 12 1 7 4 12 13 14 

16 13 12 4 10 12 22 26 15 

18 12 14 4 5 13 18 22 13 

20 11 10 5 6 17 22 27 9 

22 14 16 2 7 11 17 19 6 

24 11 15 4 6 11 18 21 14 

26 17 19 2 6 15 21 23 10 

30 12 11 3 6 13 19 22 14 

32 16 14 2 5 12 17 19 21 

34 17 10 1 9 13 22 23 10 

36 16 19 2 7 12 18 20 13 

38 13 9 2 5 15 21 23 13 

40 12 16 2 5 14 19 21 15 

42 12 18 3 7 10 17 20 21 
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44 15 17 5 6 9 15 19 25 

46 12 25 2 4 9 13 15 32 

47 12 16 3 3 10 14 17 16 

48 14 15 5 4 14 18 24 16 

49 19 19 5 4 10 14 20 16 

51 10 13 4 8 12 20 24 16 

52 9 21 1 12 9 21 22 34 

53 9 10 4 8 14 22 26 18 

54 12 12 4 7 15 22 26 21 

55 15 15 8 4 15 19 27 18 

56 10 12 7 4 18 22 29 30 

57 10 13 4 9 25 33 38 22 

58 10 16 4 7 23 31 35 30 

59 10 13 5 8 25 33 38 24 

62 5 9 8 15 41 57 65 63 

63 15 8 0 11 49 60 60 66 

64 15 5 5 4 47 51 56 65 

66 12 5 1 8 54 62 63 56 

68 11 2 5 17 47 64 68 69 

72 9 3 6 14 48 61 67 49 

74 10 2 6 17 42 58 64 64 

76 15 4 7 12 41 53 60 70 

78 17 4 10 9 38 47 56 65 

80 27 4 6 5 35 40 46 73 

81 29 6 6 5 28 33 39 74 

83 39 2 4 8 30 37 41 75 

84 40 3 7 8 25 33 40 74 

85 45 4 3 6 17 24 27 75 

86 32 5 5 9 27 36 41 76 

88 37 4 6 8 24 33 39 76 

90 32 5 5 7 24 30 35 71 

92 28 3 5 9 25 34 39 75 

94 52 5 5 4 8 12 17 77 

96 30 3 8 9 23 33 41 83 

98 24 2 9 10 22 32 41 75 

102 24 1 6 9 28 37 43 71 

104 23 10 9 10 25 35 44 79 

106 10 8 8 14 33 47 54 83 

108 18 4 10 10 30 40 50 71 

112 14 4 9 11 30 42 50 68 

114 17 7 9 14 24 38 47 73 

116 14 8 9 8 27 36 45 82 

118 19 8 3 11 18 30 33 84 

120 14 10 6 12 18 29 35 69 

122 46 4 13 2 8 10 23 93 
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124 30 6 4 11 26 37 41 72 

126 22 10 4 11 22 33 37 80 

128 29 6 7 6 18 24 30 84 

130 30 12 7 8 18 26 33 87 

132 46 3 13 2 10 12 25 92 

134 52 1 8 2 9 11 19 92 

136 55 2 5 4 6 11 16 89 

138 50 3 9 4 8 12 20 90 

142 57 4 7 0 4 4 11 92 

144 68 1 8 0 6 6 14 91 

146 59 5 4 0 6 6 9 93 

148 66 0 4 1 1 2 6 92 

150 47 7 10 3 9 12 22 94 

154 44 2 13 2 5 7 20 91 

156 53 2 10 1 6 7 17 90 

158 55 4 6 0 5 5 11 93 

160 60 3 8 1 5 6 14 89 

161 54 2 4 2 8 10 13 87 

162 27 11 17 3 16 19 36 83 

164 48 4 12 3 8 11 23 85 

166 38 10 9 3 3 6 15 90 

168 40 11 6 3 4 7 13 89 

170 47 8 4 1 5 6 10 79 

174 37 10 5 2 4 6 11 78 

176 45 14 6 0 5 5 11 84 

178 38 6 8 3 8 11 19 88 

180 37 10 7 6 5 11 19 82 

182 45 10 3 5 5 10 13 51 

184 39 11 7 7 4 11 18 86 

186 36 8 10 3 11 14 25 73 

188 27 14 11 5 17 22 33 81 

190 38 14 7 5 13 18 25 84 

192 29 15 13 4 10 14 27 81 

194 45 7 17 1 8 9 26 79 

196 35 10 12 1 9 10 21 74 

198 38 10 12 4 6 10 22 84 

200 39 13 14 3 6 9 23 83 

202 28 28 4 0 6 6 10 90 

204 34 12 10 3 9 12 22 87 

206 49 14 6 0 4 4 10 80 

208 43 12 13 1 3 4 17 73 

212 39 15 6 1 10 11 17 77 

214 44 19 6 3 4 7 12 75 

216 34 17 7 0 7 7 14 87 

218 41 11 13 2 4 6 18 84 
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220 36 16 13 3 5 8 20 77 

222 47 16 12 3 4 7 18 75 

224 39 19 10 1 1 2 12 76 

226 41 21 6 1 5 6 11 76 

228 50 11 6 3 5 8 13 72 

230 42 13 17 2 3 5 22 76 

232 46 15 9 4 2 6 14 66 

234 41 12 9 2 6 8 17 75 

236 44 16 6 1 4 5 11 78 

238 45 19 7 0 4 4 10 66 

240 43 17 9 1 4 5 14 66 

242 42 15 10 1 7 8 17 74 

244 50 16 6 1 4 5 10 67 

246 46 18 6 1 1 2 8 64 

248 42 21 9 3 0 3 13 73 

250 49 16 5 1 5 6 11 74 

252 52 19 0 0 6 6 6 74 

254 40 10 7 2 4 6 13 66 

256 37 11 8 3 6 9 17 71 

258 47 11 4 2 2 4 8 66 

260 54 19 3 0 2 2 5 70 

262 38 14 9 2 2 4 13 64 

264 42 17 6 2 5 7 13 64 

266 42 13 9 2 4 6 15 56 

268 41 17 9 3 2 5 14 62 

270 43 14 7 2 5 7 14 68 

274 44 15 3 1 6 7 10 65 

276 48 9 10 1 4 5 15 58 

278 48 14 8 3 2 5 13 68 

280 51 12 8 0 3 3 11 71 

282 57 5 6 1 3 4 11 64 

284 58 5 6 0 1 1 7 61 

286 60 5 1 2 1 3 4 55 

288 48 10 6 3 6 8 15 53 

290 52 10 6 2 4 6 12 72 

292 53 13 11 0 6 6 16 53 

294 51 12 10 2 3 5 15 75 

296 50 5 6 2 3 4 11 71 

298 57 11 5 1 4 5 10 70 

300 47 10 9 1 6 7 16 75 

301 48 8 5 1 11 12 17 70 

304 32 3 5 10 16 26 31 77 

306 39 9 7 4 8 12 19 63 

308 46 10 13 2 3 5 18 63 

310 40 15 8 3 4 7 15 77 
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312 33 19 11 5 7 11 22 66 

314 49 12 10 2 7 10 19 79 

316 40 13 10 3 4 7 17 69 

318 39 14 9 2 10 12 20 69 

320 38 14 7 3 9 12 19 75 

322 44 10 8 7 6 13 21 65 

324 34 10 11 2 8 10 21 68 

326 47 13 11 1 4 5 16 75 

328 44 10 6 2 6 8 14 71 

329 35 18 10 3 6 9 18 79 

 

Appendix 2: Pollen percentages (%) of main taxa groups from core SHAK06-5K. 

 

 

 

Sample depth 

 

Steppe Ericaceae Pioneer Mediterranean Eurosiberian Temperate AP Pinus 

121 21 17 2 5 18 23 25 34 

124 14 22 1 3 22 26 27 38 

133 16 14 2 4 24 28 30 37 

145 11 8 2 10 50 59 61 56 

148 7 4 2 7 64 71 73 63 

151 10 8 0 6 67 73 73 76 

154 11 4 1 4 54 58 59 48 

157 8 6 0 6 52 58 58 45 

160 11 6 3 6 50 56 59 49 

161 11 10 3 8 49 58 61 67 

163 9 7 1 5 36 41 42 56 

164 10 13 5 6 46 51 56 74 

166 10 4 0 8 56 64 64 36 

169 9 7 1 11 51 62 63 55 

172 15 3 0 9 53 62 62 56 

175 9 5 1 7 50 57 58 57 

178 11 1 4 4 63 67 71 58 

181 9 2 1 7 67 74 75 66 

184 10 3 1 11 53 64 65 50 

187 9 4 1 9 53 62 63 67 

190 14 2 0 9 59 68 68 55 

193 7 4 2 11 58 69 71 57 

196 9 7 2 8 56 64 66 45 

199 5 7 0 9 62 71 71 55 

202 7 7 3 10 53 63 66 49 

205 15 7 2 9 44 52 54 55 



 

 283 

208 10 6 4 15 44 59 63 57 

211 7 2 1 16 57 73 74 57 

214 8 4 2 12 51 63 65 65 

217 13 8 1 13 42 55 56 75 

220 19 1 0 11 51 62 62 67 

223 13 5 0 11 59 70 70 70 

226 22 13 2 8 19 26 28 79 

229 28 3 6 10 23 33 38 84 

232 17 7 1 8 35 43 44 78 

235 19 4 2 8 29 37 39 83 

238 23 4 6 8 19 28 33 79 

 

Appendix 3: Pollen percentages (%) of main taxa groups from core MD01-2444. 
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Depth Pollen grains 
counted 

Exotic grains 
counted 

Total exotic 
grains 

Sediment 
(g) 

Total pollen concentration  
(grains g-1) 

Bulk density 
(g cm-3) 

SAR 
(cm kyr-1) 

Mass flux total pollen  
(grains cm-2 kyr-1) 

0 94 328 9666 6.145 451 0.84 22.40 8494 

2 101 478 9666 6.114 334 0.82 22.50 6187 

4 103 311 9666 6.112 524 0.81 24.20 10204 

5 98 172 9666 6.104 902 0.80 24.90 17886 

8 101 214 9666 6.208 735 0.77 25.70 14524 

12 105 460 9666 6.075 363 0.85 23.30 7204 

14 95 397 9666 6.658 347 0.89 19.20 5953 

16 100 206 9666 6.136 765 0.93 17.30 12349 

18 104 300 9666 6.081 551 0.86 16.60 7832 

20 107 144 9666 6.344 1132 0.88 17.20 17135 

22 104 186 9666 6.104 885 0.90 18.10 14484 

24 108 286 9666 6.119 596 0.87 18.30 9514 

26 102 235 9666 6.090 689 0.84 18.30 10582 

30 101 277 9666 6.264 563 0.77 13.10 5707 

32 99 204 9666 6.142 764 0.61 10.80 5058 

34 105 380 9666 5.230 511 0.81 10.20 4232 

36 103 243 9666 6.098 672 1.04 10.20 7103 

38 97 228 9666 6.116 672 0.75 9.77 4932 

40 98 407 9666 6.300 369 0.88 8.03 2617 

42 99 653 9666 6.108 240 1.01 6.63 1613 

44 103 335 9666 6.122 485 1.05 9.88 5013 

46 92 737 9666 6.026 200 0.89 19.30 3441 

47 96 372 9666 6.234 400 0.91 12.30 4470 

48 92 352 9666 6.316 400 0.93 5.26 1949 

49 91 325 9666 6.403 423 0.94 4.52 1803 
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51 101 440 9666 6.194 358 0.98 3.04 1067 

52 81 473 9666 6.103 271 1.00 3.51 949 

53 99 602 9666 6.431 247 0.96 3.99 948 

54 92 567 9666 6.264 250 0.93 4.46 1034 

55 99 563 9666 6.380 266 0.95 3.48 884 

56 89 1045 9666 6.178 133 0.98 2.80 366 

57 93 477 9666 6.356 296 1.11 2.20 722 

58 94 623 9666 6.162 237 1.23 2.58 753 

59 100 528 9666 6.102 300 1.11 3.27 1085 

62 99 618 9666 6.197 250 0.72 13.10 2372 

63 72 290 9666 6.413 374 0.69 10.60 2750 

64 98 568 9666 6.880 242 0.66 8.32 1335 

66 87 473 9666 6.147 289 0.88 4.57 1169 

68 107 692 9666 6.149 243 0.89 5.07 1097 

72 103 234 9666 6.232 683 0.76 3.28 1713 

74 101 76 9666 6.118 2100 0.70 6.18 9110 

76 104 240 9666 6.183 677 0.76 4.92 2545 

78 101 102 9666 6.132 1561 0.57 4.28 3841 

80 100 77 9666 6.090 2061 0.65 4.79 6392 

81 101 68 9666 4.681 3067 0.68 5.63 11805 

83 105 86 9666 4.675 2525 0.76 11.90 22713 

84 99 109 9666 6.080 1444 0.79 17.40 19903 

85 93 75 9666 4.633 2587 0.83 17.40 37293 

86 100 82 9666 6.307 1869 0.86 17.40 28118 

88 98 90 9666 6.183 1702 0.88 17.40 26031 

90 102 70 9666 6.388 2205 0.89 16.90 33280 

92 97 88 9666 6.345 1679 0.91 16.50 25143 
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94 102 117 9666 6.428 1311 1.09 16.40 23382 

96 95 6 9666 6.108 25058 1.04 16.40 425440 

98 101 217 9666 6.396 703 0.86 16.90 10225 

102 97 95 9666 6.148 1605 0.90 21.80 31393 

104 101 203 9666 6.413 750 0.76 22.50 12803 

106 101 247 9666 6.156 642 0.90 22.50 12959 

108 105 89 9666 6.186 1844 1.00 20.40 37756 

112 105 103 9666 6.223 1583 0.92 9.09 13223 

114 96 109 9666 6.225 1368 0.81 8.32 9173 

116 95 153 9666 6.099 984 0.84 8.32 6853 

118 98 214 9666 6.431 688 1.02 8.96 6288 

120 102 157 9666 6.333 992 0.97 11.50 11112 

122 99 260 9666 6.120 601 0.93 17.40 9724 

124 101 137 9666 6.352 1122 1.04 18.80 22011 

126 100 94 9666 6.365 1615 1.07 18.80 32486 

128 106 262 9666 6.328 618 1.18 18.50 13468 

130 100 182 9666 6.367 834 1.13 17.30 16240 

132 106 199 9666 6.185 832 1.07 16.20 14464 

134 101 147 9666 6.145 1081 0.85 15.90 14658 

136 94 96 9666 6.423 1474 1.10 15.90 25883 

138 93 100 9666 6.257 1437 0.97 16.20 22615 

142 84 85 9666 6.172 1548 0.89 18.30 25138 

144 103 118 9666 6.207 1359 1.07 17.30 25098 

146 107 284 9666 6.139 593 1.12 14.10 9363 

148 84 97 9666 6.369 1314 0.71 12.20 11367 

150 101 221 9666 6.161 717 0.80 13.10 7490 

154 102 174 9666 6.161 920 0.97 35.00 31368 
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156 103 118 9666 6.054 1394 1.06 35.00 51858 

158 100 140 9666 6.169 1119 1.01 35.00 39415 

160 102 93 9666 6.361 1667 1.02 27.00 45971 

161 105 78 9666 6.191 2102 1.03 25.30 54739 

162 95 331 9666 6.156 451 1.04 23.60 11030 

164 102 114 9666 6.117 1414 1.21 21.90 37344 

166 102 430 9666 6.128 374 1.02 21.90 8339 

168 103 4 9666 6.128 40619 1.04 21.90 921127 

170 100 116 9666 6.310 1320 1.01 20.40 27178 

174 104 96 9666 6.157 1701 0.96 14.40 23406 

176 101 70 9666 6.118 2279 0.98 14.40 32039 

178 98 171 9666 6.151 901 1.04 14.40 13452 

180 97 119 9666 6.215 1268 0.95 16.00 19189 

182 98 81 9666 7.006 1669 0.85 18.10 25828 

184 99 153 9666 6.307 992 1.31 18.20 23642 

186 106 94 9666 6.161 1769 0.96 18.20 30884 

188 100 21 9666 6.111 7532 1.25 18.20 170828 

190 100 56 9666 6.142 2810 1.16 18.20 59105 

192 94 80 9666 6.188 1835 1.06 18.20 35574 

194 106 124 9666 6.193 1334 1.06 18.20 25650 

196 104 137 9666 5.997 1224 0.97 14.80 17642 

198 101 177 9666 5.797 951 1.11 12.40 13052 

200 104 106 9666 6.219 1525 1.17 17.10 30448 

202 99 22 9666 6.154 7068 1.23 25.10 218025 

204 100 95 9666 6.251 1628 0.83 27.10 36555 

206 99 103 9666 6.137 1514 1.11 27.10 45428 

208 104 87 9666 6.182 1869 1.08 27.40 55211 
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212 99 114 9666 6.179 1359 0.86 29.70 34626 

214 105 84 9666 6.477 1866 1.32 30.00 73687 

216 88 80 9666 6.178 1721 1.06 30.00 54552 

218 104 23 9666 6.149 7108 1.27 26.80 242408 

220 103 117 9666 6.338 1343 1.15 14.10 21694 

222 103 91 9666 6.372 1717 1.02 10.20 17849 

224 93 10 9666 6.144 14631 1.04 9.23 140134 

226 105 90 9666 6.300 1790 0.92 9.23 15230 

228 105 74 9666 6.261 2191 0.87 9.98 19009 

230 102 77 9666 6.357 2014 0.88 13.00 23000 

232 104 92 9666 4.676 2337 0.89 20.10 41682 

234 100 117 9666 6.126 1349 0.78 21.80 22968 

236 101 N/A 9666 6.114 N/A 0.95 21.80 N/A 

238 107 152 9666 6.194 1099 0.90 21.10 20822 

240 103 59 9666 6.279 2687 1.03 18.30 50511 

242 104 217 9666 4.995 927 1.16 16.40 17581 

244 105 116 9666 4.716 1855 1.11 15.90 32621 

246 96 100 9666 6.266 1481 1.06 15.90 24864 

248 87 72 9666 5.609 2082 1.01 15.90 33304 

250 100 71 9666 6.211 2192 1.12 15.90 38928 

252 100 180 9666 6.154 873 1.23 15.90 17039 

254 97 108 9666 6.149 1412 1.33 15.90 29896 

256 99 171 9666 6.138 912 0.98 15.90 14247 

258 104 112 9666 6.147 1460 1.05 16.40 25169 

260 100 81 9666 6.254 1908 1.06 18.40 37366 

262 100 117 9666 6.218 1329 1.08 21.10 30211 

264 102 71 9666 6.200 2240 1.11 21.80 54276 
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266 100 83 9666 6.274 1856 1.15 21.80 46355 

268 98 65 9666 4.656 3130 1.07 22.00 73994 

270 100 85 9666 6.302 1804 1.09 22.50 44335 

274 109 99 9666 6.114 1741 1.16 23.20 46661 

276 101 74 9666 6.056 2179 1.04 23.20 52816 

278 101 165 9666 6.094 971 0.93 22.40 20327 

280 102 82 9666 6.189 1943 1.00 19.40 37805 

282 94 54 9666 6.421 2620 1.07 16.60 46608 

284 99 143 9666 6.167 1085 1.14 15.90 19668 

286 100 100 9666 5.867 1647 1.11 15.50 28386 

288 108 125 9666 6.097 1370 0.90 14.80 18329 

290 100 102 9666 6.326 1498 0.93 13.70 19183 

292 104 129 9666 6.083 1281 0.97 12.60 15579 

294 101 29 9666 6.202 5428 1.03 12.30 68893 

296 113 76 9666 6.127 2346 1.08 12.30 31057 

298 104 70 9666 5.991 2397 0.89 12.80 27416 

300 99 70 9666 6.313 2165 0.86 14.80 27411 

301 101 76 9666 6.244 2057 0.84 16.40 28214 

304 101 103 9666 6.449 1470 0.78 18.80 21523 

306 113 147 9666 6.080 1222 0.93 18.80 21361 

308 104 132 9666 6.546 1163 1.08 18.70 23506 

310 103 114 9666 6.226 1403 1.02 18.70 26670 

312 107 160 9666 6.069 1065 0.95 18.50 18780 

314 94 4 9666 6.162 36864 0.82 18.50 560801 

316 98 78 9666 6.157 1972 1.07 18.50 39097 

318 104 55 9666 6.399 2856 1.06 17.40 52849 

320 102 76 9666 6.254 2074 1.03 13.10 28016 
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322 72 52 9666 6.235 2147 1.00 10.50 22511 

324 105 134 9666 5.977 1267 1.02 10.10 13101 

326 103 171 9666 6.199 939 1.05 10.10 9946 

328 102 72 9666 6.314 2169 0.96 10.10 20991 

329 103 155 9666 6.274 1024 0.91 10.10 9443 
 

 

Appendix 4: Pollen concentration (grains g-1) and mass accumulation rate (grains cm-2 kyr-1) in samples from SHAK06-5K 
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Appendix 5: Pollen concentration (grains g-1) in samples from MD01-2444. 

Depth Pollen grains 
counted 

Exotic grains 
counted 

Total exotic 
grains 

Sediment 
(g) 

Total concentration 
(grains g-1) 

121 101 679 13911 6.448 321 

124 90 161 13911 5.7313 1357 

133 97 2300 13911 5.5774 105 
145 101 1068 13911 6.2085 212 

148 96 1482 13911 6.9195 130 

151 101 764 13911 6.8428 269 
154 99 627 13911 6.8735 320 

157 101 1004 13911 6.6311 211 

160 100 1464 13911 6.366 149 
161 99 1311 13911 4.4733 235 

163 98 1637 13911 7.2293 115 

164 101 1699 13911 4.4189 187 
166 103 452 13911 6.4068 495 

169 100 643 13911 6.672 324 

172 94 607 13911 6.9387 311 
175 100 660 13911 5.9072 357 

178 99 871 13911 5.024 315 

181 100 793 13911 6.6308 265 
184 100 565 13911 7.1121 346 

187 101 931 13911 6.9275 218 

190 100 997 13911 7.8653 177 
193 100 1194 13911 6.8802 169 

196 100 1289 13911 7.7168 140 

199 102 522 13911 5.3227 511 
202 98 693 13911 7.1735 274 

205 101 792 13911 7.0146 253 

208 80 1725 13911 4.6661 138 
211 102 732 13911 6.7343 288 

214 102 977 13911 5.5182 263 

217 100 1500 13911 5.7548 161 
220 102 525 13911 6.4061 422 

223 102 1142 13911 6.2019 200 

226 106 932 13911 5.9294 267 
229 104 316 13911 4.9221 930 

232 103 381 13911 5.405 696 

235 103 184 13911 8.274 941 

238 109 265 13911 6.0561 945 
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Depth 
(cm) 

  

Dry weight 
(g) 

  

GC-FID 

  

Standard 
injection 

(μl) 

  

Solvent 
in vial 

(μl) 

  

Sample 
injection 

(μl) 

 
Peak area of homologue 

 
Total n-alkane concentration in dry sediment (ng g-1) 

 
C25 

 
C27 

 
C29 

 
C31 

 
C33 

 
C35 

 
C25 

 
C27 

 
C29 

 
C31 

 
C33 

 
C35 

0 2.40 1 2 50 5 20.30 42.40 110.00 130.60 72.70 57.30 9.44 19.71 51.13 60.71 33.79 26.64 

2 3.20 1 2 25 5 1.90 18.00 22.80 22.10 33.20 5.50 0.61 5.76 7.30 7.07 10.62 1.76 

4 1.20 2 2 50 5 LR LR LR LR LR LR LR LR LR LR LR LR 

5 2.22 2 1 100 5 17.70 33.40 76.70 90.90 36.50 12.50 10.40 19.63 45.08 53.43 21.45 7.35 

8 2.45 1 2 25 5 7.50 19.00 41.60 51.20 26.50 15.30 3.14 7.96 17.42 21.44 11.10 6.41 

10 2.85 1 2 50 5 1.30 6.20 14.90 18.50 7.50 2.30 0.47 2.23 5.36 6.66 2.70 0.83 

12 2.26 1 1 100 5 16.70 22.70 84.50 97.30 57.20 34.50 5.62 7.64 28.44 32.74 19.25 11.61 

14 1.30 2 1 100 5 27.90 47.40 119.10 148.20 49.50 11.20 28.00 47.58 119.54 148.75 49.68 11.24 

16 1.25 1 1 100 5 11.90 21.70 48.70 55.60 31.00 15.70 8.67 15.82 35.50 40.53 22.60 11.45 

18 2.34 1 1 100 5 15.40 25.30 68.80 82.60 28.80 8.90 5.60 9.21 25.03 30.05 10.48 3.24 

20 2.76 1 2 50 5 5.50 14.90 29.40 35.30 18.90 9.70 2.22 6.02 11.88 14.27 7.64 3.92 

22 2.37 2 1 100 5 30.40 38.60 94.40 115.00 46.70 16.30 16.77 21.30 52.08 63.45 25.77 8.99 

24 1.20 1 1 100 1 4.70 11.60 25.10 31.70 11.30 2.80 16.95 41.84 90.54 114.35 40.76 10.10 

26 1.25 1 2 50 5 4.70 13.00 34.60 44.10 14.50 3.00 3.85 10.65 28.34 36.12 11.88 2.46 

28 2.37 2 3 100 5 17.30 31.60 61.60 65.60 21.10 4.50 8.37 15.28 29.79 31.73 10.20 2.18 

30 2.55 1 2 100 5 5.60 12.80 25.30 26.50 12.80 4.40 2.00 4.56 9.02 9.45 4.56 1.57 

32 2.22 2 2 50 5 23.30 38.60 78.90 96.40 34.50 10.80 13.66 22.63 46.25 56.51 20.22 6.33 

34 2.45 1 1 100 5 16.90 46.40 110.40 130.80 52.50 13.20 5.26 14.43 34.34 40.69 16.33 4.11 

36 1.25 1 1 100 5 9.10 18.40 43.30 51.50 19.10 8.60 6.63 13.41 31.57 37.54 13.92 6.27 

38 2.29 1 1 100 5 13.10 30.70 77.40 93.20 37.90 11.20 4.87 11.41 28.78 34.65 14.09 4.16 

40 2.74 1 2 50 5 6.50 11.90 24.60 29.10 19.70 7.00 2.65 4.85 10.03 11.87 8.04 2.86 

42 2.52 2 3 100 5 26.70 42.40 90.90 104.40 30.90 7.20 12.14 19.29 41.35 47.49 14.06 3.27 

44 1.25 1 1 100 5 26.50 56.20 140.10 179.80 57.00 12.00 19.32 40.97 102.13 131.07 41.55 8.75 

46 2.16 2 1 100 5 5.10 17.10 32.40 40.20 15.90 5.90 3.08 10.33 19.57 24.28 9.60 3.56 

48 2.81 1 2 25 5 21.20 40.00 89.30 110.30 38.30 11.50 7.74 14.60 32.60 40.26 13.98 4.20 

52 2.20 1 2 25 5 17.30 34.00 84.50 112.10 40.50 11.10 8.05 15.82 39.33 52.17 18.85 5.17 

54 1.25 2 1 100 5 8.10 15.60 34.00 42.80 13.90 4.50 8.46 16.28 35.49 44.68 14.51 4.70 



 

 293 

56 1.30 2 2 50 5 24.00 47.90 117.60 144.80 47.00 9.90 24.02 47.95 117.72 144.94 47.05 9.91 

58 2.49 1 2 50 5 1.70 7.80 17.40 23.40 8.80 2.80 0.70 3.21 7.15 9.62 3.62 1.15 

60 2.67 1 2 25 5 11.74 24.17 28.34 35.20 10.52 15.58 2.82 5.81 6.82 8.47 2.53 3.75 

62 2.50 1 1 100 5 5.90 19.80 41.80 50.10 21.60 10.50 1.79 6.02 12.72 15.24 6.57 3.19 

64 1.20 2 1 100 5 LR LR LR LR LR LR LR LR LR LR LR LR 

66 2.34 1 2 100 5 8.60 20.50 44.90 52.20 18.90 5.00 3.34 7.97 17.45 20.28 7.34 1.94 

68 2.49 1 2 50 5 12.20 30.60 75.90 94.40 33.40 7.00 5.47 13.71 34.01 42.30 14.96 3.14 

70 2.78 2 2 25 5 11.30 23.60 42.30 49.50 20.90 7.00 3.00 6.27 11.23 13.15 5.55 1.86 

72 1.25 1 1 100 5 22.60 55.10 131.60 160.60 56.40 12.50 16.48 40.17 95.93 117.08 41.11 9.11 

74 1.25 2 2 50 5 LR LR LR LR LR LR LR LR LR LR LR LR 

76 2.28 1 1 100 5 5.70 16.50 38.80 43.50 16.60 7.10 1.91 5.52 12.97 14.54 5.55 2.37 

78 2.48 1 2 100 5 11.30 31.30 62.50 58.00 21.10 6.40 4.15 11.50 22.96 21.31 7.75 2.35 

80 1.30 2 2 50 5 97.70 89.70 149.40 122.20 114.30 59.00 97.80 89.79 149.55 122.32 114.41 59.06 

82 2.70 1 2 50 5 5.40 15.10 23.40 21.20 8.80 6.40 2.05 5.73 8.87 8.04 3.34 2.43 

84 1.58 2 1 100 5 2.20 12.40 21.40 22.00 10.40 4.10 1.82 10.24 17.67 18.17 8.59 3.39 

86 2.80 1 1 100 5 35.70 68.30 120.20 109.60 50.20 26.00 9.71 18.58 32.71 29.82 13.66 7.07 

88 1.20 1 2 50 5 6.50 17.90 28.80 26.90 12.20 6.00 6.04 16.64 26.78 25.01 11.34 5.58 

90 2.70 1 2 50 5 8.20 18.50 32.90 30.60 13.40 8.90 3.11 7.02 12.48 11.60 5.08 3.37 

92 5.11 2 2 50 5 87.40 203.50 374.20 365.80 128.60 34.10 22.26 51.82 95.29 93.15 32.75 8.68 

94 4.77 1 1 100 1 4.50 14.60 27.50 25.40 13.90 5.00 4.08 13.25 24.95 23.05 12.61 4.54 

96 1.25 1 2 25 5 3.00 17.70 37.10 41.10 13.70 3.20 2.46 14.50 30.39 33.66 11.22 2.62 

98 5.07 2 1 100 5 13.40 33.20 71.70 78.90 33.00 7.70 3.45 8.55 18.47 20.33 8.50 1.98 

100 2.98 2 2 50 5 8.60 14.20 22.80 22.50 13.90 7.90 3.76 6.20 9.96 9.83 6.07 3.45 

102 1.15 1 1 100 5 16.00 57.50 125.10 126.70 45.70 11.90 10.58 38.03 82.73 83.79 30.22 7.87 

104 1.30 2 4 25 5 9.70 27.80 37.10 35.70 15.20 5.10 8.20 23.52 31.38 30.20 12.86 4.31 

106 4.74 1 1 100 5 16.20 41.40 85.80 92.00 38.20 13.90 3.11 7.96 16.49 17.69 7.34 2.67 

108 2.26 1 1 100 5 15.70 34.10 70.10 72.00 31.00 11.10 5.28 11.48 23.59 24.23 10.43 3.74 

110 2.91 1 2 50 5 5.10 12.90 26.10 25.50 11.00 4.60 1.96 4.95 10.01 9.78 4.22 1.76 

112 4.59 1 2 100 5 18.90 50.90 113.00 131.50 67.40 24.10 3.75 10.09 22.41 26.08 13.37 4.78 

114 4.93 1 1 100 1 8.30 24.80 50.60 54.60 27.00 8.80 7.29 21.80 44.47 47.99 23.73 7.73 

116 1.30 1 1 100 5 17.00 39.80 71.70 64.60 27.90 9.90 9.95 23.28 41.95 37.79 16.32 5.79 

118 1.30 2 2 25 5 10.40 22.00 37.00 33.40 14.80 5.20 5.90 12.47 20.98 18.93 8.39 2.95 
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120 2.83 2 2 50 5 5.70 13.70 24.50 24.90 11.50 4.40 2.62 6.30 11.27 11.45 5.29 2.02 

122 1.15 1 2 25 5 1.00 5.00 6.90 6.30 3.30 LR  0.89 4.45 6.14 5.61 2.94 LR 

124 1.15 1 2 50 5 12.10 26.80 49.30 44.40 16.60 5.80 11.74 26.00 47.83 43.07 16.10 5.63 

126 1.20 2 4 25 5 7.00 18.30 28.90 24.80 10.80 3.30 6.41 16.77 26.48 22.73 9.90 3.02 

128 4.69 1 1 100 5 24.00 78.20 171.90 180.60 107.80 31.50 4.66 15.19 33.40 35.09 20.94 6.12 

130 2.97 1 2 50 5 5.90 16.50 30.20 28.30 13.00 3.50 2.03 5.69 10.41 9.76 4.48 1.21 

132 2.98 1 2 25 5 34.33 110.49 212.51 182.28 85.99 23.61 7.41 23.85 45.87 39.34 18.56 5.10 

134 4.79 2 1 100 5 32.90 91.70 171.60 155.00 68.70 14.80 8.96 24.98 46.74 42.22 18.71 4.03 

136 1.10 1 2 100 5 13.60 43.90 71.80 51.60 28.50 5.90 11.24 36.29 59.35 42.66 23.56 4.88 

138 5.14 1 1 100 5 38.40 60.10 60.80 34.40 12.10 19.70 5.69 8.90 9.00 5.09 1.79 2.92 

140 2.72 2 1 100 5 18.30 41.50 60.30 40.50 18.00 3.60 8.78 19.91 28.93 19.43 8.63 1.73 

142 1.05 1 1 100 5 7.90 23.80 39.40 31.70 11.90 3.30 6.86 20.65 34.19 27.51 10.33 2.86 

144 1.25 2 2 50 5 33.00 82.60 137.70 117.40 50.50 12.20 34.35 85.99 143.35 122.22 52.57 12.70 

146 4.85 1 1 100 1 4.40 12.70 21.40 21.40 12.10 3.90 3.93 11.33 19.10 19.10 10.80 3.48 

148 1.10 1 2 50 5 5.30 14.90 23.80 23.40 10.80 3.30 4.93 13.87 22.15 21.78 10.05 3.07 

150 1.05 1 2 50 5 75.20 214.40 337.90 250.60 52.90 81.20 79.90 227.80 359.02 266.26 56.21 86.28 

152 2.98 2 1 100 5 14.10 17.60 24.00 17.30 11.50 6.90 6.18 7.72 10.53 7.59 5.04 3.03 

154 4.71 1 1 100 5 23.90 56.30 103.60 100.90 62.00 44.50 4.63 10.90 20.06 19.54 12.01 8.62 

156 5.11 2 2 25 5 14.20 18.90 20.00 16.90 8.10 3.60 2.05 2.73 2.88 2.44 1.17 0.52 

158 4.45 1 1 100 5 80.30 25.70 101.40 78.30 50.30 35.70 13.72 4.39 17.33 13.38 8.60 6.10 

160 2.95 1 1 100 5 119.30 315.30 586.60 536.20 228.10 60.20 36.91 97.56 181.50 165.91 70.58 18.63 

162 1.15 1 1 100 5 5.20 16.30 26.00 18.10 6.20 2.10 3.85 12.07 19.25 13.40 4.59 1.55 

164 1.20 1 2 50 5 4.70 18.50 32.70 30.40 13.60 3.60 4.37 17.20 30.40 28.26 12.64 3.35 

166 5.18 1 2 100 5 5.30 53.40 106.20 112.10 57.30 15.30 0.37 3.76 7.47 7.89 4.03 1.08 

168 1.10 2 2 50 5 44.90 116.50 223.20 211.70 88.90 17.30 26.56 68.91 132.02 125.22 52.58 10.23 

170 1.15 2 2 50 5 6.80 17.20 31.60 31.60 15.40 3.80 4.36 11.02 20.25 20.25 9.87 2.44 

172 2.79 1 2 50 5 3.15 10.85 18.82 15.70 6.04 1.37 0.73 2.50 4.33 3.61 1.39 0.32 

174 1.15 1 2 50 5 15.40 47.00 82.30 66.80 29.20 12.40 14.94 45.60 79.84 64.80 28.33 12.03 

176 4.58 2 2 50 5 92.60 197.50 362.40 372.40 191.20 64.70 26.34 56.18 103.08 105.92 54.38 18.40 

178 1.15 1 2 100 5 12.80 36.30 58.90 42.00 37.20 22.90 4.06 11.51 18.67 13.32 11.79 7.26 

180 2.83 1 1 100 5 12.00 28.90 52.20 36.70 16.30 4.60 3.87 9.32 16.84 11.84 5.26 1.48 

182 1.25 1 2 50 5 19.70 53.70 87.80 69.50 29.80 10.90 17.58 47.93 78.36 62.03 26.60 9.73 
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184 1.15 2 1 100 5 10.40 21.10 33.60 24.30 8.70 2.00 11.80 23.94 38.12 27.57 9.87 2.27 

186 1.00 2 2 50 5 147.60 346.10 632.90 604.10 260.40 81.90 96.04 225.19 411.79 393.06 169.43 53.29 

188 2.86 1 2 50 5 3.80 13.10 26.20 24.50 10.70 4.50 0.85 2.95 5.89 5.51 2.41 1.01 

194 1.00 1 1 100 5 60.50 169.50 319.70 286.70 132.30 37.40 55.13 154.45 291.32 261.25 120.56 34.08 

196 2.50 1 2 25 5 11.30 50.00 90.10 86.30 45.20 16.10 4.63 20.48 36.90 35.34 18.51 6.59 

198 2.23 1 1 100 5 7.60 46.20 82.50 68.10 26.50 7.80 2.90 17.64 31.50 26.00 10.12 2.98 

200 2.88 1 2 50 5 49.90 141.00 248.90 200.80 82.10 28.10 19.36 54.71 96.58 77.92 31.86 10.90 

202 1.05 1 1 100 5 54.40 185.10 361.00 337.00 148.10 32.80 47.21 160.64 313.29 292.46 128.53 28.47 

204 2.25 1 2 100 5 2.30 13.20 25.10 26.10 13.80 4.70 0.37 2.14 4.07 4.23 2.24 0.76 

206 1.00 2 2 50 5 29.80 66.50 103.70 81.50 30.20 8.30 38.78 86.54 134.94 106.06 39.30 10.80 

208 2.19 2 1 100 5 9.30 23.50 39.00 34.30 12.00 3.90 5.54 14.00 23.24 20.44 7.15 2.32 

210 2.79 2 2 50 5 17.10 39.10 50.00 36.50 23.70 13.40 4.55 10.40 13.30 9.71 6.31 3.57 

212 2.20 1 2 50 5 29.90 82.80 161.60 136.90 77.90 33.80 13.92 38.53 75.21 63.71 36.25 15.73 

214 2.58 1 1 100 5 18.90 64.00 119.50 108.10 47.80 12.50 6.69 22.65 42.29 38.25 16.92 4.42 

216 1.05 1 2 50 5 2.90 8.80 16.60 16.00 8.60 2.70 1.77 5.38 10.15 9.79 5.26 1.65 

218 1.00 1 2 50 5 12.40 35.00 60.10 46.70 17.20 5.50 13.83 39.05 67.05 52.10 19.19 6.14 

220 2.87 2 4 25 5 6.10 18.50 32.30 30.30 11.60 1.50 2.34 7.09 12.38 11.61 4.44 0.57 

222 2.53 2 2 50 5 78.00 121.20 193.90 167.40 88.90 43.60 40.20 62.46 99.93 86.27 45.82 22.47 

224 1.25 1 2 100 5 32.10 129.60 234.50 205.70 200.90 21.60 9.36 37.80 68.40 60.00 58.60 6.30 

226 1.05 2 1 100 5 19.30 39.40 70.60 57.90 26.50 8.20 23.98 48.96 87.73 71.95 32.93 10.19 

228 1.15 1 2 50 5 11.30 40.00 76.10 73.10 28.30 7.70 10.06 35.61 67.75 65.08 25.20 6.86 

230 2.71 2 2 25 5 10.00 22.80 39.30 36.40 17.40 5.70 2.72 6.20 10.69 9.90 4.73 1.55 

232 3.45 1 2 50 5 72.60 195.30 302.60 237.40 116.80 39.40 23.48 63.15 97.85 76.77 37.77 12.74 

236 1.20 1 1 100 5 5.70 24.00 44.30 38.60 17.10 5.10 4.33 18.22 33.64 29.31 12.99 3.87 

238 2.79 1 2 50 5 4.80 15.90 29.10 30.60 15.10 3.90 1.10 3.66 6.70 7.04 3.48 0.90 

240 2.74 2 2 50 5 6.20 13.30 23.10 22.50 9.80 4.30 1.67 3.58 6.22 6.06 2.64 1.16 

242 2.67 1 2 50 5 11.20 44.40 85.10 91.00 56.70 22.00 4.29 17.03 32.63 34.90 21.74 8.44 

244 1.15 2 2 50 5 39.20 78.90 145.20 135.40 61.50 19.60 44.36 89.28 164.30 153.21 69.59 22.18 

246 1.10 2 2 25 5 16.20 34.30 65.90 63.10 35.70 11.60 10.85 22.98 44.15 42.28 23.92 7.77 

248 1.15 1 1 100 5 13.40 36.50 77.30 76.90 33.70 8.30 10.62 28.92 61.25 60.93 26.70 6.58 

250 2.80 1 2 50 5 3.90 7.90 19.60 21.90 9.80 2.80 0.89 1.81 4.50 5.02 2.25 0.64 

252 2.88 1 2 50 5 3.90 7.90 19.60 21.90 9.80 2.80 0.87 1.76 4.38 4.89 2.19 0.63 
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254 1.00 1 2 25 5 3.20 33.90 32.90 34.90 15.90 6.00 3.28 34.71 33.69 35.73 16.28 6.14 

256 2.85 2 1 100 5 18.80 23.30 35.60 37.60 7.70 10.60 8.62 10.69 16.33 17.24 3.53 4.86 

258 4.53 2 2 50 5 34.80 81.50 177.50 205.60 106.40 26.60 10.00 23.41 50.99 59.06 30.56 7.64 

260 2.73 1 1 100 5 151.70 297.50 536.10 512.50 327.30 154.80 50.73 99.48 179.27 171.38 109.45 51.76 

262 1.48 1 2 100 5 7.10 24.80 48.60 42.60 16.40 6.90 1.75 6.11 11.97 10.49 4.04 1.70 

264 2.49 1 1 100 5 50.00 116.60 209.20 186.80 88.00 27.30 18.30 42.67 76.56 68.36 32.20 9.99 

266 1.10 1 2 50 5 35.30 69.50 150.20 142.40 63.80 20.20 35.80 70.49 152.33 144.42 64.71 20.49 

268 1.10 2 2 25 5 15.30 31.10 60.40 59.40 25.50 7.30 10.25 20.84 40.47 39.80 17.08 4.89 

270 2.94 1 1 100 5 47.00 113.20 262.90 261.50 123.10 35.90 14.57 35.09 81.48 81.05 38.15 11.13 

272 1.10 2 1 100 5 11.60 27.30 51.90 52.00 19.90 4.30 13.76 32.38 61.56 61.68 23.61 5.10 

274 1.15 1 2 50 5 4.30 8.40 21.00 22.30 19.30 3.60 2.40 4.69 11.73 12.45 10.78 2.01 

276 1.15 1 2 50 5 15.20 36.40 71.50 74.00 23.60 6.70 14.75 35.31 69.36 71.79 22.89 6.50 

278 2.72 2 2 50 5 17.20 25.80 37.70 32.80 19.90 8.20 4.69 7.03 10.27 8.94 5.42 2.23 

280 2.71 2 1 100 5 80.00 140.10 273.60 276.20 129.00 43.40 38.52 67.46 131.73 132.99 62.11 20.90 

282 1.10 2 2 50 5 17.90 37.80 75.00 79.30 33.30 10.80 21.18 44.72 88.72 93.81 39.39 12.78 

284 1.20 1 2 25 5 5.50 20.90 45.20 45.70 20.40 5.80 4.69 17.83 38.57 38.99 17.41 4.95 

286 2.55 2 2 50 5 187.00 302.80 582.50 558.50 228.20 82.10 54.34 87.99 169.27 162.30 66.31 23.86 

288 2.94 1 2 100 5 33.80 77.20 124.20 105.60 65.70 41.90 4.19 9.57 15.40 13.10 8.15 5.20 

290 5.30 2 1 100 5 86.70 49.40 65.90 69.70 77.10 56.90 21.34 12.16 16.22 17.16 18.98 14.01 

292 4.29 1 2 50 5 113.40 207.00 427.50 434.60 255.80 91.10 29.52 53.89 111.30 113.15 66.60 23.72 

294 1.20 2 1 100 5 8.60 12.80 23.90 24.20 11.50 4.00 9.35 13.92 25.99 26.31 12.50 4.35 

296 1.00 2 2 25 5 13.50 30.20 58.40 54.10 22.20 5.20 9.95 22.26 43.04 39.87 16.36 3.83 

298 1.00 1 2 100 5 11.90 28.30 69.20 70.30 39.50 7.70 4.34 10.32 25.23 25.63 14.40 2.81 

304 2.83 1 2 100 5 21.80 66.00 120.20 112.60 59.60 24.40 2.81 8.52 15.51 14.53 7.69 3.15 

306 1.15 2 1 100 5 7.80 13.80 20.30 17.70 8.60 3.50 8.85 15.66 23.03 20.08 9.76 3.97 

308 1.10 2 2 50 5 14.30 32.00 63.60 63.40 29.60 9.80 9.63 21.56 42.84 42.71 19.94 6.60 

310 5.18 2 2 50 5 13.40 22.00 22.90 13.30 14.50 5.70 1.92 3.15 3.28 1.90 2.07 0.82 

312 1.25 1 2 100 5 14.40 50.30 106.20 97.60 44.50 10.90 4.20 14.67 30.98 28.47 12.98 3.18 

314 1.20 2 2 50 5 17.20 36.60 63.30 54.20 23.80 6.70 18.65 39.69 68.64 58.78 25.81 7.27 

316 2.70 2 2 50 5 9.70 16.00 22.90 19.80 7.90 2.90 2.66 4.39 6.28 5.43 2.17 0.80 

318 1.15 1 2 50 5 24.70 62.40 127.80 117.90 54.80 16.60 23.96 60.54 123.98 114.38 53.16 16.10 

320 5.12 1 2 100 5 13.40 22.20 30.60 18.70 7.60 8.40 0.95 1.58 2.18 1.33 0.54 0.60 
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322 1.15 1 2 25 5 89.20 253.90 537.30 534.10 249.90 80.40 79.42 226.05 478.37 475.52 222.49 71.58 

324 1.10 2 2 50 5 9.80 21.00 38.30 46.00 25.10 7.50 11.59 24.84 45.31 54.42 29.69 8.87 

326 3.00 2 1 100 5 54.30 74.80 136.10 127.70 70.10 40.50 23.62 32.53 59.20 55.54 30.49 17.62 

328 1.30 1 2 50 5 6.00 11.80 24.60 25.60 14.10 5.90 2.96 5.83 12.15 12.65 6.96 2.91 

329 5.14 2 2 25 5 59.00 29.40 47.70 40.30 30.40 26.10 8.46 4.22 6.84 5.78 4.36 3.74 

 

Appendix 6: For the small sediment aliquots from SHAK06-5K (n = 160), the dry sediment weight, standard injection (μl), solvent in vial (μl) for each sample, 

with the peak areas and concentrations (ng g-1) of odd homologues C25-C35 for each sample. ‘LR’ is where the detection limit measuring the retention time 

of long-chain homologues was reached. 
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Depth 
(cm) 

  

Dry 
weight 

(g) 

  

GC-FID 

  

Standard 
injection (μl) 

  

Solvent 
in vial 

(μl) 

  

Sample 
injection (μl) 

 
Peak area of homologue 

 
Total n-alkane concentration in dry sediment (ng g-1) 

 

 
C26 

 
C28 

 
C30 

 
C32 

 
C34 

 
C26 

 
C28 

 
C30 

 
C32 

 
C34 

0 2.40 1 2 50 5 9.60 16.00 27.00 25.20 32.90 4.46 7.44 12.55 11.71 16.10 

2 3.20 1 2 25 5 1.40 2.00 5.70 1.30 0.99 0.45 0.64 1.82 0.42 0.34 

4 1.20 2 2 50 5 LR LR LR LR LR LR LR LR LR LR 

5 2.22 2 1 100 5 10.30 12.40 10.70 7.20 3.20 6.05 7.29 6.29 4.23 6.53 

8 2.45 1 2 25 5 2.30 3.60 6.00 6.40 3.90 0.96 1.51 2.51 2.68 1.75 

10 2.85 1 2 50 5 1.20 3.70 3.10 1.80 LR 0.43 1.33 1.12 0.65 LR 

12 2.26 1 1 100 5 13.00 8.50 19.50 10.60 4.20 4.37 2.86 6.56 3.57 1.49 

14 1.30 2 1 100 5 12.70 14.80 15.40 12.90 3.90 12.75 14.85 15.46 12.95 13.60 

16 1.25 1 1 100 5 3.80 5.30 11.90 6.30 4.10 2.77 3.86 8.67 4.59 3.12 

18 2.34 1 1 100 5 5.40 6.50 11.10 5.70 2.30 1.96 2.37 4.04 2.07 0.90 

20 2.76 1 2 50 5 1.70 5.10 4.20 4.20 1.20 0.69 2.06 1.70 1.70 0.51 

22 2.37 2 1 100 5 17.20 15.60 13.20 8.40 6.70 9.49 8.61 7.28 4.63 12.84 

24 1.20 1 1 100 1 3.40 4.00 5.40 3.00 0.10 12.26 14.43 19.48 10.82 0.39 

26 1.25 1 2 50 5 2.30 3.80 4.30 2.20 1.20 1.88 3.11 3.52 1.80 1.05 

28 2.37 2 3 100 5 8.10 9.30 7.80 4.80 2.40 3.92 4.50 3.77 2.32 5.59 

30 2.55 1 2 100 5 3.00 4.10 4.30 3.00 1.40 1.07 1.46 1.53 1.07 0.51 

32 2.22 2 2 50 5 9.70 15.10 10.20 7.90 3.20 5.69 8.85 5.98 4.63 8.64 

34 2.45 1 1 100 5 7.90 12.10 21.50 10.70 6.10 2.46 3.76 6.69 3.33 2.00 

36 1.25 1 1 100 5 3.80 5.00 10.50 5.40 1.20 2.77 3.64 7.65 3.94 0.91 

38 2.29 1 1 100 5 14.30 6.20 13.20 7.90 3.00 5.32 2.31 4.91 2.94 1.20 

40 2.74 1 2 50 5 2.30 3.80 4.20 2.60 1.70 0.94 1.55 1.71 1.06 0.73 

42 2.52 2 3 100 5 12.80 16.20 12.10 8.90 3.00 5.82 7.37 5.50 4.05 6.57 

44 1.25 1 1 100 5 14.60 19.40 17.00 11.30 4.30 10.64 14.14 12.39 8.24 3.28 

46 2.16 2 1 100 5 2.80 4.30 3.50 3.90 1.60 1.69 2.60 2.11 2.36 3.36 

48 2.81 1 2 25 5 8.50 13.10 17.20 10.70 3.20 3.10 4.78 6.28 3.91 1.25 

52 2.20 1 2 25 5 7.50 9.20 11.10 7.60 3.70 3.49 4.28 5.17 3.54 1.84 

54 1.25 2 1 100 5 4.10 4.40 4.80 2.30 1.60 4.28 4.59 5.01 2.40 5.80 
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56 1.30 2 2 50 5 12.90 15.70 13.50 10.50 3.70 12.91 15.72 13.51 10.51 17.05 

58 2.49 1 2 50 5 1.90 2.40 2.60 2.70 0.98 0.78 0.99 1.07 1.11 0.43 

60 2.67 1 2 25 5 3.63 4.54 2.95 2.69 1.01 0.87 1.09 0.71 0.65 0.25 

62 2.50 1 1 100 5 3.80 5.40 9.20 7.00 3.60 1.16 1.64 2.80 2.13 1.15 

64 1.20 2 1 100 5 LR LR LR LR LR LR LR LR LR LR 

66 2.34 1 2 100 5 5.60 6.40 7.10 4.20 2.20 2.18 2.49 2.76 1.63 0.88 

68 2.49 1 2 50 5 6.50 9.10 14.20 5.20 2.50 2.91 4.08 6.36 2.33 1.18 

70 2.78 2 2 25 5 3.30 5.10 4.00 2.60 1.50 0.88 1.35 1.06 0.69 0.70 

72 1.25 1 1 100 5 11.50 13.90 20.10 9.60 3.20 8.38 10.13 14.65 7.00 2.44 

74 1.25 2 2 50 5 LR LR LR LR LR LR LR LR LR LR 

76 2.28 1 1 100 5 3.70 3.40 8.60 5.00 3.30 1.24 1.14 2.87 1.67 1.16 

78 2.48 1 2 100 5 7.00 8.70 8.00 5.20 2.70 2.57 3.20 2.94 1.91 1.02 

80 1.30 2 2 50 5 3.10 21.00 8.10 5.10 6.40 3.10 21.02 8.11 5.11 29.50 

82 2.70 1 2 50 5 2.00 2.40 4.70 3.20 1.10 0.76 0.91 1.78 1.21 0.45 

84 1.58 2 1 100 5 1.40 2.50 3.30 2.50 1.10 1.16 2.06 2.73 2.06 3.16 

86 2.80 1 1 100 5 12.20 23.70 15.70 11.10 10.40 3.32 6.45 4.27 3.02 2.98 

88 1.20 1 2 50 5 2.00 3.20 3.60 2.40 1.90 1.86 2.98 3.35 2.23 1.86 

90 2.70 1 2 50 5 2.70 2.10 6.90 2.40 LR 1.02 0.80 2.62 0.91 LR 

92 5.11 2 2 50 5 35.10 41.60 29.80 29.40 15.70 8.94 10.59 7.59 7.49 18.41 

94 4.77 1 1 100 1 0.47 3.20 4.80 2.70 1.30 0.43 2.90 4.36 2.45 1.28 

96 1.25 1 2 25 5 2.60 4.70 5.50 4.20 1.90 2.13 3.85 4.51 3.44 1.66 

98 5.07 2 1 100 5 7.60 10.30 7.50 6.60 1.60 1.96 2.65 1.93 1.70 1.43 

100 2.98 2 2 50 5 4.80 4.80 2.50 2.80 3.20 2.10 2.10 1.09 1.22 6.43 

102 1.15 1 1 100 5 9.70 13.50 19.90 11.10 4.60 6.41 8.93 13.16 7.34 3.21 

104 1.30 2 4 25 5 2.20 5.60 3.90 2.20 1.40 1.86 4.74 3.30 1.86 1.99 

106 4.74 1 1 100 5 6.90 9.00 14.30 8.10 3.80 1.33 1.73 2.75 1.56 0.76 

108 2.26 1 1 100 5 6.90 9.10 11.40 5.20 2.30 2.32 3.06 3.84 1.75 0.82 

110 2.91 1 2 50 5 2.50 2.80 4.00 3.00 1.70 0.96 1.07 1.53 1.15 0.69 

112 4.59 1 2 100 5 8.30 9.70 21.00 15.30 10.60 1.65 1.92 4.16 3.03 2.17 

114 4.93 1 1 100 1 4.10 4.60 8.30 3.90 2.30 3.60 4.04 7.29 3.43 2.20 

116 1.30 1 1 100 5 7.50 6.20 16.20 7.20 5.60 4.39 3.63 9.48 4.21 3.45 

118 1.30 2 2 25 5 3.40 5.00 3.10 2.70 2.50 1.93 2.83 1.76 1.53 2.48 
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120 2.83 2 2 50 5 LR 3.50 2.80 2.10 2.10 LR 1.61 1.29 0.97 4.45 

122 1.15 1 2 25 5 1.80 1.90 1.30 LR LR 1.60 1.69 1.16 LR LR 

124 1.15 1 2 50 5 5.10 5.60 9.00 5.20 1.40 4.95 5.43 8.73 5.04 1.43 

126 1.20 2 4 25 5 1.20 4.50 2.80 2.40 LR 1.10 4.12 2.57 2.20 0.00 

128 4.69 1 1 100 5 9.40 13.50 27.50 15.70 9.60 1.83 2.62 5.34 3.05 1.95 

130 2.97 1 2 50 5 2.50 3.30 2.70 2.80 1.20 0.86 1.14 0.93 0.97 0.44 

132 2.98 1 2 25 5 15.25 24.88 25.96 14.00 5.97 3.29 5.37 5.60 3.02 1.33 

134 4.79 2 1 100 5 14.20 19.50 14.80 12.50 4.60 3.87 5.31 4.03 3.41 4.35 

136 1.10 1 2 100 5 10.00 10.10 13.50 5.00 2.10 8.27 8.35 11.16 4.13 1.79 

138 5.14 1 1 100 5 10.80 8.90 11.80 3.30 3.90 1.60 1.32 1.75 0.49 0.61 

140 2.72 2 1 100 5 7.20 7.70 4.90 3.70 2.10 3.45 3.69 2.35 1.77 3.50 

142 1.05 1 1 100 5 3.70 4.90 5.20 3.50 1.30 3.21 4.25 4.51 3.04 1.18 

144 1.25 2 2 50 5 17.00 20.00 15.40 11.70 7.30 17.70 20.82 16.03 12.18 34.99 

146 4.85 1 1 100 1 2.60 2.20 4.10 2.90 1.30 2.32 1.96 3.66 2.59 1.26 

148 1.10 1 2 50 5 1.50 3.50 3.70 4.50 1.10 1.40 3.26 3.44 4.19 1.09 

150 1.05 1 2 50 5 33.50 44.10 60.20 31.00 15.40 35.59 46.86 63.96 32.94 17.23 

152 2.98 2 1 100 5 5.40 3.90 3.80 2.50 2.00 2.37 1.71 1.67 1.10 3.05 

154 4.71 1 1 100 5 5.20 11.10 19.20 13.20 6.00 1.01 2.15 3.72 2.56 1.21 

156 5.11 2 2 25 5 3.60 6.00 2.20 1.40 1.50 0.52 0.87 0.32 0.20 0.38 

158 4.45 1 1 100 5 4.70 4.90 24.10 19.80 12.30 0.80 0.84 4.12 3.38 2.22 

160 2.95 1 1 100 5 43.80 52.40 78.90 32.70 26.80 13.55 16.21 24.41 10.12 8.67 

162 1.15 1 1 100 5 7.70 2.10 3.70 1.30 1.00 5.70 1.55 2.74 0.96 0.79 

164 1.20 1 2 50 5 2.40 4.40 5.50 3.40 1.50 2.23 4.09 5.11 3.16 1.47 

166 5.18 1 2 100 5 6.90 11.10 15.60 6.70 4.40 0.49 0.78 1.10 0.47 0.33 

168 1.10 2 2 50 5 19.80 29.10 23.40 17.40 5.80 11.71 17.21 13.84 10.29 15.80 

170 1.15 2 2 50 5 3.30 5.30 2.30 2.90 1.00 2.11 3.40 1.47 1.86 1.12 

172 2.79 1 2 50 5 1.24 1.85 1.99 1.71 LR 0.29 0.43 0.46 0.39 LR 

174 1.15 1 2 50 5 5.60 8.90 14.60 9.10 3.80 5.43 8.63 14.16 8.83 3.88 

176 4.58 2 2 50 5 63.00 60.90 40.60 35.60 24.00 17.92 17.32 11.55 10.13 31.43 

178 1.15 1 2 100 5 2.20 20.10 9.40 6.40 1.90 0.70 6.37 2.98 2.03 0.64 

180 2.83 1 1 100 5 3.00 5.80 7.00 3.80 1.20 0.97 1.87 2.26 1.23 0.40 

182 1.25 1 2 50 5 7.40 11.10 11.70 5.50 2.40 6.60 9.91 10.44 4.91 2.26 
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184 1.15 2 1 100 5 3.60 5.10 2.60 2.50 LR 4.08 5.79 2.95 2.84 LR 

186 1.00 2 2 50 5 49.80 92.80 63.90 61.50 25.30 32.40 60.38 41.58 40.01 75.79 

188 2.86 1 2 50 5 2.20 2.90 3.20 2.90 1.60 0.49 0.65 0.72 0.65 0.37 

194 1.00 1 1 100 5 18.70 22.70 42.30 27.10 10.00 17.04 20.68 38.55 24.69 9.53 

196 2.50 1 2 25 5 4.70 8.10 12.70 12.30 3.00 1.92 3.32 5.20 5.04 1.31 

198 2.23 1 1 100 5 6.00 8.90 11.40 2.00 2.10 2.29 3.40 4.35 0.76 0.86 

200 2.88 1 2 50 5 14.50 29.50 33.70 14.70 8.50 5.63 11.45 13.08 5.70 3.47 

202 1.05 1 1 100 5 21.70 31.40 52.20 19.90 15.20 18.83 27.25 45.30 17.27 13.79 

204 2.25 1 2 100 5 1.20 1.90 4.50 2.70 1.40 0.19 0.31 0.73 0.44 0.24 

206 1.00 2 2 50 5 11.20 13.20 10.70 9.00 2.40 14.57 17.18 13.92 11.71 14.38 

208 2.19 2 1 100 5 3.50 4.90 3.60 3.00 1.20 2.09 2.92 2.14 1.79 2.48 

210 2.79 2 2 50 5 11.00 11.10 3.70 2.80 LR 2.93 2.95 0.98 0.75 LR 

212 2.20 1 2 50 5 5.60 13.60 26.90 14.50 4.60 2.61 6.33 12.52 6.75 2.29 

214 2.58 1 1 100 5 6.90 9.40 15.10 9.10 3.60 2.44 3.33 5.34 3.22 1.33 

216 1.05 1 2 50 5 1.60 1.30 2.70 2.50 1.60 0.98 0.80 1.65 1.53 1.01 

218 1.00 1 2 50 5 4.40 5.30 10.40 4.50 1.30 4.91 5.91 11.60 5.02 1.53 

220 2.87 2 4 25 5 1.50 4.30 1.00 2.50 LR 0.57 1.65 0.38 0.96 LR 

222 2.53 2 2 50 5 8.30 49.30 26.40 6.60 9.20 4.28 25.41 13.61 3.40 21.83 

224 1.25 1 2 100 5 19.10 22.20 28.10 16.00 13.70 5.57 6.48 8.20 4.67 4.27 

226 1.05 2 1 100 5 7.50 10.40 6.50 6.30 2.30 9.32 12.92 8.08 7.83 9.93 

228 1.15 1 2 50 5 5.00 7.20 16.30 5.90 3.10 4.45 6.41 14.51 5.25 2.95 

230 2.71 2 2 25 5 2.40 5.30 3.30 4.60 1.40 0.65 1.44 0.90 1.25 0.67 

232 3.45 1 2 50 5 29.20 34.00 56.90 38.60 11.90 9.44 10.99 18.40 12.48 4.05 

236 1.20 1 1 100 5 3.30 4.90 5.70 3.20 1.10 2.51 3.72 4.33 2.43 0.87 

238 2.79 1 2 50 5 2.60 2.20 3.00 3.70 LR 0.60 0.51 0.69 0.85 LR 

240 2.74 2 2 50 5 2.20 3.90 2.20 2.60 1.20 0.59 1.05 0.59 0.70 0.57 

242 2.67 1 2 50 5 5.10 8.80 13.60 10.20 4.90 1.96 3.37 5.22 3.91 2.01 

244 1.15 2 2 50 5 19.20 17.70 13.80 14.40 5.50 21.73 20.03 15.62 16.29 28.65 

246 1.10 2 2 25 5 8.50 9.80 6.80 7.20 3.60 5.69 6.57 4.56 4.82 4.22 

248 1.15 1 1 100 5 6.60 10.70 11.40 5.90 2.00 5.23 8.48 9.03 4.68 1.66 

250 2.80 1 2 50 5 1.10 1.70 1.90 1.90 1.10 0.25 0.39 0.44 0.44 0.26 

252 2.88 1 2 50 5 1.50 1.70 1.90 1.90 1.10 0.34 0.38 0.42 0.42 0.25 
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254 1.00 1 2 25 5 2.50 4.70 5.80 3.80 1.90 2.56 4.81 5.94 3.89 0.52 

256 2.85 2 1 100 5 7.00 4.70 3.20 2.00 2.90 3.21 2.16 1.47 0.92 4.62 

258 4.53 2 2 50 5 14.30 22.20 16.80 20.50 8.00 4.11 6.38 4.83 5.89 10.58 

260 2.73 1 1 100 5 32.00 66.90 97.40 41.50 59.00 10.70 22.37 32.57 13.88 20.63 

262 1.48 1 2 100 5 3.90 5.00 8.40 1.70 1.00 0.96 1.23 2.07 0.42 0.26 

264 2.49 1 1 100 5 10.90 23.20 30.80 19.30 8.40 3.99 8.49 11.27 7.06 3.21 

266 1.10 1 2 50 5 11.30 16.90 25.80 12.80 4.90 11.46 17.14 26.17 12.98 5.23 

268 1.10 2 2 25 5 2.70 9.40 5.50 6.10 2.60 1.81 6.30 3.68 4.09 3.05 

270 2.94 1 1 100 5 20.20 30.60 41.30 16.90 6.10 6.26 9.48 12.80 5.24 1.98 

272 1.10 2 1 100 5 5.70 7.40 5.30 5.50 1.80 6.76 8.78 6.29 6.52 7.42 

274 1.15 1 2 50 5 2.00 2.60 7.00 2.70 LR 1.12 1.45 3.91 1.51 LR 

276 1.15 1 2 50 5 6.50 8.80 14.70 5.00 2.40 6.31 8.54 14.26 4.85 2.45 

278 2.72 2 2 50 5 5.70 7.10 4.10 6.60 4.20 1.55 1.93 1.12 1.80 1.63 

280 2.71 2 1 100 5 50.60 46.90 31.70 23.70 15.20 24.36 22.58 15.26 11.41 25.42 

282 1.10 2 2 50 5 8.00 10.20 8.10 6.90 3.30 9.46 12.07 9.58 8.16 17.97 

284 1.20 1 2 25 5 4.00 6.70 8.20 3.80 1.90 3.41 5.72 7.00 3.24 1.73 

286 2.55 2 2 50 5 113.70 99.60 72.60 50.00 12.10 33.04 28.94 21.10 14.53 5.01 

288 2.94 1 2 100 5 13.00 13.90 32.50 10.20 4.70 1.61 1.72 4.03 1.26 0.62 

290 5.30 2 1 100 5 10.10 19.70 26.30 9.00 6.70 2.49 4.85 6.47 2.22 5.73 

292 4.29 1 2 50 5 24.60 43.80 87.60 46.30 29.00 6.40 11.40 22.81 12.05 7.95 

294 1.20 2 1 100 5 4.90 3.50 2.80 3.20 1.00 5.33 3.81 3.04 3.48 3.78 

296 1.00 2 2 25 5 2.10 8.50 5.80 6.30 4.70 1.55 6.26 4.27 4.64 6.06 

298 1.00 1 2 100 5 4.40 8.30 10.50 5.40 2.30 1.60 3.03 3.83 1.97 0.90 

304 2.83 1 2 100 5 10.20 13.70 23.90 11.90 6.00 1.32 1.77 3.08 1.54 0.83 

306 1.15 2 1 100 5 3.70 4.40 2.00 2.10 1.20 4.20 4.99 2.27 2.38 4.73 

308 1.10 2 2 50 5 7.00 6.00 4.90 4.60 2.20 4.72 4.04 3.30 3.10 2.11 

310 5.18 2 2 50 5 4.50 6.80 4.20 2.90 3.80 0.64 0.97 0.60 0.41 0.78 

312 1.25 1 2 100 5 6.20 11.30 14.80 8.40 2.90 1.81 3.30 4.32 2.45 0.90 

314 1.20 2 2 50 5 7.00 8.30 5.60 5.90 1.70 7.59 9.00 6.07 6.40 8.49 

316 2.70 2 2 50 5 3.20 4.10 2.50 2.30 1.50 0.88 1.13 0.69 0.63 0.59 

318 1.15 1 2 50 5 8.70 13.30 18.50 9.50 3.10 8.44 12.90 17.95 9.22 3.17 

320 5.12 1 2 100 5 5.50 14.50 5.60 2.10 1.80 0.39 1.03 0.40 0.15 0.14 
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322 1.15 1 2 25 5 33.70 56.50 79.80 40.70 21.90 30.00 50.30 71.05 36.24 20.84 

324 1.10 2 2 50 5 3.40 4.90 3.80 5.00 2.80 4.02 5.80 4.50 5.91 15.25 

326 3.00 2 1 100 5 3.70 18.80 21.10 8.90 7.30 1.61 8.18 9.18 3.87 11.03 

328 1.30 1 2 50 5 2.10 3.20 3.70 3.50 1.80 1.04 1.58 1.83 1.73 0.92 

329 5.14 2 2 25 5 2.50 19.10 6.40 2.50 3.50 0.36 2.74 0.92 0.36 0.88 

 

Appendix 7: For the small sediment aliquots from SHAK06-5K (n = 160), the dry sediment weight, standard injection (μl), solvent in vial (μl) for each sample, 

with the peak areas and concentrations (ng g-1) of even homologues C26-C34 for each sample. ‘LR’ is where the detection limit measuring the retention time 

of long-chain homologues was reached. 
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Depth 

(cm) 

  

Dry weight 

(g) 

  

GC-FID 

  

Standard 

injection 

(μl) 

  

Solvent 

in vial 

(μl) 

  

Sample 

injection 

(μl) 

 

Peak area of homologue 

 

Total n-alkane concentration in dry sediment (ng g-1) 

 

C25 

 

C27 

 

C29 

 

C31 

 

C33 

 

C35 

 

C25 

 

C27 

 

C29 

 

C31 

 

C33 

 

C35 

4 81.87 2 2 500 1 38.00 40.20 70.50 102.90 53.10 29.80 25.13 26.58 46.62 68.04 44.93 19.71 

10 141.27 2 2 500 1 93.60 165.40 387.10 472.70 183.70 66.90 25.88 45.73 107.02 130.69 62.99 22.94 

20 79.58 2 2 500 1 73.70 127.50 308.50 433.30 181.90 71.10 35.84 62 150.02 210.71 110.72 43.28 

30 120.52 2 2 500 1 44.60 83.70 201.90 248.20 94.10 32.50 14.32 26.88 64.83 79.7 37.82 13.06 

38 127.30 2 1 100 1 2864.00 3947.80 5043.00 7988.00 7113.00 2761.50 153.15 211.1 269.66 427.14 783.16 147.66 

40 122.57 2 2 500 1 100.80 169.50 356.60 483.40 212.50 84.20 31.83 53.52 112.59 152.62 83.98 33.28 

47 105.59 2 1 100 1 751.80 1219.10 2639.70 3637.60 1452.80 713.60 54.23 87.93 190.4 262.37 217.61 51.47 

48 95.45 1 2 500 1 115.70 216.30 567.10 718.70 322.90 134.00 59.56 111.34 291.93 369.96 163.64 67.91 

49 104.36 2 1 100 1 1219.10 1842.00 3715.90 4908.30 2001.20 1117.70 88.97 134.43 271.18 358.2 303.74 81.57 

51 106.17 2 1 100 1 1388.30 2007.90 2943.30 4418.30 928.80 862.50 99.59 144.04 211.14 316.94 138.57 61.87 

53 110.05 2 1 100 1 2663.20 3584.00 5252.70 7319.30 3599.70 2420.80 164.73 221.68 324.9 452.73 458.46 149.74 

55 105.28 2 1 100 1 1484.90 2314.60 3492.00 4966.20 3402.30 2459.40 96.01 149.65 225.78 321.1 452.95 159.02 

57 104.01 2 1 100 1 972.70 1874.40 2806.10 4485.80 2494.80 1462.70 63.66 122.67 183.65 293.58 336.19 95.73 

59 32.70 2 2 500 1 32.90 75.10 193.30 253.80 85.70 24.50 41.45 94.62 243.54 319.76 133.66 38.21 

60 123.74 1 2 500 1 57.90 113.40 257.80 330.10 165.90 92.80 22.78 44.62 101.43 129.88 64.85 36.28 

64 61.77 2 2 500 1   4.10 8.10 11.10 6.60     5.15 10.18 13.95 10.65   

66 84.27 2 1 100 1 1558.00 2779.10 5764.60 5833.60 2495.30 1253.70 125.85 224.49 465.64 471.22 415.03 101.27 

70 35.08 1 2 500 1 18.00 40.60 93.90 107.00 35.40 9.20 24.98 56.35 130.32 148.5 48.81 12.69 

71 176.78 2 2 500 1 98.90 198.30 459.30 523.00 178.20 55.10 21.65 43.41 100.55 114.49 48.83 15.1 

74 81.55 2 2 500 1 49.50 75.10 154.70 201.70 86.30 29.50 32.86 49.85 102.7 133.9 73.3 19.58 

78 82.69 2 2 500 1 47.20 90.60 163.00 186.10 80.80 40.50 29.56 56.75 102.1 116.56 66.63 25.37 

81 84.38 2 1 100 1 1414.30 3759.50 7447.60 7476.60 3128.10 1771.90 114.09 303.28 600.81 252.35 519.6 142.94 

82 79.88 2 2 500 1 77.30 169.90 336.00 342.30 142.50 63.10 37.45 82.31 162.78 165.84 86.41 38.26 

85 85.11 2 1 100 1 2204.30 3981.20 5628.10 9186.90 7113.10 3827.40 176.3 318.41 450.13 734.76 1171.4 306.11 

90 63.41 1 2 500 1 115.40 206.00 447.20 438.30 308.20 210.50 88.6 158.16 343.35 336.52 235.11 160.58 
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92 62.62 2 2 500 1 29.70 58.60 118.10 131.60 55.00 35.30 25.68 50.66 102.1 113.77 60.84 30.52 

96 62.12 2 2 500 1 15.90 24.10 47.20 66.20 29.40 13.10 19.69 29.85 58.46 82 47.19 16.23 

100 84.22 1 2 500 1 95.60 182.80 396.20 415.80 195.00 93.20 55.26 105.67 229.03 240.36 112 53.53 

104 61.75 2 2 500 1 19.00 36.00 66.30 87.60 47.70 21.60 23.89 45.27 83.38 110.16 77.03 27.16 

109 179.94 2 2 500 1 302.80 821.00 1828.50 1979.10 720.80 93.90 65.12 176.57 393.25 425.64 194.03 25.28 

110 116.43 2 2 500 1 174.10 426.20 825.50 857.80 444.00 183.40 57.87 141.67 274.39 285.13 184.72 76.3 

112 82.15 2 2 500 1 82.50 185.90 414.40 521.40 281.70 121.70 52.01 117.21 261.27 328.73 233.82 76.73 

120 79.45 1 2 500 1 66.90 170.90 353.70 331.10 144.70 52.10 40.99 104.72 216.74 202.89 88.1 31.72 

122 61.18 2 2 500 1 30.80 43.20 73.00 77.50 36.90 22.20 38.74 54.33 91.81 97.47 60.14 27.92 

126 81.66 2 2 500 1 81.10 128.50 93.10 202.70 94.00 48.70 53.77 85.19 61.72 134.38 79.74 32.29 

128 85.27 2 1 100 1 1611.50 3270.90 4270.10 3938.50 3154.60 2414.80 99.65 202.25 264.04 243.54 301.9 149.32 

130 108.04 2 2 500 1 215.30 560.10 1020.90 983.80 494.90 217.90 77.12 200.62 365.68 352.39 221.88 97.69 

136 82.27 2 2 500 1 31.90 65.50 124.90 139.20 68.90 23.50 20.99 43.1 82.19 91.6 58.01 15.46 

140 125.66 1 2 500 1 108.40 250.60 407.30 367.60 174.20 69.50 42 97.09 157.8 142.42 67.06 26.75 

146 113.49 2 2 500 1 300.70 536.70 718.60 662.40 526.50 336.00 102.54 183.01 245.04 225.87 224.72 143.41 

148 61.71 2 2 500 1 47.00 72.60 115.50 122.10 64.70 23.70 41.23 63.69 101.32 107.11 72.63 20.79 

152 159.13 1 2 500 1 181.20 381.00 656.40 597.30 318.80 124.70 55.44 116.57 200.82 182.74 105.6 46.05 

156 61.39 2 2 500 1 33.70 58.80 90.50 87.70 66.40 40.60 29.72 51.85 79.81 58.55 74.92 35.8 

160 138.51 1 2 500 1 321.50 802.90 1547.80 1523.40 770.70 228.40 113 282.21 544.04 535.46 328.18 165.22 

164 61.11 2 2 500 1 48.60 78.40 134.30 133.90 68.40 36.20 43.05 69.45 118.97 118.62 77.53 32.07 

168 61.85 2 2 500 1 67.10 163.40 312.70 291.50 124.60 14.70 84.25 205.16 392.61 365.99 200.88 18.46 

172 103.12 2 2 500 1 135.40 302.30 602.50 613.20 285.10 101.80 50.81 113.45 226.11 230.12 133.92 47.82 

176 57.32 2 2 500 1 34.70 83.30 144.70 171.00 102.50 60.00 31.35 75.27 130.75 154.51 121.93 54.22 

180 41.93 2 2 500 1 69.50 210.40 419.60 398.10 164.70 81.70 64.15 194.19 387.27 367.43 190.27 94.38 

182 61.82 2 2 500 1 48.10 84.20 164.20 215.30 124.10 20.10 59.87 104.8 204.37 267.98 200.17 25.02 

184 61.85 2 2 500 1 91.90 175.90 250.50 231.10 108.50 50.30 80.44 153.96 219.26 202.28 121.51 44.03 

190 124.82 2 2 500 1 288.20 644.90 1061.00 1050.80 700.80 363.00 89.35 199.95 328.95 325.79 271.96 140.87 

194 61.57 2 2 500 1 69.50 148.20 299.90 246.60 181.00 92.40 58.46 124.67 252.28 207.44 200.45 77.73 

198 62.09 2 2 500 1 79.90 194.50 339.00 387.60 219.40 110.20 66.65 162.25 282.78 323.32 240.94 91.93 
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200 39.93 1 2 500 1 59.30 193.60 381.90 348.10 141.40 33.40 72.3 236.05 465.64 424.42 171.3 40.46 

210 117.08 1 2 500 1 276.70 535.50 993.40 943.80 485.30 232.30 115.06 222.68 413.09 392.46 224.39 107.05 

220 126.08 2 2 500 1 200.30 472.20 809.20 836.50 169.80 237.30 61.48 144.94 248.38 256.76 65.24 91.17 

230 123.92 1 2 500 1 199.40 492.90 1061.50 996.70 531.60 167.70 78.34 193.65 417.04 391.59 207.52 65.46 

240 99.68 2 2 500 1 126.40 299.40 593.70 616.60 381.70 166.50 49.07 116.24 230.5 239.39 185.48 80.91 

250 49.69 2 2 500 1 211.80 476.70 923.00 951.10 467.60 175.70 164.95 371.26 718.85 740.73 455.82 171.28 

260 83.65 1 2 500 1 113.70 295.00 628.50 611.20 290.20 73.00 66.17 171.69 365.79 355.72 167.82 42.21 

270 37.46 2 2 500 1 52.00 138.00 306.40 328.90 146.70 56.70 56.67 150.38 333.9 358.42 199.72 77.19 

280 79.78 1 2 500 1 70.90 205.40 440.10 473.30 221.20 69.10 43.27 125.35 268.57 288.83 134.12 41.9 

284 82.62 2 2 500 1 11.40 17.30 84.00 39.50 30.90   7.15 10.85 52.66 24.76 25.5 0 

286 30.92 2 2 500 1 13.80 22.60 43.40 60.80 40.80 29.40 23.12 37.86 72.7 101.84 89.97 49.25 

288 57.29 2 2 500 1 87.30 204.20 322.70 460.50 438.30 250.60 78.92 184.61 291.74 416.32 521.66 226.56 

290 57.42 2 2 500 1 119.50 249.70 547.40 655.00 349.70 129.00 85.74 179.16 392.76 469.96 310.59 114.57 

300 144.58 2 2 500 1 176.50 376.00 907.60 937.40 514.60 197.70 49.83 106.16 256.25 264.67 181.52 69.73 

310 59.27 2 2 500 1 79.40 214.50 461.30 455.30 210.60 69.90 55.19 149.09 320.63 316.46 181.2 60.14 

320 105.81 2 2 500 1 198.10 441.30 936.90 893.30 593.80 312.90 76.43 170.25 361.46 344.64 286.2 150.81 

329 83.67 1 2 500 1 82.00 76.10 156.80 159.40 75.70 16.30 47.71 44.28 91.24 92.75 43.77 9.42 

 

Appendix 8: For the large sediment aliquots from SHAK06-5K (n = 71), the dry sediment weight, standard injection (μl), solvent in vial (μl) for each sample, 

with the peak areas and concentrations (ng g-1) of odd homologues C25-C35 for each sample. ‘LR’ is where the detection limit measuring the retention time 

of long-chain homologues was reached. 
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Depth 

(cm) 

 

Dry weight 

(g) 

 

GC-FID 

 

Standard 

injection 

(μl) 

 

Solvent 

in vial 

(μl) 

 

Sample 

injection 

(μl) 

 

Peak area of homologue 

 

Total n-alkane concentration in dry sediment (ng g-1) 

 

C26 

 

C28 

 

C30 

 

C32 

 

C34 

 

C26 

 

C28 

 

C30 

 

C32 

 

C34 

4 81.87 2 2 500 1 26.60 12.90 9.70 9.40 12.90 17.59 8.53 6.41 6.22 10.91 

10 141.27 2 2 500 1 57.90 59.00 57.50 36.10 23.40 16.01 16.31 15.90 9.98 8.02 

20 79.58 2 2 500 1 52.20 50.50 52.40 38.20 33.50 25.38 24.56 25.48 18.58 20.39 

30 120.52 2 2 500 1 22.90 26.00 27.50 19.80 7.70 7.35 8.35 8.83 6.36 3.09 

38 127.30 2 1 100 1 1913.70 1760.00 2309.00 1735.00 2093.20 102.33 94.11 123.47 92.77 230.47 

40 122.57 2 2 500 1 65.70 63.30 64.60 48.10 40.70 20.74 19.99 20.40 15.19 16.08 

47 105.59 2 1 100 1 440.60 495.90 564.00 476.20 355.50 31.78 35.77 40.68 34.35 53.25 

48 95.45 1 2 500 1 42.20 62.10 80.40 45.80 16.20 21.72 31.97 41.39 23.58 8.56 

49 104.36 2 1 100 1 470.20 750.70 823.50 674.90 637.60 34.31 54.78 60.10 49.25 96.77 

51 106.17 2 1 100 1 1234.70 1014.10 865.80 674.20 576.00 88.57 72.75 62.11 48.36 85.93 

53 110.05 2 1 100 1 2454.00 1919.80 1596.80 1284.20 1259.70 151.79 118.75 98.77 79.43 160.44 

55 105.28 2 1 100 1 1009.50 1021.30 861.40 694.70 1380.00 65.27 66.03 55.70 44.92 183.72 

57 104.01 2 1 100 1 331.20 1145.90 1096.30 891.10 994.00 21.68 74.99 71.75 58.32 133.95 

59 32.70 2 2 500 1 15.70 23.30 24.50 16.90 7.10 19.78 29.36 30.87 21.29 11.07 

60 123.74 1 2 500 1 22.70 31.90 23.30 25.10 15.80 8.93 12.55 9.17 9.88 6.44 

64 61.77 2 2 500 1                     

66 84.27 2 1 100 1 1021.20 1139.10 960.00 923.30 669.30 82.49 92.01 77.55 74.58 111.32 

70 35.08 1 2 500 1 8.30 11.40 16.80 6.20 2.20 11.52 15.82 23.32 8.60 3.16 

71 176.78 2 2 500 1 51.10 58.60 51.60 46.10 22.70 11.19 12.83 11.30 10.09 6.22 

74 81.55 2 2 500 1 22.40 21.60 20.80 24.80 9.70 14.87 14.34 13.81 16.46 8.24 

78 82.69 2 2 500 1 25.10 22.20 20.90 23.30 40.50 15.72 13.91 13.09 14.59 33.40 

81 84.38 2 1 100 1 879.10 1221.50 1220.60 1325.80 1056.00 70.92 98.54 98.47 106.95 175.41 

85 85.11 2 1 100 1 1530.80 1784.90 2531.00 2233.50 3005.00 122.43 142.76 202.43 178.63 494.87 

82 79.88 2 2 500 1 58.80 52.40 47.20 32.60 23.00 28.49 25.39 22.87 15.79 13.95 
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90 63.41 1 2 500 1 26.80 53.70 84.50 54.10 26.10 20.58 41.23 64.88 41.54 20.75 

92 62.62 2 2 500 1 8.40 16.40 13.50 12.60 7.30 7.26 14.18 11.67 10.89 8.08 

96 62.12 2 2 500 1 7.60 6.10 4.30 5.30 4.10 9.41 7.56 5.33 6.56 6.58 

100 84.22 1 2 500 1 28.40 39.70 63.10 32.30 25.50 16.42 22.95 36.48 18.67 15.26 

104 61.75 2 2 500 1 5.10 9.90 5.90 7.30 5.40 6.41 12.45 7.42 9.18 8.72 

109 179.94 2 2 500 1 150.80 219.10 218.50 204.70 93.90 32.43 47.12 46.99 44.02 25.28 

110 116.43 2 2 500 1 123.20 141.20 138.50 134.20 98.50 40.95 46.93 46.04 44.61 40.98 

112 82.15 2 2 500 1 52.10 64.40 72.40 71.30 61.50 32.85 40.60 45.65 44.95 51.05 

120 79.45 1 2 500 1 27.40 48.90 105.10 36.00 24.70 16.79 29.96 64.40 22.06 15.67 

122 61.18 2 2 500 1 14.30 11.10 6.70 8.40 5.50 17.98 13.96 8.43 10.56 8.96 

126 81.66 2 2 500 1 39.90 30.90 17.70 25.80 22.00 26.45 20.49 11.73 17.10 18.66 

128 85.27 2 1 100 1 1210.30 1458.50 866.30 922.30 436.70 74.84 90.19 53.57 57.03 41.79 

130 108.04 2 2 500 1 150.90 170.00 194.50 152.70 182.30 54.05 60.89 69.67 54.70 81.73 

136 82.27 2 2 500 1 23.90 17.50 14.40 15.50 13.30 15.73 11.52 9.48 10.20 11.20 

140 125.66 1 2 500 1 39.70 56.20 97.20 37.70 30.00 15.38 21.77 37.66 14.61 12.03 

146 113.49 2 2 500 1 280.70 279.70 144.60 214.70 212.20 95.72 95.38 49.31 73.21 90.57 

148 61.71 2 2 500 1 23.20 17.40 15.00 15.80 11.40 20.35 15.26 13.16 13.86 12.80 

152 159.13 1 2 500 1 59.30 89.10 138.80 77.30 60.00 18.14 27.26 42.47 23.65 19.01 

156 61.39 2 2 500 1 25.10 20.00 11.40 10.30 11.50 22.13 17.64 10.05 9.08 12.98 

160 138.51 1 2 500 1 127.00 239.80 324.70 206.30 217.60 44.64 84.29 114.13 72.51 79.19 

164 61.11 2 2 500 1 20.50 17.60 15.11 15.20 7.70 18.16 15.59 13.39 13.47 8.73 

168 61.85 2 2 500 1 33.90 40.30 35.50 23.90 14.70 42.56 50.60 44.57 30.01 23.70 

172 103.12 2 2 500 1 63.80 85.00 94.50 73.80 61.10 23.94 31.90 35.46 27.70 28.70 

176 57.32 2 2 500 1 11.80 25.60 22.40 19.30 37.80 10.66 23.13 20.24 17.44 44.97 

180 41.93 2 2 500 1 36.20 47.00 45.30 49.30 31.20 33.41 43.38 41.81 45.50 36.04 

182 61.82 2 2 500 1 48.10 22.80 15.60 22.10 20.10 59.87 28.38 19.42 27.51 32.42 

184 61.85 2 2 500 1 48.70 38.20 14.80 29.20 17.10 42.63 33.44 12.95 25.56 19.15 

190 124.82 2 2 500 1 230.70 274.30 230.40 220.60 198.70 71.53 85.04 71.43 68.40 77.11 

194 61.57 2 2 500 1 23.70 33.80 32.80 33.00 26.30 19.94 28.43 27.59 27.76 29.13 
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198 62.09 2 2 500 1 40.20 54.50 40.60 56.40 60.80 33.53 45.46 33.87 47.05 66.77 

200 39.93 1 2 500 1 22.90 34.60 58.50 21.60 9.30 27.92 42.19 71.33 26.34 11.74 

210 117.08 1 2 500 1 67.50 128.20 204.60 107.20 41.00 28.07 53.31 85.08 44.58 17.65 

220 126.08 2 2 500 1 139.30 146.80 197.70 155.60 169.80 42.76 45.06 60.68 47.76 65.24 

230 123.92 1 2 500 1 67.10 118.60 146.00 83.10 45.00 26.36 46.60 57.36 32.65 18.31 

240 99.68 2 2 500 1 77.90 88.70 112.90 101.30 86.80 30.24 34.44 43.83 39.33 42.18 

250 49.69 2 2 500 1 105.90 123.00 129.60 128.10 93.70 82.48 95.79 100.93 99.77 91.34 

260 83.65 1 2 500 1 51.10 79.30 95.20 65.50 26.20 29.74 46.15 55.41 38.12 15.79 

270 37.46 2 2 500 1 27.00 35.70 33.30 34.80 16.80 29.42 38.90 36.29 37.92 22.87 

280 79.78 1 2 500 1 28.10 53.10 95.00 40.80 17.70 17.15 32.40 57.97 24.90 11.18 

284 82.62 2 2 500 1 4.30 5.20 5.70 8.20 LR  2.70 3.26 3.57 5.14 LR 

286 30.92 2 2 500 1 5.20 8.00 4.80 6.40 5.70 8.71 13.40 8.04 10.72 12.57 

288 57.29 2 2 500 1 26.20 126.60 114.00 135.40 157.30 23.69 114.45 103.06 122.41 187.22 

290 57.42 2 2 500 1 65.90 79.80 93.40 79.20 35.40 47.28 57.26 67.01 56.83 31.44 

300 144.58 2 2 500 1 100.90 126.30 171.70 126.60 43.00 28.49 35.66 48.48 35.74 15.17 

310 59.27 2 2 500 1 38.90 57.60 50.40 42.10 21.50 27.04 40.04 35.03 29.26 18.50 

320 105.81 2 2 500 1 145.60 156.90 232.70 188.60 160.80 56.17 60.53 89.78 72.76 77.50 

329 83.67 1 2 500 1 21.70 17.20 19.10 15.20 7.60 12.63 10.01 11.11 8.84 4.58 

 

Appendix 9: For the large sediment aliquots from SHAK06-5K (n = 71), the dry sediment weight, standard injection (μl), solvent in vial (μl) for each sample, 

with the peak areas and concentrations (ng g-1) of even homologues C26-C34 for each sample. ‘LR’ is where the detection limit measuring the retention time 

of long-chain homologues was reached. 
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Depth 
(cm) 

 

Cleaning 
method 

 

Run 1: Alkane concentration in vial (ng) 

  

 

Run 2 clean: Alkane concentration in vial (ng) 

 

Recovery rate (%) 

C27 C29 C31 C33 C27 C29 C31 C33 C27 C29 C31 C33 Total (C27-C33) 

4 Zeolite 2176.29 3816.62 5570.64 3529.58 790.08 1752.15 2031.63 1055.77 36.30 45.91 36.47 29.91 37.30 

10 Zeolite 6459.97 15118.82 18462.07 8538.67 4664.22 11450.38 13374.81 5964.36 72.20 75.74 72.44 69.85 72.98 

20 Zeolite 4934.16 11938.74 16768.41 8455.00 1273.81 3210.53 4328.36 2263.88 25.82 26.89 25.81 26.78 26.31 

30 Zeolite 3239.13 7813.39 9605.17 4373.92 2901.84 6755.77 8720.72 4030.96 89.59 86.46 90.79 92.16 89.52 

40 Zeolite 6559.53 13800.17 18707.24 9877.34 2786.79 6369.06 7861.24 3997.32 42.48 46.15 42.02 40.47 42.94 

48 Zeolite 10627.82 27864.25 35313.06 15619.53 6263.54 16155.68 22151.26 10541.98 58.94 57.98 62.73 67.49 61.63 

59 Zeolite 3094.02 7963.70 10456.22 4194.00 1843.85 4733.92 6313.62 2623.80 59.59 59.44 60.38 62.56 60.35 

60 Zeolite 5520.89 12551.02 16070.95 8025.02 1388.24 2855.30 3707.07 4246.53 25.15 22.75 23.07 52.92 28.93 

70 Zeolite 1976.61 4571.53 5209.31 1712.39 1365.85 3018.26 3669.55 1617.04 69.10 66.02 70.44 94.43 71.80 

74 Zeolite 4065.65 8374.91 10919.33 5736.39 3546.66 5742.74 6407.61 3514.34 87.23 68.57 58.68 61.26 66.03 

78 Zeolite 4692.48 8442.32 9638.75 5286.86 4874.23 8353.08 9337.73 5301.07 103.87 98.94 96.88 100.27 99.31 

82 Zeolite 6575.01 13002.97 13246.77 6623.63 2407.24 4993.86 4611.72 2125.20 36.61 38.41 34.81 32.09 35.84 

90 Zeolite 10029.13 21771.98 21338.68 14908.45 3944.95 8343.94 8195.07 4145.77 39.33 38.32 38.40 27.81 36.19 

92 Zeolite 3172.40 6393.52 7124.36 3655.87 1590.91 3396.80 3294.68 1604.23 50.15 53.13 46.25 43.88 48.59 

96 Zeolite 1854.37 3631.80 5093.75 2813.16 0.00 1341.45 1595.24 752.46 0.00 36.94 31.32 26.75 27.55 

100 Zeolite 8899.64 19289.04 20243.26 9432.67 5697.85 12132.58 12776.42 6607.33 64.02 62.90 63.11 70.05 64.31 

109 Zeolite 31772.13 70761.68 76589.79 33503.94 25379.30 55068.83 59883.56 28006.17 79.88 77.82 78.19 83.59 79.17 

110 Zeolite 16493.64 31946.27 33196.26 20637.83 12800.83 28075.45 29890.47 14310.70 77.61 87.88 90.04 69.34 83.19 

112 Zeolite 9628.39 21463.19 27005.08 18432.04 2937.67 6934.39 8413.87 5185.24 30.51 32.31 31.16 28.13 30.67 

120 Zeolite 8320.28 17219.92 16119.64 6999.52 4800.93 8809.14 8265.78 4150.57 57.70 51.16 51.28 59.30 53.49 

126 Zeolite 6956.54 5040.10 10973.46 6248.22 2601.35 3805.28 3488.17 1967.58 37.39 75.50 31.79 31.49 40.60 

130 Zeolite 21675.48 39508.12 38072.37 23003.75 8165.26 15505.71 14027.14 7617.90 37.67 39.25 36.84 33.12 37.07 

136 Zeolite 3545.94 6761.64 7535.80 4579.81 1112.56 2090.75 1994.01 1165.47 31.38 30.92 26.46 25.45 28.38 
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140 Zeolite 12200.49 19829.44 17896.64 8426.52 4458.54 6806.90 5597.36 3046.95 36.54 34.33 31.28 36.16 34.12 

146 Zeolite 20769.92 27809.32 25634.42 24472.57 6899.09 11754.11 10148.64 5859.36 33.22 42.27 39.59 23.94 35.12 

148 Zeolite 3930.31 6252.76 6610.06 4300.63 2069.26 3224.81 3111.95 1912.73 52.65 51.57 47.08 44.48 48.92 

152 Zeolite 18549.02 31956.90 29079.61 16804.66 5292.19 8310.44 6989.26 4107.39 28.53 26.01 24.03 24.44 25.62 

156 Zeolite 3183.22 4899.35 4747.77 4413.63 995.19 1692.35 1615.19 1169.26 31.26 34.54 34.02 26.49 31.73 

160 Zeolite 40910.09 80432.65 81878.60 45455.78 12264.22 24729.89 23814.61 32769.15 29.98 30.75 29.09 72.09 37.63 

164 Zeolite 4244.30 7270.53 7248.87 4546.57 1258.62 2030.29 2064.88 1467.79 29.65 27.92 28.49 32.28 29.26 

168 Zeolite 12688.90 24282.85 22636.55 11922.44 1585.77 3062.35 2737.40 1646.77 12.50 12.61 12.09 13.81 12.63 

172 Zeolite 11698.80 23316.33 23730.41 13251.91 5842.57 11533.43 11045.17 6007.13 49.94 49.47 46.54 45.33 47.82 

176 Zeolite 4314.39 7494.51 8856.67 6706.72 1458.19 2546.51 2456.04 1695.24 33.80 33.98 27.73 25.28 29.80 

182 Zeolite 6478.76 12634.36 16566.25 11874.60 1372.53 2895.25 3268.16 2028.38 21.18 22.92 19.73 17.08 20.11 

184 Zeolite 9522.60 13561.18 12510.94 7212.04 2714.15 3791.83 3195.78 2096.84 28.50 27.96 25.54 29.07 27.56 

190 Zeolite 24957.18 41059.96 40665.23 32574.31 12573.39 24611.63 23364.77 13455.10 50.38 59.94 57.46 41.31 53.14 

194 Zeolite 7675.78 15532.84 12772.25 11843.09 851.92 1150.09 1078.21 1114.66 11.10 7.40 8.44 9.41 8.77 

198 Zeolite 10073.82 17557.96 20075.12 14355.66 3703.18 6615.67 6442.63 4280.59 36.76 37.68 32.09 29.82 33.90 

200 Zeolite 9425.43 18592.84 16947.28 6839.89 4964.68 9553.47 8786.81 4932.70 52.67 51.38 51.85 72.12 54.51 

210 Zeolite 26070.87 48363.78 45949.00 26271.19 11202.16 20856.12 20052.25 12883.57 42.97 43.12 43.64 49.04 44.32 

220 Zeolite 18273.81 31315.48 32371.97 7892.58 7414.94 13414.75 12165.13 7170.88 40.58 42.84 37.58 90.86 44.70 

230 Zeolite 23996.88 51679.23 48524.44 25714.90 6043.96 11987.43 12084.20 7773.33 25.19 23.20 24.90 30.23 25.27 

240 Zeolite 11586.57 22975.78 23861.99 17742.03 5151.44 10537.15 10672.93 6684.42 44.46 45.86 44.73 37.68 43.39 

250 Zeolite 18447.96 35719.46 36806.91 21734.80 7880.24 15166.79 14871.28 9526.28 42.72 42.46 40.40 43.83 42.09 

260 Zeolite 14362.10 30598.58 29756.33 14037.74 8217.40 17514.08 17927.19 10589.96 57.22 57.24 60.25 75.44 61.12 

270 Zeolite 5633.40 12507.77 13426.26 7179.23 4029.53 9022.41 9726.80 5371.92 71.53 72.13 72.45 74.83 72.65 

280 Zeolite 9999.92 21426.31 23042.66 10700.03 4748.82 9750.72 10156.38 6151.48 47.49 45.51 44.08 57.49 47.27 

288 Zeolite 10576.21 16713.73 23850.86 28678.61 2502.51 4981.05 6101.86 4864.63 23.66 29.80 25.58 16.96 23.11 

290 Zeolite 10287.30 22552.14 26985.11 17113.67 7437.53 17034.85 19236.07 11699.14 72.30 75.54 71.28 68.36 72.02 

300 Zeolite 15348.96 37049.79 38266.27 25183.57 9959.87 22830.53 25725.78 15697.01 64.89 61.62 67.23 62.33 64.06 
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310 Zeolite 8837.11 19004.93 18757.74 10306.37 4635.51 9757.88 9379.78 5385.01 52.46 51.34 50.00 52.25 51.24 

320 Zeolite 18014.62 38245.86 36466.03 29059.47 6213.08 13336.03 13866.35 9932.63 34.49 34.87 38.03 34.18 35.59 

329 Zeolite 3704.94 7633.82 7760.40 3661.81 3736.54 8306.72 8730.99 5417.34 100.85 108.81 112.51 147.94 115.07   

       MEAN 46.64 48.39 46.17 49.31 47.07 
 

Appendix 10: The n-alkane recovery rate (%) of the zeolite cleaning method, outlining the n-alkane concentration before (Run 1) and after cleaning (Run 2). 

 

 

Appendix 11: The recovery rate (%) of the urea adduction cleaning method, outlining the n-alkane concentration before (Run 1) and after cleaning (Run 2).

 

Depth 
(cm) 

 

Cleaning 
method 

 

Run 1: n-Alkane concentration in vial (ng) 

 

Run 2 clean: n-Alkane concentration in vial (ng) 

 

Recovery rate (%) 

C27 C29 C31 C33 C27 C29 C31 C33 C27 C29 C31 C33 Total (C27-C33) 

38 Urea 26872.83 34327.90 54374.63 99696.27 7659.02 15386.22 19586.49 10588.80 28.50 44.82 36.02 10.62 24.72 

47 Urea 9284.71 20104.04 27704.08 22977.06 5972.56 12246.45 14522.10 7583.38 64.33 60.92 52.42 33.00 50.36 

49 Urea 14028.73 28300.42 37381.78 31698.28 6641.49 15057.18 19786.46 4514.31 47.34 53.20 52.93 14.24 41.29 

51 Urea 15292.23 22416.27 33649.92 14711.85 6036.02 13092.22 16616.52 8317.68 39.47 58.40 49.38 56.54 51.19 

53 Urea 24396.43 35755.34 49822.76 50453.63 7529.78 14558.87 18996.70 11075.18 30.86 40.72 38.13 21.95 32.51 

55 Urea 15755.57 23770.18 33805.12 47686.86 6634.96 14932.04 18328.99 9515.16 42.11 62.82 54.22 19.95 40.83 

57 Urea 12759.12 19101.23 30535.02 34967.28 4646.50 10343.03 12421.11 6883.31 36.42 54.15 40.68 19.68 35.22 

66 Urea 18917.44 39239.86 39709.55 34974.29 4475.95 8455.57 10294.12 5912.83 23.66 21.55 25.92 16.91 21.93 

81 Urea 25591.07 50696.11 21293.10 43843.65 7526.82 14477.79 13017.78 7077.36 29.41 28.56 61.14 16.14 29.77 

85 Urea 27100.19 38310.70 62535.59 99697.67 12705.36 23283.87 22102.80 12148.90 46.88 60.78 35.34 12.19 30.86 

128 Urea 17246.27 22514.69 20766.29 25743.31 9959.20 16272.90 13168.47 8708.38 57.75 72.28 63.41 33.83 55.77 
         

MEAN 40.61 50.74 46.33 23.19 37.68 
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Depth 

C27 C29 C31 C33 

d13C mean ± 1σ d13C mean ± 1σ d13C mean ± 1σ d13C mean ± 1σ 

4     -30.31 0.12 -30.72 0.13 -30.59 0.10 

10     -31.88 0.16 -31.83 0.02 -32.08 0.28 

20     -31.36 0.36 -31.77 0.54 -31.30 0.60 

30     -31.82 0.13 -31.35 0.01 -31.69 0.04 

38 -30.17 0.01 -30.57 0.11 -30.22 0.02 -31.74 0.06 

40     -31.36 0.36 -31.77 0.54 -31.30 0.60 

47 -30.52 0.06 -31.59 0.05 -31.20 0.07 -32.45 0.04 

48 -30.40 0.09 -31.73 0.12 -31.37 0.19 -30.94 0.34 

49 -30.93 0.09 -32.10 0.06 -31.40 0.11 -32.26 0.11 

51 -31.21 0.12 -32.64 0.14 -31.66 0.04 -31.73 0.06 

53 -31.38 0.09 -32.50 0.09 -32.00 0.07 -32.68 0.18 

55 -30.14 0.05 -31.18 0.06 -31.13 0.08 -32.05 0.03 

57 -29.85 0.04 -30.95 0.12 -31.05 0.08 -30.72 0.07 

59     -31.72 0.16 -31.01 0.06 -30.03 0.35 

60 -29.80 0.35 -31.10 0.10 -30.53 0.15 -29.45 0.18 

66 -30.04 0.03 -30.73 0.11 -30.31 0.13 -30.43 0.03 

70 -30.71 0.11 -31.37 0.15 -30.78 0.31 -30.65 0.55 

71 -30.48 0.32 -31.30 0.28 -31.09 0.15 -29.28   

74     -31.83 0.52 -30.86 0.05 -31.51 0.03 

78     -31.60 0.00 -31.15 0.01 -31.99 0.19 

81 -30.89 0.05 -31.15 0.02 -31.36 0.08 -31.99 0.10 

82     -31.72 0.01 -31.63 0.00 -31.39 0.04 
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85 -29.98 0.77 -30.44 0.63 -31.38 0.11 -32.08 0.16 

90 -30.77 0.03 -31.47 0.02 -31.51 0.03 -31.36 0.08 

92     -31.76 0.14 -31.55 0.18 -31.82 0.16 

96     -30.34 1.15 -30.91 1.13 -29.73 1.22 

100 -30.45 0.09 -31.49 0.03 -31.27 0.11 -31.24 0.15 

109 -31.14 0.23 -32.07 0.40 -32.01 0.53 -32.12 0.45 

110     -32.00 0.06 -32.02 0.06 -31.65 0.06 

112     -31.90 0.10 -31.96 0.16 -32.15 0.89 

120 -30.92 0.13 -31.91 0.09 -32.18 0.07 -32.37 0.52 

126     -30.37 1.70 -30.91 1.45 -30.61 1.55 

128 -30.87 0.06 -32.04 0.14 -32.68 0.15 -33.65 0.12 

130     -31.94 0.07 -32.48 0.03 -33.05 0.19 

136 -31.13 0.06 -32.07 0.09 -32.90 0.09 -32.03   

140 -30.67 0.19 -31.88 0.05 -32.33 0.09 -32.22 0.86 

146     -31.75 0.07 -32.18 0.02 -31.66 0.10 

148     -29.77 0.03 -30.35 0.37 -29.79 0.36 

152 -30.89 0.02 -31.79 0.06 -32.85 0.10 -32.59 1.20 

156     -33.34 0.26 -34.87 0.53 -35.16 0.02 

160 -30.27 0.11 -31.63 0.03 -32.22 0.00 -32.53 0.22 

164     -30.73 0.12 -31.47 0.22 -31.19 0.23 

168     -32.32 0.10 -32.26 0.47 -32.44 0.63 

172     -32.02 0.04 -32.44 0.10 -31.97 0.09 

176     -32.88 0.53 -34.18 1.62 -34.10 1.99 

180 -30.52 0.08 -32.02 0.21 -32.48 0.23 -33.07 0.08 



 

 315 

184     -32.27 0.10 -32.48 0.16 -32.66 0.51 

190     -32.03 0.04 -32.44 0.03 -32.88 0.09 

194     -30.31 1.31 -31.03 1.86 -30.64 2.23 

198     -32.10 0.14 -32.40 0.08 -33.31 0.22 

200 -30.67 0.17 -32.02 0.10 -32.31 0.02 -31.96 0.11 

210 -31.02 0.38 -32.12 0.24 -32.09 0.24 -31.92 0.47 

220     -31.95 0.02 -32.32 0.10 -32.63 0.00 

230 -30.63 0.00 -32.05 0.00 -32.20 0.00 -31.91 0.42 

240     -31.88 0.03 -32.41 0.11 -32.83 0.05 

250     -31.34 0.82 -32.05 1.08 -31.87 0.88 

260 -30.63 0.10 -32.12 0.09 -32.32 0.09 -31.96 0.09 

270 -30.90 0.50 -32.32 0.18 -32.44 0.13 -32.16 0.23 

280 -30.60 0.24 -32.05 0.15 -32.24 0.06 -31.85 0.15 

288     -33.90 3.22 -33.87 2.74 -33.66 2.14 

290 -30.36 0.27 -32.07 0.06 -32.40 0.24 -32.22 0.05 

300 -30.65 0.24 -32.23 0.12 -32.36 0.14 -31.93 0.03 

310 -30.99 0.52 -32.43 0.37 -32.47 0.20 -31.79 0.10 

320     -32.05 0.06 -32.32 0.04 -32.09 0.10 

329 -30.70 0.18 -32.08 0.16 -32.28 0.09 -31.75 0.15 

 

Appendix 12: For SHAK06-5K samples (n = 65), the mean d13Cn-alkane values of the multiple runs for each homologue, showing the standard deviation 

(± 1σ) of these duplicate/triplicate runs. Values highlighted in red were removed due to concern around sample contamination, with many of these 

samples showing high std dev. Values highlighted in grey only had one run and were removed from final analysis. Blank boxes indicate where 

homologue concentrations were too low to measure the isotope composition.
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Appendix 13: Sediment accumulation rate (SAR; cm kyr-1) in cores SHAK06-5K and MD01-2444. 

Note that the SHAK06-5K SAR (blue line) and Master sequence SAR (black line) are on the 

SHAK06-5K depth scale, while MD01-2444 SAR (red line) is on its own depth scale. 
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Appendix 14: For the modern leaf samples (n = 21), the dry leaf weight, standard injection (μl), solvent in vial (μl) for each sample, with the peak areas and 

concentrations (ng g-1) of odd homologues C25-C35 for each sample. 

 
Taxa 

 
Dry 

weight 
(g) 

 
GC-
FID 

 
Standard 
injection 

(μl) 

 
Solvent 
in vial 

(μl) 

 
Sample 

injection 
(μl) 

 
Peak area of homologue 

 
Total amount of alkane in dry leaf (ng g-1) 

 
C25 

 
C27 

 
C29 

 
C31 

 
C33 

 
C35 

 
C37 

 
C25 

 
C27 

 
C29 

 
C31 

 
C33 

 
C35 

 
C37 

J. turbinata 0.50 2 1 500 1 11.10 22.90 269.60 502.40 6330.00 2408.10 33.60 772.92 1594.57 18772.80 34983.15 435374.49 165628.01 2310.99 

O. europea 0.26 2 1 500 1 0.00  566.40 5338.80 7190.10 4262.20 1214.10 0.00 0.00 88015.63 829621.90 1117304.34 747213.00 212845.78 0.00 

C. salviifolius 0.14 2 1 500 1 28.90 746.80 3753.70 815.90 52.80 12.10 0.00 7368.83 190416.81 957107.11 208035.72 13297.96 3047.45 0.00 

Q. suber 0.09 2 1 500 1 17.80 154.40 562.30 161.40 10.80 0.00 0.00 8191.94 71058.16 258782.41 74279.71 5607.44 0.00 0.00 

Q. pyrenaica 0.70 2 1 500 1 473.30 2444.00 4692.70 1001.00 39.90 0.00 0.00 27507.26 142040.44 272730.43 58176.14 0.00 0.00 0.00 

Q. ilex 0.53 2 1 500 1 34.60 276.30 1511.90 404.90 15.60 0.00 0.00 2256.58 18020.01 98604.61 26407.17 1059.06 0.00 0.00 

T. villosa 0.31 2 1 500 1 20.20 32.50 23.40 9.00 0.00 0.00 0.00 2251.01 3621.67 2607.60 1002.92 0.00 0.00 0.00 

P. pinaster 0.48 2 1 500 1 26.70 24.10 45.70 7.00 8.40 5.90 0.00 1893.48 1709.09 3240.89 496.42 621.23 436.34 0.00 

C. vesicaria 0.14 2 1 500 1 31.10 140.50 107.20 32.00 0.00 0.00 0.00 11693.54 52827.75 40307.01 12031.94 0.00 0.00 0.00 

R. acetosella 2 0.13 2 1 500 1 9.50 40.60 216.40 110.50 17.30 0.00 0.00 3694.60 15789.57 84159.18 42974.07 10610.08 0.00 0.00 

C. crispus 0.07 2 1 500 1 0.00 167.60 1437.60 281.00 47.00 0.00 0.00 0.00 132336.33 1135123.57 221876.55 58523.62 0.00 0.00 

L. vulgare 0.03 2 1 500 1 0.00 15.50 56.10 6.30 0.00 0.00 0.00 0.00 17742.67 64217.03 7211.54 0.00 0.00 0.00 

C. album 0.06 2 1 500 1 15.00 57.60 432.80 288.80 19.00 0.00 0.00 11635.14 44678.93 335712.55 224015.21 18291.40 0.00 0.00 

B. diandrus 0.10 2 1 500 1 9.60 80.50 470.90 228.30 120.70 5.90 0.00 4153.13 34825.72 203719.67 98766.62 64807.41 3167.89 0.00 

G. coronaria 0.08 2 1 500 1 8.60 35.80 567.30 252.90 12.30 0.00 0.00 4747.02 19760.85 313137.76 139595.52 8426.38 0.00 0.00 

L. ovatus 0.07 2 1 500 1 27.20 194.70 788.00 561.10 290.40 41.50 0.00 18444.91 132030.28 534359.83 380494.04 244409.08 34927.61 0.00 

C. pycnocephalus 0.18 2 1 500 1 0.00 171.10 1327.10 1093.60 66.90 0.00 0.00 0.00 34407.18 266871.78 219916.34 29042.24 0.00 0.00 

R. acetosella 1 0.11 2 1 500 1 0.00 90.10 597.70 271.10 14.60 0.00 0.00 0.00 29094.55 193005.68 87541.98 10177.58 0.00 0.00 

A .integrifolia 0.11 2 1 500 1 0.00 56.30 314.90 643.10 13.70 0.00 0.00 0.00 17606.96 98480.11 201119.59 9249.14 0.00 0.00 

B. maxima 0.08 2 1 500 1 31.80 35.50 75.80 284.30 198.80 13.50 0.00 8747.48 9765.27 20850.91 78204.66 118053.02 8016.68 0.00 

T. barbata 0.09 2 1 500 1 0.00 59.90 2769.60 1290.40 79.20 0.00 0.00 0.00 14520.04 671363.93 312798.97 41444.90 0.00 0.00 
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Taxa 

 
Dry 

weight 
(g) 

 
GC-
FID 

 
Standard 
injection 

(μl) 

 
Solvent 
in vial 

(μl) 

 
Sample 

injection 
(μl) 

Peak area of homologue Total amount of alkane in dry leaf (ng g-1) 
  

 
C26 

 
C28 

 
C30 

 
C32 

 
C34 

 
C36 

 
C26 

 
C28 

 
C30 

 
C32 

 
C34 

 
C36 

J. turbinata 0.50 2 1 500 1 13.70 171.50 110.10 28.10 0.00 0.00 953.96 11941.90 7666.49 1956.66 0.00 0.00 

O. europea 0.26 2 1 500 1 0.00 204.20 462.70 694.20 294.80 274.70 0.00 31731.62 71901.19 107875.09 51681.85 48158.09 

C. salviifolius 0.14 2 1 500 1 9.60 172.60 110.20 16.50 0.00 0.00 2447.78 44009.03 28098.46 4207.12 0.00 0.00 

Q. suber 0.09 2 1 500 1 0.00 21.10 17.90 60.20 26.40 0.00 0.00 9710.67 8237.96 27705.32 13707.07 0.00 

Q. pyrenaica 0.70 2 1 500 1 57.20 272.20 112.40 86.50 30.00 0.00 3324.35 15819.72 6532.47 5027.21 1967.01 0.00 

Q. ilex 0.53 2 1 500 1 0.00 68.70 90.00 48.80 17.80 0.00 0.00 4480.55 5869.71 3182.69 1208.42 0.00 

T. villosa 0.31 2 1 500 1 0.00 8.60 0.00 0.00 0.00 0.00 0.00 958.35 0.00 0.00 0.00 0.00 

P. pinaster 0.48 2 1 500 1 4.90 6.40 5.70 0.00 0.00 0.00 347.49 453.87 404.23 0.00 0.00 0.00 

C .vesicaria 0.14 2 1 500 1 19.20 16.40 4.60 0.00 0.00 0.00 7219.17 6166.37 1729.59 0.00 0.00 0.00 

R. acetosella 2 0.13 2 1 500 1 7.30 12.20 16.50 5.80 0.00 0.00 2839.01 4744.65 6416.94 2255.65 0.00 0.00 

C. crispus 0.07 2 1 500 1 0.00 66.10 41.50 6.70 0.00 0.00 0.00 52192.31 32768.24 5290.29 0.00 0.00 

L. vulgare 0.03 2 1 500 1 0.00 8.70 0.00 0.00 0.00 0.00 0.00 14531.61 0.00 0.00 0.00 0.00 

C. album 0.06 2 1 500 1 4.60 10.80 36.00 4.10 0.00 0.00 3568.11 8377.30 27924.33 3180.27 0.00 0.00 

B. diandrus 0.10 2 1 500 1 0.00 7.40 5.90 4.80 0.00 0.00 0.00 3201.37 2552.44 2076.56 0.00 0.00 

G. coronaria 0.08 2 1 500 1 0.00 10.50 28.00 0.00 0.00 0.00 0.00 5795.78 15455.42 0.00 0.00 0.00 

L. ovatus 0.07 2 1 500 1 0.00 39.50 84.00 55.20 17.30 0.00 0.00 26785.80 56962.22 37432.31 14560.18 0.00 

C. pycnocephalus 0.18 2 1 500 1 0.00 10.60 25.20 5.30 0.00 0.00 0.00 2131.60 5067.57 1065.80 0.00 0.00 

R. acetosella 1 0.11 2 1 500 1 10.50 28.00 46.00 9.80 0.00 0.00 3390.60 9041.59 14854.04 3164.56 0.00 0.00 

A .integrifolia 0.11 2 1 500 1 0.00 14.70 48.70 197.00 0.00 0.00 0.00 4597.20 15230.17 61608.71 0.00 0.00 

B. maxima 0.08 2 1 500 1 5.00 4.60 8.20 8.60 0.00 0.00 2292.32 2108.93 3759.40 3942.78 0.00 0.00 

T. barbata 0.09 2 1 500 1 0.00 18.20 131.00 20.30 0.00 0.00 0.00 7352.94 52925.02 8201.36 0.00 0.00 

 

Appendix 15: For the modern leaf samples (n = 21), the dry leaf weight, standard injection (μl), solvent in vial (μl) for each sample, with the peak areas and 

concentrations (ng g-1) of even homologues C26-C34 for each sample. 
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 Taxa C27 C29 C31 C33 C35 

  d13C mean ± 1σ d13C mean ± 1σ d13C mean ± 1σ d13C mean ± 1σ d13C mean ± 1σ 

J. turbinata     -27.71 0.14 -27.82 0.18 -26.72 0.15     

B. maxima         -38.81 0.09 -39.41 0.09     

O.europea -33.63 0.07 -33.09 0.03 -33.04 0.15 -32.84 0.09 -32.78 0.04 

A. integrifolia     -39.66 0.04 -40.49 0.12         

L. ovatus -36.85 0.09 -37.43 0.06 -37.52 0.01 -38.15 0.02     

B. diandrus -36.84 0.09 -37.92 0.08 -37.90 0.06 -38.09 0.01     

C. pycnocephalus -35.83 0.12 -35.38 0.11 -35.21 0.06         

T. barbata     -36.21 0.04 -36.69 0.06         

C. album -37.54 0.09 -38.17 0.03 -37.66 0.04         

G. coronaria     -37.37 0.08 -37.03 0.06         

R. acetosella 2     -39.32 0.02 -38.88 0.15         

R. acetosella 1 -38.76 0.12 -40.02 0.05 -39.36 0.08         

C. crispus -35.92 0.19 -38.37 0.09 -37.71 0.25         

Q. ilex -34.44 0.57 -34.14 0.74 -34.60 0.28         

C. salviifolius -35.94 0.15 -36.67 0.03 -35.93 0.16         

Q. suber -33.37 0.10 -33.68 0.07 -34.45 0.08         

L. vulgare -36.35 0.16 -36.32 0.08 -36.46 0.07         

Q. pyrenaica -33.60 0.17 -33.26 0.23 -33.76 0.37         

P. pinaster     -32.00 0.07             

C. vesicaria -34.79 0.02 -36.67 0.14             

T. villosa -35.35 0.13 -35.20 0.08 -35.57 0.06         

 

Appendix 16: For the modern leaf samples (n=21), the mean d13Cn-alkane values of the multiple runs for each homologue, showing the standard deviation (± 

1σ) of these duplicate/triplicate runs 
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Appendix 17: Value assigned to each modern species (1-5) for both drought tolerance and heat 

resistance. 1 represents the most tolerant, 5 represents the least tolerant. Values used in PCA. 

 

 

 

Taxa Site Heat resistance Drought 
tolerance 

Quercus pyrenaica 2 1 1 

Quercus suber 2 3 3 

Quercus ilex 3 3 3 

Olea europaea 3 5 5 

Cistus salviifolius 2 4 3 

Cistus crispus 3 4 3 

Pinus pinaster 2 4 4 

Juniperus turbinata 1 5 5 

Chenopodium album 1 3 2 

Rumex acetosella A 1 2 2 

Rumex acetosella B 1 2 2 

Glebionis coronaria 2 2 3 

Thapsia villosa 2 2 1 

Carduus pycnocephalus 2 4 3 

Leucanthemum vulgare 2 1 2 

Andryala integrifolia 3 4 4 

Crepis vesicaria 2 1 1 

Tolpis barbata 3 4 3 

Briza maxima 2 4 4 

Bromus diandrus 2 3 4 

Lagurus ovatus 1 4 4 
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Depth (cm) Sediment volume (mm3) Dry sediment mass (mg) Bulk density (g cm-3) 

5 500 398.05 0.80 

8 500 384.54 0.77 

16 500 466.76 0.93 

18 500 428.09 0.86 

22 500 451.87 0.90 

26 500 419.70 0.84 

28 500 467.62 0.94 

32 500 306.60 0.61 

34 500 406.19 0.81 

36 500 518.21 1.04 

38 500 375.38 0.75 

42 500 506.94 1.01 

44 500 522.59 1.05 

46 500 445.22 0.89 

52 500 498.68 1.00 

54 500 463.02 0.93 

56 500 490.42 0.98 

58 500 616.78 1.23 

62 500 362.34 0.72 

64 500 330.95 0.66 

66 500 442.25 0.88 

68 500 445.02 0.89 

74 500 351.04 0.70 

76 500 381.76 0.76 

78 500 287.49 0.57 

86 500 432.32 0.86 

92 500 453.70 0.91 

94 500 543.73 1.09 

96 500 517.63 1.04 

98 500 430.06 0.86 

102 500 448.51 0.90 

104 500 379.37 0.76 

106 500 448.56 0.90 

108 500 501.96 1.00 

112 500 459.32 0.92 

114 500 403.06 0.81 

116 500 418.49 0.84 

118 500 509.83 1.02 

122 500 464.61 0.93 

124 500 521.84 1.04 
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126 500 534.82 1.07 

128 500 588.99 1.18 

132 500 536.30 1.07 

134 500 426.52 0.85 

136 500 552.33 1.10 

138 500 485.86 0.97 

142 500 443.80 0.89 

144 500 533.60 1.07 

146 500 559.65 1.12 

148 500 354.45 0.71 

156 500 531.53 1.06 

158 500 503.08 1.01 

162 500 518.53 1.04 

164 500 603.01 1.21 

166 500 508.88 1.02 

168 500 517.74 1.04 

174 500 477.87 0.96 

176 500 488.03 0.98 

178 500 518.63 1.04 

182 500 427.40 0.85 

184 500 654.94 1.31 

186 500 479.54 0.96 

188 500 623.09 1.25 

192 500 532.46 1.06 

194 500 528.16 1.06 

196 500 487.13 0.97 

198 500 553.13 1.11 

202 500 614.47 1.23 

204 500 414.37 0.83 

206 500 553.68 1.11 

208 500 539.06 1.08 

212 500 429.08 0.86 

214 500 658.33 1.32 

216 500 528.28 1.06 

218 500 636.30 1.27 

222 500 509.58 1.02 

224 500 518.85 1.04 

226 500 460.88 0.92 

228 500 434.72 0.87 

232 500 443.71 0.89 

234 500 390.59 0.78 
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236 500 474.32 0.95 

238 500 449.15 0.90 

242 500 577.93 1.16 

248 500 502.98 1.01 

252 500 614.04 1.23 

254 500 665.85 1.33 

256 500 491.45 0.98 

258 500 525.53 1.05 

262 500 538.81 1.08 

266 500 572.80 1.15 

268 500 537.24 1.07 

272 500 554.79 1.11 

274 500 577.68 1.16 

278 500 467.28 0.93 

284 500 569.98 1.14 

286 500 555.82 1.11 

288 500 452.06 0.90 

292 500 482.59 0.97 

294 500 515.95 1.03 

296 500 538.19 1.08 

298 500 446.74 0.89 

304 500 389.50 0.78 

308 500 540.23 1.08 

312 500 476.53 0.95 

314 500 411.15 0.82 

316 500 535.72 1.07 

318 500 531.67 1.06 

322 500 499.35 1.00 

326 500 524.24 1.05 

328 500 479.17 0.96 

 

Appendix 18: Bulk density (g cm-3) of SHAK06-5K samples, calculated by volume wet sample 

(mm3) * dry sediment mass (mg). 
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Depth 
C29 concentration 

(ng g-1) 

C31 concentration 

(ng g-1) 

Total concentration 

C27-C33 (ng g-1) 

Bulk density 

(g cm-3) 

SAR  

(cm kyr-1) 

Mass flux C29 (ng 

cm-2 kyr-1) 

Mass flux C31 (ng 

cm-2 kyr-1) 

Mass flux C27-C33 (ng 

cm-2 kyr-1) 

 
4 46.62 68.04 184.35 0.805 24.1 904.5 1320.2 3577.0  

10 107.02 130.69 343.88 0.810 24.6 2133.0 2604.7 6853.7  

20 150.02 210.71 528.98 0.880 17.2 2270.6 3189.2 8006.3  

30 64.83 79.70 207.70 0.774 13.1 657.5 808.3 2106.5  

38 269.66 427.14 907.90 0.751 9.74 1971.9 3123.4 6638.9  

40 112.59 152.62 399.32 0.882 8.02 796.7 1080.0 2825.6  

47 190.40 262.37 758.31 0.908 12.3 2127.0 2931.1 8471.5  

48 291.93 369.96 936.87 0.926 5.27 1424.7 1805.6 4572.4  

49 271.18 358.20 1067.55 0.944 4.53 1159.5 1531.6 4564.7  

51 211.14 316.94 810.68 0.980 3.05 630.8 946.9 2422.0  

53 324.90 452.73 1457.78 0.962 3.97 1240.5 1728.5 5565.7  

55 225.78 321.10 1149.48 0.953 3.45 742.7 1056.2 3781.1  

57 183.65 293.58 936.09 1.107 2.19 445.3 711.9 2269.8  

59 243.54 319.76 786.18 1.106 3.28 883.8 1160.4 2852.9  

60 101.43 129.88 340.78 0.979 12 1191.8 1526.0 4004.0  

64 10.18 13.95 39.52 0.662 8.35 56.3 77.1 218.4  

66 465.64 471.22 1576.38 0.885 4.57 1882.2 1904.7 6372.0  

70 130.32 148.50 383.98 0.827 3.27 352.6 401.8 1038.9  

71 100.55 114.49 305.30 0.796 3.27 261.7 298.0 794.7  

74 102.70 133.90 356.79 0.702 6.16 444.1 579.1 1543.1  

78 102.10 116.56 339.34 0.575 4.28 251.2 286.9 835.1  

81 600.81 252.35 1676.04 0.684 5.63 2312.3 971.2 6450.5  

82 162.78 165.84 493.85 0.720 6.46 756.9 771.1 2296.4  
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85 450.13 734.76 2674.71 0.828 17.4 6488.5 10591.4 38555.1  

90 343.35 336.52 1073.15 0.893 16.9 5182.6 5079.5 16198.3  

92 102.10 113.77 324.91 0.907 16.5 1528.7 1703.4 4864.7  

96 58.46 82.00 215.60 1.035 16.4 992.6 1392.2 3660.5  

100 229.03 240.36 687.06 0.879 19 3823.2 4012.3 11469.1  

104 83.38 110.16 312.73 0.759 22.4 1417.1 1872.3 5315.1  

109 393.25 425.64 1181.66 0.983 16.3 6298.5 6817.2 18925.9  

110 274.39 285.13 878.44 0.961 12.1 3191.6 3316.4 10217.6  

112 261.27 328.73 931.57 0.919 9.09 2181.7 2745.0 7779.0  

120 216.74 202.89 612.45 0.974 11.6 2449.9 2293.4 6922.9  

122 91.81 97.47 301.32 0.929 17.4 1484.4 1575.9 4871.9  

126 61.72 134.38 357.80 1.070 18.8 1241.2 2702.3 7195.2  

128 264.04 243.54 1011.73 1.178 18.5 5754.1 5307.3 22048.3  

130 365.68 352.39 1131.62 1.125 17.3 7118.9 6860.2 22029.7  

136 82.19 91.60 272.56 1.105 16 1452.6 1619.0 4817.3  

140 157.80 142.42 464.37 0.930 17.3 2538.0 2290.6 7468.6  

146 245.04 225.87 869.56 1.119 14.1 3867.2 3564.8 13723.5  

148 101.32 107.11 341.82 0.709 12.2 876.3 926.4 2956.3  

152 200.82 182.74 605.73 0.886 17 3024.7 2752.4 9123.3  

156 79.81 58.55 262.11 1.063 34.6 2935.5 2153.7 9640.9  

160 544.04 535.46 1689.89 1.022 26.9 14950.9 14715.2 46440.4  

164 118.97 118.62 381.45 1.206 21.9 3142.3 3133.0 10074.7  

168 392.61 365.99 1156.52 1.035 21.9 8903.2 8299.6 26226.4  

172 226.11 230.12 698.19 0.982 17.4 3864.7 3933.4 11933.7  

176 130.75 154.51 477.53 0.976 14.5 1850.5 2186.8 6758.5  

180 387.27 367.43 1131.46 0.946 16.1 5898.5 5596.3 17233.4  
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182 204.37 267.98 769.23 0.855 18.2 3179.5 4169.0 11967.2  

184 219.26 202.28 692.11 1.310 18.1 5198.4 4795.8 16409.0  

190 328.95 325.79 1115.66 1.156 18.2 6918.2 6851.7 23463.5  

194 252.28 207.44 776.74 1.056 18.1 4823.4 3966.2 14850.8  

198 282.78 323.32 999.56 1.106 12.5 3910.4 4471.0 13822.1  

200 465.64 424.42 1297.41 1.168 17.1 9296.9 8474.0 25904.0  

210 413.09 392.46 1252.62 0.968 28.4 11358.0 10790.9 34441.1  

220 248.38 256.76 712.67 1.146 14.2 4041.5 4177.8 11596.3  

230 417.04 391.59 1209.80 0.878 13 4762.5 4471.7 13815.4  

240 230.50 239.39 764.11 1.027 18.3 4332.3 4499.4 14361.9  

250 718.85 740.73 2268.25 1.117 15.9 12767.1 13155.8 40285.4  

260 365.79 355.72 1061.03 1.064 18.4 7163.6 6966.5 20779.0  

270 333.90 358.42 1034.35 1.092 22.4 8167.6 8767.4 25301.7  

280 268.57 288.83 816.87 1.003 19.3 5199.1 5591.3 15813.3  

284 52.66 24.76 112.74 1.140 15.9 954.5 448.8 2043.4  

286 72.70 101.84 298.74 1.112 15.5 1252.6 1754.8 5147.4  

288 291.74 416.32 1393.25 0.904 14.8 3903.8 5570.7 18643.1  

290 392.76 469.96 1339.92 0.935 13.7 5029.1 6017.7 17157.3  

300 256.25 264.67 801.27 0.855 14.9 3265.8 3373.0 10211.5  

310 320.63 316.46 960.05 1.017 18.5 6031.0 5952.6 18058.6  

320 361.46 344.64 1150.99 1.031 13.1 4882.0 4654.8 15545.7  

329 91.24 92.75 272.04 0.913 10.2 849.9 864.0 2534.1  

 

Appendix 19: n-Alkane concentration (grains g-1) and mass accumulation rate (grains cm-2 kyr-1) of SHAK06-5K samples 

 


