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by Babette Agnes Antje Hoogakker 

Four giant piston cores from the Balearic Abyssal Plain have been studied in detail 
in order to broadly quantify the differences in advective sediment flux to the Balearic 
Abyssal Plain (the western Mediterranean Sea) over the last glacial/interglacial cycle. The 
cored Balearic Abyssal Plain sedimentary sequence (30-35 m ) is dominated by turbidite 
deposits (90%). Intercalated hemipelagic intervals, which only make up 10% of the 
recovered sedimentary sequence, were used to form a tight stratigraphic framework that 
has been fine-tuned to the GISP2 ice core record from Greenland. This stratigraphic 
framework provided important constraints on individual turbidite emplacement times. 
Turbidite deposition on the Balearic Abyssal Plain occurred regularly and without major 
temporal gaps, with an average frequency of one turbidite every one to two thousand 
years. The highest number of turbidites occurred during periods of maximum sea-level 
(and climate) change. Turbidite beds from the last glacial period (Marine Isotope Stages 2-
4) are much thicker than turbidite beds emplaced during interglacial periods (Marine 
Isotope Stages 1 and 5), which suggests that the glacial advective sediment flux to the 
Balearic Abyssal Plain was significantly enhanced. Sediment supply to the margins and the 
Balearic Abyssal Plain is estimated to have been at least doubled during the last glacial 
maximum, due to increased riverine sediment fluxes. Turbidite frequencies (number/ka) 
were also enhanced during Marine Isotope Stage 1, which is explained by anthropogenic 
deforestation and the subsequent increase in erosion during this period. The results 
presented indicate that the temporally well-constrained data do not support the hypothesis 
that the advective sediment flux to the basin is only high during glacials - this view is too 
simple and does not stand up to detailed testing. 

In addition to this study a western Mediterranean oxygen isotope reference 
stratigraphy was developed, from a core devoid of turbidite deposits. Fourteen alternating 
glacial and interglacial stages were recognised that correlate well with the SPECMAP 
curve and is supported by geomagnetic reversal data. Stable carbon isotope records of this 
core (LC07) show two conspicuous long-term fluctuations f rom 1.00 to 0.50 and from 0.50 
to 0.10 Ma, which are also observed in all major ocean basins in both surface-dwelling and 
deep-sea foraminifera. Both carbon isotope fluctuations are considered to result from 
concomitant changes in the burial fluxes of organic and inorganic carbon due to changes in 
bottom water ventilation. 
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Chapter 1 Introduction 

CHAPTER 1 -ENTIWDDtNCTION 

1.1 THESIS OUTLINE 

This chapter provides a general introduction to the study, covering background, 

previous research and objectives together with a short summary of the methods used. 

An overview of the geographic setting, geology, morphology, tectonism, physical 

oceanography and climatology of the western Mediterranean region and discussion of 

sedimentary processes that operate in the area, as reported in the literature, are 

presented in Chapter 2. 

Turbidite beds from the Balearic Abyssal Plain sequence are intercalated with 

thinner hemipelagic intervals within the piston cores. These hemipelagic intervals are 

used to constrain a stratigraphy in Chapter 5. Part of the stratigraphic framework 

developed for this study is based on oxygen isotope stratigraphy (Chapter 5). For 

comparison a reference core was analysed for oxygen isotopes from a location where 

disturbance related to downslope transport is unlikely. The results of the analysis of the 

oxygen isotopes in this reference core are presented and discussed in Chapter 3. This 

record has been published in Dinares-Turell et al. (2003). Carbon isotope records from 

this reference core show two conspicuous long-term fluctuations that can also be 

observed in many other published records from all major ocean basins. These carbon 

isotope fluctuations are discussed in more detail in Chapter 3 and it is proposed that the 

initiation of these fluctuations to lower S'^C values was caused by better ventilated 

bottom waters, resulting in decreases in global mean organic and inorganic carbon 

burial fluxes. 

In Chapter 4, the sedimentology of the Balearic Abyssal Plain long piston cores 

collected during Marion Dufresne Cruise 81 is discussed. Individual turbidites and 

hemipelagic intervals are identified on textural and sedimentological criteria and 

individual turbidite beds are characterised in terms of their sedimentology, colour, 

magnetic susceptibility, calcium carbonate and organic carbon contents, clay 

mineralogy and basal sand mineralogy. 

A detailed description of turbidite deposition on the Balearic Abyssal Plain 

during the last 130,000 years is presented in Chapter 6. The stratigraphic records that 

are presented in Chapter 5 provided excellent age controls for delineating emplacement 

times of individual turbidite beds. Discussion of both the timing of turbidite 

1 



Chapter 1 Introduction 

emplacement and turbidite thickness forms the main focus of this chapter. Furthermore, 

turbidite sedimentation in terms of turbidite frequency (average number of turbidites 

per unit time) and in terms of turbidite flux (average thickness of turbidites per unit 

time) is assessed. 

Summaries and the conclusions of the main findings of this study, and some 

suggestions for future research are presented in Chapter 7. 

1.2 BACKGROUND 

Abyssal plains form a major deep-sea sedimentary province and can provide 

important records of major events in the erosional history of drainage basins. Turbidite 

deposits commonly dominate basin-plain sediment columns and hemipelagic intervals 

may make up less than 20% of the sediment sequence. Debris flow deposits are of 

minor importance, since most debris flows do not travel long distances over flat terrain 

and are mainly restricted to the continental rise and slope (Pilkey, 1987). 

It is traditionally thought that deep-sea turbidite deposition is particularly 

dynamic during periods of low sea level (Embley, 1980; Shanmugam and Moiola, 

1982; Cita et al., 1984; Caddah et al., 1998; Rothwell et al., 1998, 2000). Sea level 

position relative to shelf edge is a major factor in the delivery of continentally derived 

sediments to the deep sea (Pitman, 1978; Watts, 1982). At times when sea level falls to 

or below the shelf edge, many continental shelves are exposed as subaerial, coastal 

plains allowing rivers to dump their sediment loads closer to the shelf edge in 

potentially more unstable conditions. At times of high sea level, decreased stream relief 

and broad shelves cause river sediment loads to largely remain trapped on the 

continental shelf. 

Global changes in sea level can be both tectonically and climatically driven 

(Shanmugam and Moiola, 1982). Tectonically driven changes in sea level can be 

caused by high sea floor spreading rates, which result in an increase in oceanic ridge 

volumes resulting in transgressions. Reductions in sea floor spreading rates will 

decrease oceanic ridge volume, thereby resulting in regressions (Russell, 1968; 

Valentine and Moores, 1970; Hays and Pitman, 1973; Pitman, 1979). However, 

computed rates for eustatic changes of sea level caused by tectonism are considerably 

smaller then rates caused by glaciation (Shanmugam and Moiola, 1982). Furthermore, 
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glaciation is probably the only mechanism that is capable of causing rapid fluctuations 

in sea level (Vail and Hardenbol, 1979). 

Turbidites are volumetrically the most significant clastic accumulations in the 

deep sea (Normark et al., 1993) and make up some of the world's largest sedimentary 

bodies. During periods of low sea level, the frequency of turbidity currents is greatly 

increased (Shanmugam and Moiola, 1982). Several authors have discussed a 

relationship between turbidite emplacement and sea level (e.g. Weaver and Kuijpers, 

1983; Cita et al., 1984; Prince et al., 1987; Caddah et al., 1998; Rothwell et al., 1998). 

According to Stanley (1985), emplacement of large megaturbidites during the Late 

Pleistocene (<1 Ma) is generally related to sea level low stands, whilst emplacement of 

older megabeds (>1 Ma) is mainly related to seismic events. However, little previous 

work has been done to quantify the differences in advective sediment flux over a 

glacial/interglacial cycle to show the magnitude of change of allochthonous sediment 

transport to the deep sea during these climatic episodes. More accurate knowledge of 

climate modulation of advective sediment redeposition in the deep sea basins bounding 

continental margins is essential if we are to better understand the sedimentary dynamics 

of deep sea shelves in the long term, and determine times when sediment failure on the 

continental shelf/slope is more likely. 

Large-scale slope failures can cause damage, or failure, of seabed structures, 

such as cables, platforms and pipelines and they can cause tsunamis that may devastate 

coastal regions. In regions where the sub-ocean floor contains gas hydrates, large scale 

mass wasting may contribute to global warming through methane release, thereby 

producing important climatic impact (Paul! et al., 1991; Nisbet, 1992). Allochthonous 

deposits are also of economic interest in that thick redeposited sands can form 

important hydrocarbon reservoirs, as in the North Sea. Turbidite systems form a 

significant component of the strati graphic record, and, according to Weimer and Link 

(1991), include many of the world's most important hydrocarbon reservoirs. The region 

studied in this project provides a modern analogue to ancient hydrocarbon bearing 

sedimentary basins. 

A better understanding of climatic influence on downslope sediment transport 

from continental margins to the deep sea and on how deep sea basins develop and fill 

underpins all areas of sedimentary research. Therefore, this research should provide 

fundamental insights into future deep-water exploration targets. The results should be 
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of interest to the Quaternary, sedimentological and climate change communities and to 

industrial exploration geologists. 

1.2.1 Concept of turbiclites 

Systematic deep-sea sediment investigations began with the voyage of HMS 

Challenger (1872-1876), which established the general morphology of the ocean basins 

and the types of sediment they contain (Murray and Renard, 1891). In those days, and 

for most of the first half of the 20th century, it was generally believed that oceans had 

quiet, undisturbed floors where only pelagic and hemipelagic sediments were 

deposited. Sands and sandstones were considered to be shallow water deposits. 

However, the discovery of submarine canyons and the concept of turbidity currents 

challenged this view (Stow et al., 1996). 

In 1863 the first submarine canyon was discovered by Dana and a discussion 

started on their origin. In 1936 Daly suggested that density currents could cause erosion 

of submarine canyons during periods of lowered sea level, but the role of density 

currents as a transporters and depositors of sands in deep water was not considered. 

Since the 1880's density underflows have been known from lakes (e.g. in lakes 

Constance and Geneva) (Walker, 1973). It was assumed that rapid sinking of the 

muddy Rhine and Rhone river waters beneath the clear lake waters was due to a lower 

temperature of the river water and not because of a greater sediment density. In a 

review paper Bell (1942) emphasised the importance of density currents as agents for 

transporting sediment. The currents envisaged by Bell (1942) were of low density and 

their effectiveness, as agents of submarine erosion remained questioned. It was not 

until 1950, after flume experiments on turbidity currents by Kuenen and Migliorini 

(Kuenen, 1937, 1950), that it was recognised that turbidity currents could be 

responsible for the deposition of sands in the deep ocean. It was suggested that many 

graded sandstones in ancient successions had been deposited by high-density turbidity 

currents and they also interpreted flysh deposits as being a product of turbidity currents 

(Natland and Kuenen, 1951). 

Bramlette and Bradley (1940) described cores from the Atlantic Ocean, which 

contained sand layers, that they interpreted as being deposited out of suspension from a 

submarine slump. In the late 1940's, piston cores started to be used and soon it was 

found that sands occur on deep-sea basin plains. The most satisfactory explanation for 
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the origin of these, often graded layers, was via transportation and deposition by 

turbidity currents (Ericson et al., 1951). 

Around 1960 the word 'turbidite' was introduced to describe the deposit formed 

by a turbidity current (Stow et al., 1996). However, in recent reviews, Shanmugam 

(2000, 2002) suggests that many deep-water sands are misinterpreted as turbidite 

deposits that should instead be interpreted as sandy debris flow deposits. Shanmugam 

(2002) argues that processes other than turbidity currents can play a role in depositing 

sediments in deep water, including slides, slumps, debris flows, grain flows and bottom 

currents. Although caused by different processes, Shanmugam (2002) believes that 

sedimentologists also use the term 'turbidite' as a general term for deposits of deep-sea 

avalanches, slides, slumps and debris flows (e.g. fluxoturbidite, megaturbidite, 

seismoturbidite, high-density turbidite, etc.). 

1.2.2 Properties of turbidity currents 

Turbidity currents are a type of sediment-gravity flow with Newtonian rheology 

(fluid behaviour) and turbulent state from which deposition occurs through suspension 

settling (Shanmugam 2000). Flow turbulence is the principal sediment-support 

mechanism in turbidity currents (Lowe, 1982). 

Tail: 
More diffuse flow, much 
less dense, only finest sediment 

(silts, clays) still entrained 

Flow 

Body: 
Uniform thickness, 
steady flow, less turbulent, 
finer sediment 

Turbulent Head: 
Densest, highest turbulence, 
coarsest sediment, can scour 
underlying sediment 

Figure 1.1 Schematic diagram of the head, neck, body and tail of a turbidity current on a slope 
(after Jones, University of Pittsburg, USA,: 
http:/mac01.eps.pitt.edu/CEJones/Geologyl020/07Deltas_Turbidites.pdf). 
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Turbidity currents, so far, have only been observed in experimental settings. 

Kneller and Buckee (2000) provide an up-to-date extensive summary of experimental 

studies on gravity currents. Kneller and Buckee (2000) and Simpson and Britter (1979) 

described the physical properties of turbidity currents. They define gravity currents as 

having a well-defined head, body, and in some cases a tail (Figure 1.1). Turbidity 

current downstream velocity is extensively discussed by Middleton (1966a,b), 

Altinakar et al. (1996), Kneller et al. (1997, 1999) and Kneller and Buckee (2000). 

Garcia (1990, 1994), Altinakar et al. (1996), Kneller and Buckee (2000) and Peakall et 

al. (2000) discuss sediment concentration profiles in turbidity currents. 

Weaver and Thomson (1993) and Mulder et al. (1998a) discuss the erosive 

properties of turbidity currents and entrainment of the eroded substrate sediment into 

the turbidity current. Weaver and Thomson (1993) found that turbidite currents 

emplaced on the Madeira Abyssal Plain caused only little erosion en route. Kerr (1991) 

pointed out that turbidity currents form an indirect mechanism for eroding stable 

density gradients that are common in the world's oceans and lakes. 

1.2.3 Properties of turbidite deposits 

A common feature in turbidite deposits is normal grading. However, reverse 

grading can occur at the base of thick coarse-grained beds, and multiple grading can 

occur in silty fine-grained beds (Stow et al., 1996), for example, through flow reflection 

or substrate entrainment. 

Bouma (1962) showed that turbidite deposits have a characteristic sequence of 

sedimentary structures in each graded bed, where he defined five successive intervals 

(a-e) in the sequence (Figure 1.2), which are interpreted in terms of transporting, 

depositional and postdepositional processes (Stauffer 1967). The two uppermost of the 

five intervals (d, e) are products of settling from suspension; the 'c' interval reflects 

fallout of sand or silt from suspension while lower flow regime currents were moving 

on the bed; the 'b' interval results from plane bed transport in the upper flow regime and 

the lowest interval 'a' could be a result from flows from the upper part of the flow 

regime (Stow et al., 1996). 
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Bouma 
Unft 

e 
d 

Pelagic and hemipelagic mud 

Laminated silts 

Cross laminated sands; ripples; 
(lower flow regime) 

Parallel laminated sands 
(upper flow regime) 

Massive sand and granules; 
rapidly deposited under 

upper flow regime 

Scoured base with tool marks, 
flutes, etc. 

Figure 1.2 Classical Bouma sequence for medium-grained sand-mud turbidites (from; 
http://www.usask.ca/geology/classes/geol243/243notes/243week4b.html). 

During the 1970s, it was found that this Bouma sequence is only applicable to 

medium-grained sand-mud turbidites. Lowe (1982) developed a sequence model for 

coarse-grained (conglomeratic) turbidites, whereas Stow and Shanmugam (1980) 

developed a sequence model for fine-grained (mud-rich) turbidites. The coarse-grained 

model of Lowe (1982) is an extension of the Bouma sequence with two intervals 

(termed R and S) that record phases of gravelly bed-load transport beneath a powerful 

current and two intervals that record gravel transport and deposition from suspension. 

The fine-grained model of Stow and Shanmugam (1980) is dominated by Bouma 

intervals D and E. The complete sequence of the fine-grained model is: 1) three 

intervals (T0-T2) with deposition by suspension fallout and traction, 2) three intervals 

(T3-T5) with shear-sorting of silt grains and clay floes in the bottom boundary layer, 

and 3) three intervals (Tg-Tg) from suspension fallout (Figure 1.3). 

1.3 O B J E C T I V E 

The main objective of this study is to try to broadly quantify the differences in 

advective sediment flux to the Balearic Abyssal Plain in the western Mediterranean Sea 

http://www.usask.ca/geology/classes/geol243/243notes/243week4b.html


Chapter 1, Introduction 

T 8 

T z 

Bioturbated ungraded mud 

Ungraded mud, with of 
without pseudonoduies 

•]"g Graded mud with or without 
silt lenses 

Deposition from 
fallout of 
suspension 

T s Whispy convolute lamination 

T 4 Indistinct lamination 

X s Thin regular lamination 

Deposition by 
shear-sorting of 
silt grains and 
clay floes in the 
boHomboundan/ 
layer 

T n Thin irregular lamination ^ ^ 
Dep^^ionby 

Low amplitude climbing ripples suspension 
_ fallout and traction 
Convolute lamination 

Basal lenticular lamination 

Figure 1.3 
1980). 

Sequence model for fine-grained (mud-rich) turbidites (after Stow and Shanmugam, 

during each Marine Oxygen Isotope Stage, over the last glacial/interglacial cycle, and 

relate this to climate. This will enable assessment of the effects of climate changes on 

sediment transfer to the deep sea in this basin. The alternating occurrence of 

hemipelagic and turbidite beds in the Balearic Abyssal Plain cores allows 

reconstruction of the erosional and depositional history of this small ocean basin during 

the last 130,000 years - a period characterised by substantial climate changes. This 

study is unique in the Mediterranean Sea and represents analysis of the only suitable 

core material presently available from the area. 

1.4 OVERALL METHODS 

Four giant piston cores from the Balearic Abyssal Plain, held in BOSCOR 

(British Ocean Sediment Core Repository, located at SOC), were used to study the 

deep-sea allochthonous record. The cores extend back to -130,000 years BP and 

provide a complete record of turbidite deposition from the beginning of the previous 

interglacial (Marine Isotope Stage 5, or MIS 5). 
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Individual turbidites have been identified on textural and sedimentological 

criteria (Chapter 4). A variety of stratigraphic and dating methods (AMS radiocarbon 

dating of emplacement ages of beds up to 40,000 years BP and oxygen isotope analysis 

of hemipelagic intervals) have been used to constrain these allochthonous units into a 

time-statigraphic framework (Chapters 5 and 6). In this way, a better-constrained 

sedimentation history for the Balearic Basin can be constructed going back to MIS 5. 

Provision of this time-frame, together with the estimated volumes of allochthonous 

sediment emplacement over time, should allow advective sediment flux to be related to 

the Late Pleistocene sea level curve, and hence the effects of glacial/interglacial cycles 

on allochthonous sediment transport to the deep sea can be determined. 



Chapter 2 The western Mediterranean Sea 

CHAPTER 2 - THE WESTERN MEDITERRANEAN SEA 

2.1 GEOGRAPHIC SETTING 

The western Mediterranean Sea covers an area of 860x10^ km^ and is delimited 

by the Sicily-Tunis sill to the east and by the Gibraltar-Morocco sill to the west 

(Margalef, 1984). Within the western Mediterranean Sea, two regional seas are defined: 

the Alboran Sea in the west (west of the 0° median) and the Balearic Sea to the east 

(Figure 2.1). The Alboran Sea is rectangular in shape and is bounded by the Strait of 

Gibraltar to the west, the Betic Cordillera of Spain to the north and the Moroccan and 

Adas Mountains to the south (Carter et al., 1972). The Balearic Abyssal Plain which 

floors the Balearic Basin is connected to the Alboran Sea through the Alboran Trough 

to the west and is bounded by Spain and France to the north and northwest, Corsica and 

Sardinia to the east and Algeria to the south. 

2.1.1 Rivers draining into tlie western Mediterranean Sea 

Numerous rivers of varying size drain into the western Mediterranean Sea 

(Figure 2.1). The most impressive deltas and fans (Rhone, Valencia and Var) that 

border the abyssal plain were built by rivers with the largest catchment area and highest 

sediment delivery (Table 2.1). These delta and fan systems may be important sediment 

transfer pathways to the deep-sea by sediment gravity flow processes. 

2.1.1.1 Rhone and Languedocian rivers (Herault, Aude and Tet) 

The river Rhone has the largest drainage area in the western Mediterranean 

(97x10^ km^) (Table 2.1) with a sediment yield of 56x10® tonnes per year (Ludwig and 

Probst, 1998). The amount of sediment transported by the Rhone that flows out into the 

Gulf of Lyons is estimated at around 8.5x10® tonnes per year (Pont, 1993) (Table 2.1) 

but only 1x10® tonnes reaches the open sea (Martin et al., 1989). The Herault river is 

150 km long and has a medium-sized drainage basin of 2.5x10^ km^ (Petelet et al., 

1998) (Table 2.1) which is comparable to the size of drainage basin of the Var. The 

river Tet is about 120 km long and has a slightly smaller drainage area (1.4x10^ km^) 

and a mean annual sediment flux at the river mouth of 53x10^ tonnes per year 
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Chapter 2 The western Mediterranean Sea 

(Serrat et al., 2001) (Table 2.1). 

2.1.1.2 Ebro 

The Ebro, with the second largest drainage area (84x10^ km^), delivers around 

6.2x10^ tonnes of sediment to the continental margin per year (Nelson, 1990) (Table 

2.1). The drainage area of the Ebro, however only forms 66.5% of the total main 

drainage area that feeds the Valencia Trough margin (Nelson, 1990). If other, smaller, 

rivers that drain into the Valencia Trough margin have similar sediment yields, total 

sediment delivery could be up to 9.3x10® tonnes per year. 

2.1.1.3 Var and Roya 

The river Var is approximately 135 km long, with a catchment area of just over 

2800 km^ (Mulder et al., 1998b) (Table 2.1). Several sources, including the tributaries 

Tinee and Vesubie, are located at a high altitude (-2500 m). The Var discharge regime 

is typical for the Alpine flank of the Mediterranean, with a broadly seasonal character. 

The mean annual suspended sediment load (silt and clays) of the Var was estimated by 

Mulder et al. (1997) at 1.3 to 1.6 xlO® tonnes (Table 2.1), whereas the gravel load is 

much lower, at about 0.1x10^ tonnes (Sage, 1976). Turbidite currents at the river mouth 

are generated either by shallow failures through excess pore pressure during river 

floods or by earthquakes, the latter possibly causing more large-scale failures (Mulder 

et al., 1998b). The 1979 submarine landslide, which resulted in the collapse of the quay 

of the new port of Nice, emplaced up to 400 xlO® m^ of sediment and reclamation fill 

and caused turbidity flows which destroyed underwater telegraph cables at depths of 

2,500 m at distances up to 120 km offshore (Gennesseaux et al., 1980). According to 

Anthony and Julian (1995), no earthquake was responsible for this large landslide; 

instead it was largely favoured by human activities that strongly affected the sediment 

dynamics and geomorphology of the delta. 

2.1.1.4 Corsica and Sardinia 

Several small rivers, like the Taravo and Rizzanese, drain the southwestern part 

of Corsica. Most catchment areas in the northeastern part of the island drain into the 

Tyrrhenian Sea. There are numerous small river systems on Sardinia that drain into the 

western Mediterranean Sea. The larger river systems include the river Coghinas and 
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Mannu (draining the northern and north-western parts of Sardinia), the Tirso (the 

largest which drains the north-east and eastern part of the island) and the Cixem 

/Mannu (draining the southern part of the island) (Table 2.1). To date, there is no 

literature available about the discharge and the sediment load of these rivers. 

2.1.1.5 Menorca and Mallorca 

There are only a few small rivers on the islands of Menorca and Mallorca and at 

present there is no information concerning their discharge or suspended sediment load. 

Table 2.1 Summary of rivers and their drainage areas, sediment delivery to the continental 
margins and main sediment source. References: (1) Nelson (1990); (2) Andres et al. (2002); (3) Ingles 
and Ranos-Guerrero (1995); (4) Orr et al. (1996); (5) Ludwig and Probst (1998); (6) Pont (1993); (7) 
Rogues et al. (1971); (8) Arnaud-Fassetta and Provansal (1999); (9) Petelet et al. (1998); (10) Hurtrez 
and Lucazeau (1999); (11) Seixat et al. (2001); (12) Mulder et al. (1997); (13) Anthony and Julian 
(1999); (14) Cornamusini et al. (2002); (15) Leclaire (1972); (16) Fourcade et al. (2001). n.i.a: no 
information available. 

River Drainage Sediment Main sediment source 
area (km^) reaching the 

margin (tonnes) 
River input from the west 

Ebro 84x10^ (1) 6.2x10^ (1) Miocene carbonate rich sediments from the 6.2x10^ (1) 
Central Ebro basin (2) 

Menorca and Mallorca n.i.a n.i.a Palaeozoic to Tertiary rocks (3, 4) 
River input from the north 

Rhone 97x10^5) 8.5x10* (6) Palaeozoic metamorphic and igneous rocks 
from the Massif Central (7, 8) 

Herault 2.5x10^ (9) 11.i.a Palaeozoic basement, karstified Mesozoic Herault 2.5x10^ (9) 
cover and a Tertiary and Quaternary alluvial 
Plain (9, 10) 

Aude n.i.a n.i.a n.i.a 
0.053x10^(11) n.i.a 

1.3-1.6x10^12) Granitic basement rocks, sandstones, 
limestones and schists from the Merc an tour 
Massif (13) 

River input from the east 
Coghinas (Sardinia) n.i.a n.i.a Hercynian plutonics, Palaeozoic 

metamorphics and sedimentary calcareous 
clasts from the Corsica-Sardinia Massif (14) 

Mannu (Sardinia) n.i.a n.i.a " 

Tirso (Sardinia) n.i.a n.i.a " 

River input from the south 
Cixerri, Mannu n.i.a n.i.a 

Algeria n.i.a 0.04-0.06x10* Palaeozoic to Tertiary sediment cover, flych 
(15) deposits and sediments from the Tethyan 

margin (16) 

2.1.1.6 Algeria 

Only limited information is available about the character and the quantity of 

terrigenous sediment that is transported to the sea from Algeria. According to Leclaire 
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(1972) the present total annual suspended sediment supply to the western 

Mediterranean ranges between 40 and 60x10^ tonnes (Table 2.1). 

2.2 GEOLOGY AND MORPHOLOGY 

The western Mediterranean Basin is surrounded by high (2000-4500 m) 

mountain ranges (specifically the Pyrenean and Catalan ranges, Betic Cordillera, Rif 

and Tell Massifs, Tertiary ranges of Sicily and Calabria, Apennines and the Western 

Alps). Its development is related to the converging motion of the European and African 

plates since the Cretaceous (Figure 2.2) (Rehault et al., 1985). The Algero-Provengal 

and the Tyrrhenian extensional basins developed during two major stages from the late 

Oligocene onwards in a geodynamic setting characterized by the nearly north-south 

convergence between Africa and Europe (Dewey et al., 1989) (Figure 2.3). Following a 

long period of rifting in the western Mediterranean area (Burrus, 1989), spreading of 

the Algero-Provengal basin occurred in the early-middle Miocene (Figure 2.2). This 

spreading occurred coeval with the rotation of the remnant volcanic arcs (Corsica-

Sardinia block (Boccaletti and Guazzone, 1974; Vigliotti and Langenheim, 1995)). 

Rehault et al. (1984, 1985) divide the western Mediterranean Sea into five main 

regional and morphological units: (1) abyssal plain, (2) continental rise and deep-sea 

fans, (3) continental shelf and slope, and (4) the Alboran Sea. 

The Balearic Abyssal Plain (BAP) is the largest basin plain in the 

Mediterranean Sea, with an area of 77,000 km^ (Rothwell et al., 1998, 2000) and is 

defined by the 2800 m isobath (Figure 2.1). The morphology of the BAP is flat (Figure 

2.4) as a result of ponded turbidites that cover previous topography. High-resolution 3.5 

kHz seismic reflection profiles across the BAP show the occurrence of a thick basin-

wide acoustically transparent layer (Figure 2.4), which was interpreted by Rothwell et 

al. (1998) as a turbidite megabed of basin-wide extent. The layer, estimated to be 8 to 

10 metres thick, lies at approximately 10 to 12 metres below the sea floor (Rothwell et 

al., 1998). Rothwell et al. (2000) suggested that the megabed is a ponded deposit and 

may have a volume of about 600 km^. The Alboran Sea deep seafloor is divided into an 

eastern and western basin plain by the northeast-southwest trending Alboran Ridge 

(Giermann, 1962). The Western Alboran Basin is the larger, being 40 km in length and 
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• e u r a s l f e s ^ 
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(99-142 Ma) 

Figure 2.2 Palaeogeographic maps showing the tectonic evolution of the Mediterranean basin 
since the Early Cretaceous due to the converging motion of the African and Eurasian plates (adapted 
from http:/jan.ucc.nau.edu/~rcb7/, University of Arizona, USA). 

22 km in width, whereas the Eastern Alboran Basin is approximately 13 km long and 6 

km wide (Carter et al., 1972). 

The continental rise and deep-sea fans in the northern part of the BAP are fed 

by major European river systems, specifically the rivers Roya, Var, Rhone and Ebro. 

Minor rivers on Corsica, Sardinia, the Balearic Islands and Algeria carry much smaller 

sediment loads and consequently the adjacent continental margins are considered 

starved of sediment (Figure 2.1, 2.5). 
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Figure 2.3 Development of the Algero-Provengal and Tyrrhenian extensional basins during two 
major stages of convergence in the late Oligocene (from Carminati et al., 1998). The thick line 
representing the 16 Ma configuration marks the transition between the first and second opening stage 
(Carminati et al., 1998). 
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Figure 2.4 High-resolution (3.5 kHz) seismic reflection profiles across the northern (A) and 
central (B) BAP showing the flat morphology of the basin plain and the occurrence of the Late Glacial 
BAP megabed (arrow), which is now affected by salt diapirism (from Rothwell et al., 2000). The 
location of the profiles are shown on Figure 2.5. 
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Figure 2.5 Bathymetry of the western Mediterranean Sea (source: bathymetric contour 
chart Mediterranean Sea - western part, Taunton Hydrographic Department, 1998). The location 
of the seismic profiles from Figure 2.4 is also indicated. 
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2.2,1 Catchment lithology 

2.2.1.1 Rhone and Languedocian rivers (Herault, Aude and Tet) 

The French Massif Central, which was uplifted during the Alpine Orogeny, is 

one of the major sediment source areas for the Rhone (see below) and consists of a 

complex of Palaeozoic metamorphic and igneous rocks (Rogues et al, 1971) (Table 

2.1). Holocene sands, eroded from the crystalline basement of the Massif Central are 

composed of quartz, plagioclase, K-feldspar (including orthoclase, microcline and 

perthite), biotite, muscovite, chlorite, amphibole and clinopyroxene, with granitic, 

metamorphic and volcanic rock samples in coarser samples (Van de Kamp et al., 1994). 

Heavy minerals include pyrite, magnetite, sphene, orthopyroxene, epidote, clinozoisite, 

garnet, kyanite, zircon and apatite (Van de Kamp et al., 1994). 

The main streams and tributaries of the river Herault drain a Palaeozoic 

basement (granites, schists, metalimestones and metadolomites), a karstified Mesozoic 

cover (consisting of Triassic clays and sandstones, some evaporitic layers and Jurassic 

limestones with some dolomites, clays and calcareous marls) and a Tertiary and 

Quaternary alluvial plain (Petelet et al., 1998; Hurtrez and Lucazeau, 1999) (Figure 2.6, 

Table 2.1). 

The Quaternary sedimentary cover of the Gulf of Lyons continental shelf is 

composed of terrigenous material from the Rhone River and occasionally from the 

Languedocian rivers (Herault, Aude and Tet) (Torres et al., 1995). Sedimentary 

deposits on the Rhone shelf mainly lie between 4 and 63 m (Added et al., 1984). 

Calcium carbonate contents in sediments near the river mouth are commonly higher 

than 25% (Added et al., 1984). Illite forms -40% of the total clay minerals and the 

amount of chlorite exceeds the amount of kaolinite (Added et al., 1984). 

The lower Rhone experienced a higher influx of coarse-grained sediments 

during the Little Ice Age (Arnaud-Fassetta and Provansal, 1999). Using heavy mineral 

assemblages, Arnaud-Fassetta and Provansal (1999) found that the Massif Central was 

a major source area of these sediments, due to its proximity to the delta. They also 

suggested that the sedimentary contribution from the northern and southern Alps was 

much lower because of the distance from the delta and the time lag affecting the down-

stream transport. Due to its proximity to the delta, it is suggested here that the Massif 

Central most likely has been a major sediment source to the Rhone delta during the late 

Quaternary. 
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Figure 2.6 Geology of the Herault watershed (adapted from Petelet et al., 1998). 

2.2.1.2 Ebro 

The major river course of the Ebro and its tributaries runs through a large 

Tertiary continental basin, including Tertiary conglomerates and Oligo-Miocene 

detrital formations (Figure 2.7) (Benito et al., 2000). Many tributaries run through 

Alpine settings (Pyrenees, Catalan Range and Iberian Range), folded Palaeogene 
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formations, calcareous platforms and evaporitic formations (Benito et al., 2000). 
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Figure 2.7 Lithological sketch map of the Ebro basin (from Benito et al., 2000). 

Material derived from the Miocene sediments in the Central Ebro Basin is rich in 

carbonate (33-47%) (Andres et al., 2002) (Table 2.1). Bulk samples from the Ebro 

turbidite systems (developed between the Iberian Peninsula and the Balearic Islands on 

the base-of-slope off the river Ebro) and nearshore sands of the Ebro Delta contain high 

proportions of calcareous minerals (>38%) in the bulk samples, while quartz and 

feldspar predominate in the sand fraction (Maldonado, 1972; Alonso and Maldonado, 

1990). The mineralogical composition of the channel sands includes: epidote, 

andalusite, amphiboles, tourmaline, garnet and pyroxene (Alonso, 1986). The clay 

mineralogical composition of turbidite deposits form the Ebro turbidite system shows a 

high chlorite/kaolinite ratio (1.4-1.8), a high illite/kaolinite ratio (1.2-1.6) and a low 

calcite/quartz ratio (0.2-0.8) (Alonso and Maldonado, 1990). 

2.2.1.3 Var and Roya 

The Var's main catchment area, the Mercantour Massif, is built of granitic 

basement rocks, Permian and Middle Eocene sandstones, various limestones and 

Permian schists (Anthony and Julian, 1999) (Table 2.1). The coastal reaches of the Var 
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consist predominantly of fine-grained sediments that would have been deposited from 

suspension (Anthony, 1995). These sediments are derived from marls that form 

extensive portions of the Var catchment area. The Var catchment area can be subject to 

major earthquakes (Dadou et al., 1984), due to reactivation of the passive margin 

through compressional movements of the European and African plates (Mascle and 

Rehault, 1991). 

2.2.1.4 Corsica and Sardinia 

The western coast of Corsica is composed of Palaeozoic granites (Conchon, 

1987). Sediments from the Corsica-Sardinia Massif are derived from predominantly 

Hercynian plutonics (granodiorite, tonalite and S-granite), Palaeozoic metamorphics 

(gneiss and schist) and calcareous sedimentary clasts (Comamusini et al., 2002). These 

sediments lack a high-pressure/low-temperature paragenesis in the plutonic and 

metamorphic clasts that is common in sediments that have been involved in the Alpine 

Orogeny (Comamusini et al., 2002) (Table 2.1). In southwest Sardinia, several Tertiary 

clay units crop out: 1) fine-grained Cixerri clays of Eocene-Oligocene age, composed 

of illite, interstratified illite/smectite, quartz, kaolinite and a carbonate content of 19-

24%, 2) Oligocene-Miocene Ussana clays, which consist of illite-chlorite-kaolinite with 

high quartz contents and variable percentages of carbonates (3-20%), and 3) Pliocene 

Samassi clayey silts that are rich in quartz and calcite, with a clay fraction consisting 

mostly of illite, smectite and chlorite (Strazzera et al., 1997). 

2.2.1.5 Menorca and Mallorca 

Menorca and Mallorca form part of the Balearic Islands, which rise from the 

submerged, northeastward extension of the alpine Betic Range of southern Spain. The 

islands are composed of Palaeozoic to Tertiary rocks and were folded and thrusted 

during the Alpine Orogeny (Ingles and Ramos-Guerrero, 1995; Orr et al., 1996). 

2.2.1.6 Algeria 

The northern Algerian Alpine collision belt is composed of several 

superimposed tectonic nappes from different palaeogeographic domains, including: 1) 

an internal domain corresponding to parts of the Alboran plate (including ancient 

basement complexes and their Palaeozoic to Tertiary sedimentary cover), 2) an internal 
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domain (flysch deposits) and 3) a southern external domain corresponding to the 

Tethyan margin of North Africa (Fourcade et al., 2001) (Figure 2.8, Table 2.1). 

The coarse fraction deposited in most shallow environments (0-100/200 m) off 

the coast of Algeria is dominated by biogenic sediments, including marly sands, shelly 

sands, bryozoan sands and bioclastic sands, whereas deeper environments are 

dominated by terrigenous sediments, generally coarse to fine sand size quartz (Caulet, 

1972). The terrigenous material present in nearshore sands comes from recent and old 

dunes, whose sands are derived from erosion of detrital Cretaceous and Palaeogene 

formations (Leclaire, 1972). 

In some bays and gulfs, mud accumulates in depressions (Leclaire, 1972). This 

mud is dominated by clay (53%; silt and fine sand 27%) and generally has a low 

CaCOs content (20%) (Leclaire, 1972). The clay component is dominated by illite and 

mixed-layer minerals (70%) and the kaolinite content (20%) is higher than the chlorite 

content (10%) (Leclaire, 1972). 
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Figure 2.8 Geological sketch map of north Algeria showing the three palaeogeographic domains 
discussed in the text, that make up the different tectonic nappes (from Fourcade et al., 2001). 

2.3 ADJACENT SEDIMENTARY SYSTEMS 

2.3.1 Rhone deep-sea fan 

The Rhone deep-sea fan forms the largest turbidite system in the western 

Mediterranean (Rehault et al., 1984, 1985) (Figure 2.5). The fan extends in a north-

west to south-east direction from the lower slope seaward of the Gulf of Lyons to the 
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BAP (Torres et al., 1997). It has an elongated shape with maximum width of 200 km 

and a length of 300 km (Droz and Bellaiche, 1985; O'Connell et al , 1991). High-

frequency glacio-eustatic fluctuations played a major role in the development of late 

Quaternary sedimentation on the shelf and slope (Tesson et al., 1990; Torres et al., 

1995) and probably on the Rhone deep-sea fan (Droz and Bellaiche, 1985), which 

represents the main depositional deep turbidite system on the margin. According to 

Arnaud-Fassetta et al. (1999) the construction and evolution of the Rhone delta has 

been controlled by variations in sea level and sediment supply. Within the sedimentary 

fan-valley fill of the modern fan, Torres et al. (1997) recognised three seismic subunits. 

The lower unit was interpreted as a channel lag deposit, the second unit as mass-flow 

deposits and the third unit as turbidite overbank deposits. The characteristics of the 

turbidity current flows evolved from thick muddy flows during relative sea level low 

stands to sandy flows during the last highstand (Torres et al., 1997). Droz et al. (2001) 

discussed the main sedimentary events that occurred since the last glacial in the western 

Gulf of Lyons. From the Pliocene until the last glacial period, turbidite activity in this 

area was more or less continuous (Droz et al., 2001). During the last glacial maximum, 

the sedimentation regime changed from being characterised by deposition (event 1-3 in 

Figure 2.9) to being characterised by either mass movements or erosion of previously 

deposited sediments (Droz et al., 2001). The western debris flow (event 4 in Figure 2.9) 

accumulated during a period of active mass-movement processes in the western 

Mediterranean at around 21 ka (Droz et al., 2001), similar to the deposition time of the 

eastern debris flow from the eastern levee of the Rhone fan (Droz and Bellaiche, 1985), 

the Big'95 slide of the Ebro shelf (Berne et al., 1998) and the BAP 'megaturbidite' 

(Rothwell et al., 1998). Following post-glacial sea-level rise, fluvial inputs are mainly 

trapped in estuaries and, as a consequence, deep-sea canyons and channels are being 

eroded (Droz et al., 2001). Sands from the Neofan (event 5 in Figure 2.9) resulted from 

reshaping of the channel floor by upstream retrogressive erosion (Droz et al., 2001). 

Erosive currents inside and at the outlet of the Sete Canyon have resulted in 

downstream redeposition of sediment as a lobate unchannelized body (event 6 in Figure 

2.9), whereas currents flowing inside La Fonera Canyon have removed and reshaped 

older sediments (event 7 in Figure 2.9), with probably minor redeposition (Droz et al., 
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Figure 2.9 Sedimentary events in the western Gulf of Lyons during the Late Pleistocene and 
Holocene (from Droz et al , 2001). a) Present-day superposition of units resulting from the seven main 
sedimentary events (numbered) as discussed in the text, including the locations of outlets of the Pyreneo-
Languedocian and La Fonera canyons. F= La Fonera Canyon; Cc= Cap Creus Canyon; L= Lacaze 
Duthiers Canyon; ?= Pruvost Canyon; A= Aude Canyon ; H= Herault Canyon ; S= Sete Canyon; CI= 
Catherine-Laurence Canyon; M= Marti Canyon; R= Rhone Canyon . 

2.3.2 Valencia fan 

The Valencia Fan, which is another major turbidite system in the northern part 

of the western Mediterranean (Figure 2.1), occurs between the deepest area of the 

Valencia Trough and the Balearic Basin Plain. Its structural, morphological and 

sedimentological patterns are controlled by the main features of the Valencia Trough 

(Limonov et al., 1992). The main factors controlling depositional patterns during the 

Plio-Quatemary were sediment supply and sea-level fluctuations related to global 

climatic changes (Limonov et al., 1992). The Ebro and Valencia turbidite systems were 

mainly built during the late Pliocene-Pleistocene (Limonov et al., 1992) and in this 

system, gravity flow deposits alternate with hemipelagic deposits (Alonso et al., 1991). 

Using seismic data, Palanques et al. (1994) related sea-level changes to phases of fan 

progradation and retreat resulting from changes in sediment supply to the Valencia fan 

system. During periods of sea level lowering, the fan system migrated downbasin and 

developed extensively in the deeper areas of the Valencia Trough (Palanques et al., 

1994) (Figure 2.10a). However, during periods of sea-level rise the fan sedimentation 

migrated upstream and deeper areas of the basin were abandoned (Palanques et al., 

1994) (Figure 2.10b). The Ebro canyon and many smaller submarine gullies cut a 

gentle submarine slope in a complex coalescent fan. 

2.3.3 Var fan 

In the Ligurian Sea, sediment is supplied from the Var, Roya and Paillon rivers 

and other canyons to build a coalescent deep-sea fan (Alinat et al., 1969; Pierot, 1972; 

Savoye et al., 1993; Klaucke et al., 2000). The Var submarine fan, which was 

constructed throughout the Pliocene and Quaternary, extends almost directly from the 

Var river off a steep continental slope (with an average gradient of more than 11°) and 

covers an area of 16,200 km^ (Savoye et al., 1993). Savoye et al. (1993) suggested that 

the river Var cut a valley through older deltaic deposits during the Quaternary sea-level 
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Figure 2.10 Sketch of the Quaternary Valencia fan configuration and fan lobe development during: 
(A) falling sea-level and periods of low stand, and (B) sea-level rise and periods of high stand (from 
Palanques et al., 1994). Arrows indicate direction of fan lobe migration. 

lowstands, which were partially refilled during the sea-level highstands. Due to the 

supply of coarse sand and gravel to the fan during both sea-level highs and lows, the 

profile of the fan is steep concave and the gravel and pebble-floored fan valley acts as a 

sediment bypass zone (Savoye et al., 1993). The upper and middle fan sections of the 
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valley are flushed out by coarse-grained turbidity currents, thus causing partitioning of 

sediments (Savoye et al., 1993), with coarse sediment accumulating on the lower fan 

valley and basin plains, and mud accumulating as overbank deposits on the high levees. 

2.3.4 Corsica and Sardinia 

The continental margin off western Corsica and Sardinia is steep (-7° for the 

submarine slope) and is incised by numerous submarine canyons that end in small, 

sand-rich submarine fans at the continental slope (Bellaiche et al., 1994a, b; Kenyon et 

al., 2002). According to Kenyon et al. (2002), the size of the drainage basin, as a proxy 

for sediment input, appears to be the most important factor governing sediment 

distribution and overall margin architecture. Terrigenous turbidite sediments that can be 

found lying on the continental rise of western Corsica originate either from the 

Provencal margin in the north (through the Var channel) or from Sardinia in the south 

(Bellaiche et al., 1994a, b). 

2.3.5 Menorca and Mallorca 

The Mallorca-Menorca shelf to the east of the Balearic Islands has different 

erosion platforms, presumably related to glacio-eustatic sea-level changes (Acosta et 

al., 2002). Sediments of the Balearic Island shelves consist mainly of biogenic sand and 

gravels with a high percentage of carbonates (average CaCOa content of 77-84%) 

(Acosta et al., 2002). At present, sediment is being transported from the shelf to the 

deep basin through the Menorca Canyon, which extends down from the continental 

shelf off southern Menorca (Acosta et al., 2002). The Menorca fan consists of a variety 

of turbidite deposits (from thick coarse-grained sand turbidites close to the Menorca 

valley to distal thin mud turbidites) intercalated with hemipelagic mud sequences 

(Stanley, 1985). 

2.3.6 Algeria 

Studies documenting the development of deep-sea fans off northern Algieria are 

at present virtually non-existent. 
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2 .4 C 4 D N T D M % Y r W L S H E L \ % a W U W ) S L O P E S 

Most continental shelves and slopes in the western Mediterranean Sea are 

narrow (<20 km), except for the Gulf of Lyons, western Sardinia, the southern Menorca 

promontory and the Ibiza plateau (Rehault et al., 1984) (Figure 2.5). The depth of the 

shelf break is variable (between 90 and 130 m) and reaches the greatest depth off 

western Sardinia (Fanucci et al., 1976; Vanney and Gennesseaux, 1985). The 

prograding shelves in the Gulf of Lyons and the Catalan margin are bounded by gentle 

sedimentary slopes (< 4°), whereas other slopes close to mountainous hinterlands (e.g. 

Provence, Ligurian Alps, Corsica, Algeria, South Balearic Islands) are much steeper (6-

10°) (Rehault et al., 1984). The Algerian margin in the southern part of the western 

Mediterranean has the steepest and narrowest margin (the continental shelf is generally 

only a few kilometres wide (Leclaire, 1972)) (Figure 2.5). According to Leclaire 

(1972), the morphology of the Algerian continental margin is distinctive and does not 

comprise a "normal" continental slope, but instead comprises a set of platforms and 

ledges with different depths and slopes. The relief of the Algerian shelf is controlled by 

two main processes: 1) late Cenozoic tectonic activity with varying intensity in 

different areas, and 2) glacio-eustatic sea-level fluctuations (Leclaire, 1972). Numerous 

submarine canyons cut the continental slope that bounds the western Mediterranean 

basin. The Algerian continental slope is also deeply incised by numerous canyons and 

submarine valleys, however, few of these canyons can be related to adjacent 

continental river valleys (Leclaire, 1972). Leclaire (1972) suggested that canyons not 

related to present river valleys might represent submerged traces of Cenozoic coastal 

drainage systems that were renewed by rivers at the end of the Pliocene or perhaps at 

the beginning of the middle Quaternary. 

2,5 T E C T O N I S M A N D V O L C A N I S M 

The western Mediterranean basin forms part of the boundary between the 

Eurasian and African plates, which follows the North African margin (Udias, 1985). 

The Eurasian plate has moved to the east and to the south relative to the African plate 

(Macklin et al., 1995). 

Sedimentary deposits forming the slope, rise and basin plains have responded to 

concurrent extension, strike-slip, or compressive motion that has affected the 
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underlying basement as well as to salt tectonics (Stanley, 1985). Rehault et al. (1984) 

reported the occurrence of many inferred NW-SE trending transform faults and major 

normal faults with varying directions in the western Mediterranean Sea. Recently 

faulting has occurred in the Camargue coastal plain (Bonnet, 1962), in the deep 

Mediterranean Basin off the Balearic Islands and in the Ligurian Sea (Rehault et al., 

1984^ 

The main concentration of recent (1910-1979) surface earthquakes in the 

western Mediterranean is located along the plate boundaries (Udfas, 1985). Zones of 

seismic activity outside this boundary outline secondary plates or have intraplate 

character (Udfas, 1985). Recent (1910-1979) intermediate and deep earthquakes are 

more or less confined to the central and eastern Mediterranean (Udfas, 1985). The 

Southern Alps-Ligurian basin junction is one of the most active seismic areas among 

western European countries, with a high number of events (over 70 events since 1920) 

and with a magnitude up to 6.0 (Larroque et al., 2001). 

Several volcanoes have been active in the Mediterranean area during the 

Quaternary (Narcisi and Vezzoli, 1999), however, most source regions (Italian and 

Aegean provinces) are located in the central and eastern Mediterranean basin. Between 

0.8 and 0.12 Ma, a phase of volcanic activity occurred in the Logudoro district in 

northwestern Sardinia (Macciotta and Savelli, 1984). In the Valencia Trough, 

volcanism (represented by calc-alkaline andesitic and silicic pyroclastic rocks, and 

alkaline basaltic rocks of intraplate type) has been ongoing over the last 15 Ma, with 

the youngest outcrops dating between 1 and 0.3 Ma (Figure 2.11) (Marti et al., 1992). 

2.6 PHYSICAL OCEANOGRAPHY AND CLIMATOLOGY 

The Mediterranean Sea is a semi-enclosed basin and its only exchange with the 

world ocean is through the Strait of Gibraltar. The western basin is separated from the 

eastern basin by the shallow sill of the Strait of Sicily, which restricts the flow of water 

between the two basins. The main control on the physical character of the western 

Mediterranean Sea is the continental climates of Europe and north Africa and their 

seasonal variability (Kinder and Bryden, 1987; WMCE Consortium, 1989). In the 

northern part of the western Mediterranean, strong seasonal changes in the sea reflect 

the seasonal influences of the European climate (La Violette, 1994). For the southern 

part of the western Mediterranean, smaller seasonal variability could reflect a more 
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quiescent African climate, although the appearance of small seasonal changes may be 

due to a kck of adequate data (La Violette, 1994). At present, evaporative losses in the 

Mediterranean Sea exceed input from precipitation and rivers, which causes a 

hydrological deficit. In the Gulf of Lyons, high evaporation during winter causes the 

formation of dense deep water, which flows westward, to finally flow through the Strait 

of Gibraltar to join Atlantic waters (La Violette, 1994). Relatively fresh Atlantic water 

(salinity —35 parts per thousand compared with -38 parts per thousand for 

Mediterranean outflow) flows into the Mediterranean through the Strait of Gibraltar to 

compensate for the evaporative and dense outflow losses (La Violette, 1994). 

The present climate in the western Mediterranean is characterised by high 

global sea level, a relatively dense vegetation cover, relatively high infiltration rates 

and moderate river discharges (Rose et al., 1999). The glacial western Mediterranean 

environment, in contrast, was characterised by a low global sea level, open vegetation 

with large areas of bare ground and unconsolidated sediments, soils affected by high 

physical stresses and highly peaked river-discharge regimes (Rose et al., 1999). Sea 

surface temperature (SST) estimates for the Alboran Sea, based on the relative 

abundances of planktonic foraminifera species, varied considerably between glacial and 

interglacial periods (Gonzalez-Donoso et al., 2000). During interglacial times, 

maximum SSTs were estimated at around 20 to 23°C, whereas glacial maximum SST 

were much lower, between 10 and 15°C (Gonzalez-Donoso et al., 2000). Alkenone-

based sea surface temperature estimates give similar values of ~ 19°C during the 

Holocene a_nd 11-13°C during the last glacial maximum (Cacho et al., 2001). Recent 

research (li oh ling et al., 1998; Cacho et al., 1999, 2001; Paterne et al., 1999) has 

demonstrated that the western Mediterranean basin was sensitive to millennial-

centennial climatic and oceanographic variability in the north Atlantic during the last 

glacial peiiod. 
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Figure 2.11 Structural map showing the locations of volcanoes and volcanic flows in the 
northwestern Mediterranean (from Maillard et al., 2003). Also shown are the locations of faults and the 
upslope boundary of the area of Messinian salt diapirs. 

32 



Chapter 2 The western Mediterranean Sea 

2.7 SEDIMENTATION PROCESSES 

Stanley (1985) divided the Mediterranean margins, based on petrological, 

stratigraphic and seismic information, into erosion dominated areas (i.e. outer shelves, 

shallow ridges and upper slopes), intermittent erosional and redepositional regimes 

(slopes) and ponded areas (slope basins and deep, more distal basinal sectors). The 

main sedimentation types on the BAP are 'normal' hemipelagic background 

sedimentation and 'episodic' turbidite sedimentation. Gravity flow deposits, such as 

debris flow and slide deposits, only occur on, or close to the continental margins. 

Hemipelagic deposits are fine-giained sediments, with both biogenic and terrigenous 

components (>25%) (Stow et al., 1996). Sedimentation of the biogenic component, 

which is largely generated in the upper part of the water column through productivity, 

occurs through vertical settling. The nature and distribution of hemipelagic sediments is 

determined by productivity, dissolution and masking (i.e. if one component (siliceous 

material, calcareous oozes, or aeolian red clays) dominates the hemipelagic sediment it 

may mask the presence of other components) (Stow et al., 1996). The fine-grained 

terrigenous component in hemipelagic sediments in the western Mediterranean Sea is 

derived from: 1) fluvial sediment discharger, 2) reworking of shelf sediments or erosion 

of shorelines, and 3) wind-blown dust from arid and semi-arid areas. According to 

Guerzoni et al. (1999) Saharan dust input to the open western Mediterranean Sea 

constitutes more than 80% (-4x10® t/yr) of the total terrigenous (riverine + aeolian) 

flux. 

Turbidity currents and their deposits have already been discussed in detail in 

Chapter 1. Sedimentary sequences from piston cores from the Balearic (western 

Mediterranean Sea) and Herodotus (eastern Mediterranean Sea) Abyssal Plains are 

dominated by turbidite muds (Rothwell et al., 2000). Rothwell et al. (2000) identified 

two turbidite megabeds on each plain, that were emplaced during the last sea level low 

stand at the height of the glacial maximum. In the eastern Mediterranean, turbidite 

sedimentation has been controlled by a combination of regional climate change and 

eustatic sea-level fluctuations (Reeder et al., 2002). 
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CHAPTER 3 - OXYGEN AND CARBON 

ISOTOPE STRATIGRAPHY 

3.1 INTRODUCTION 

Long-term quasi-periodic changes in the Earth's orbit (eccentricity, obliquity 

and precession) have driven global climatic change. The driving force in global climate 

is the seasonal and latitudinal distribution of solar insolation (Berger, 1988). Waxing 

and waning of continental ice sheets during the Quaternary has been regulated by 

insolation variations resulting from changes in the Earth's orbit (Berger, 1988). Oxygen 

isotope (S'^O) signals from planktonic and benthic foraminifera in deep-sea cores 

predominantly reflect fluctuations in global ice volume and hence of global sea level, 

although also reflects temperature and large-scale salinity variations (Shackleton 

and Opdyke, 1973). Numerous records from the world oceans have been stacked to 

form a global curve for comparison with models of astronomically forced ice volume 

fluctuations and to provide a detailed age control (Imbrie et al., 1984; 1984; Prell 

et al., 1986; Martinson et al., 1987; Imbrie et al., 1992). As a result, oxygen isotope 

stratigraphy is now a standard technique for detailed correlation of Late Pleistocene 

deep-sea sediments (Prell et al., 1986). The chronology of records is tied to the 

geomagnetic polarity time scale and can be fine-tuned using the Milankovitch theory 

(Shackleton et al., 1990). 

For this study, four cores from the Balearic Abyssal Plain were studied to 

determine the timing and magnitude of turbidite sedimentation in the basin. Turbidite 

beds occur intercalated with thinner hemipelagic intervals within the piston cores (see 

Chapter 4). These hemipelagic intervals are used to form a tight stratigraphy in Chapter 

5. This stratigraphy was initially based on biostratigraphy (using the nannofossil 

zonation scheme of Weaver, 1983), AMS radiocarbon dates and oxygen isotope 

stratigraphy. In order to construct a stratigiaphic framework for the four cores, based on 

oxygen isotope stratigraphy, a reference core was analysed from a location where 

disturbance related to downslope transport is unlikely (i.e. a bathymetric high). Most of 

the methods and results discussed below, relating to the analysis of the oxygen and 

carbon isotopes, have been published in Dinares-Turell et al. (2003), with B.A.A. 

Hoogakker as the second author (Appendix 3.1). 
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3.2 MATERIALS AND METHODS 

Long piston core LC07 (located at 38°08.72'N, 10°04.73'E, water depth 488 m, 

length 23.66 m) was collected during Marion Dufresne Cruise 81 in 1995 (as part of the 

EU-funded MAST II PALAEOFLUX program) from a location north of the Skerki 

Channel on the western side of the Sicily Strait (Figure 3.1). The sediment column of 

core LC07 generally appears visually homogeneous and contains grey to olive grey 

foraminifer-rich mud and nannofossil ooze that includes an interval of foraminifer-rich 

sand from 15.41 to 16.08 m below sea floor (mbsf) (Figure 3.2). 
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Figure 3.1 Location of core LC07 west of the Sicily Strait in the western Mediterranean Sea. 

Two planktonic foraminifera species, Neogloboquadrina pachyderma (right 

coiling or dextral variety) and Globigerinoides ruber (white variety) were picked by 

hand for oxygen and carbon isotope analysis. The core was sampled at 5-cm intervals, 

except for the sandy interval between 15.4 and 16.08 mbsf. Fifteen to twenty specimens 

of N. pachyderma and 10 to 15 specimens of G. ruber were hand-picked from the 250-

400 p,m size fraction for analysis. N. pachyderma occurs almost continuously 

throughout core LC07, whereas G. ruber was less abundant and occasionally absent in 

certain intervals. Prior to isotopic analysis, specimens were cleaned with methanol and 

were dried overnight in an oven at 50°C. Oxygen and carbon isotope ratios were 
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Figure 3.2 Long piston core log and sedimentological description of LC07 (from Cruise Report of 
Marion Dufresne Cruise 81, Rothwell et al., 1995). 
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measured in a stable isotope ratio mass spectrometer (model Europa GEO 20 20, 

manufactured by GV Instruments), with individual acid bath carbonate preparation 

lines. Analytical precision of powdered carbonate standards was ±0.06% for and 

5'^C. Isotope data in LC07 are expressed in per mil (%o) relative to the Vienna Pee Dee 

Belemnite standard (V-PDB). 
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Figure 3.3 Oxygen and carbon isotope data for LC07 plotted against down-core depth (metres below 
sea floor). Palaeomagnetic epochs, as determined by Dinares-Turell et al. (2003), are also shown. The 
5*^0 records are divided into the standard S'^O stages (MIS) following the nomenclature of Emihani 
(1955) and Shackleton and Opdyke (1973). Odd MIS (or interglacial stages) are numbered at the bottom 
of the upper subfigure. 
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A total of 388 samples was analysed for M and 287 samples for 

The derived curve was initially divided into the standard stages following the 

nomenclature of Emiliani (1955) and Shackleton and Opdyke (1973), where even 

numbered stages represent glacial intervals with heavier oxygen isotope values, and 

odd numbered stages represent interglacial intervals (Figure 3.3). The Marine Isotope 

Stages (MIS) were then further subdivided into substages and events based on the 

nomenclature of Imbrie et al. (1984) and Prell et al. (1986). 

3 3 AGE MODEL 

Fourteen alternating glacial and interglacial stages were recognised in LC07 

(Figure 3.3). These correlate well with the SPECMAP curve (Dinares-Turell et al., 

2003). Ages for stages and events (Table 3.1) are derived from Imbrie et al. 

(1984) until event 15.1 and then from Shackleton et al. (1990), Bassinot et al., 

(1994) and Chen et al. (1995) for older stages. The Matuyama/Brunhes (M/B) 

boundary at 17.8 mbsf and the Upper Jaramillo (UJ) reversal at 22.4 mbsf coincide 

with MIS 19 and MIS 27, respectively (Table 3.1). The astronomically calibrated ages 

of 0.778 Ma (M/B) and 0.990 Ma (UJ) are assigned to these reversal boundaries 

(Shackleton et al., 1990; Tauxe et al., 1996). Because of the occurrence of a sandy 

interval between 15.4 and 16.08 mbsf, the core was divided into two parts for 

converting depth into age. The results of the two linear interpolations between age 

control points (Table 3.1) indicate nearly linear sedimentation rates (Dinares-Turell et 

al., 2003). The sand interval is interpreted to represent a winnowed lag deposit, and, 

according to our age model, appears to represent a condensed section spanning part of 

OIS 15 and 16 and accounts for a maximum time interval of - 1 4 0 kyr. 

3.4 CARBON ISOTOPES IN LC07 

Carbon isotope records from LC07 based on stable isotope analysis of G. ruber 

and N. pachyderma show two conspicuous long-term fluctuations between 1.00 and 

0.50 and between 0.50 and 0.10 Ma (Figure 3.4). Between 1.00 and 0.90 Ma carbon 

isotopes dropped ~0.5%c in LC07, followed by a ~1.00%c increase between 0.90 and 

0.50 Ma. The second fluctuation started with a drop in carbon isotope values of -0.50% 

between 0.50 and 0.25 Ma, followed by a ~0.70%o increase between 0.25 and 0.10 Ma. 
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As part of this study other data from cores from Ocean Drilling Program cores were 

examined and the carbon isotope shifts were observed to have occurred in many other 

published records from all major basins, including the North (e.g. at ODP sites 552, 

607, 502, 929, and 925) and South (e.g. at ODP site 704) Atlantic Ocean, the Indian 

Ocean (e.g. at ODP site 758) and the Pacific Ocean (e.g. at ODP sites 806, 847 and 

- 1 

0 

1 

O 
^ 2 

0 100 200 300 400 500 600 700 800 900 1000 1100 

00 

To 

1—T r 

y j i!\i Msf i : 

- a 

8"! ®0, G. ruber 
.J J L _ .1 ..L. 

§''^0, N. pachyderma 

_j I I 1 I I I L 

1 i I I r -|—I r 

G ruber 

CO 0 

to 

- 1 N. pachyderma 

J i L 

0 100 200 300 400 500 600 700 800 900 1000 1100 

Age (ka) 

sandy interval (hiatus) 

Figure 3.4 Oxygen and carbon isotope data for LC07 plotted against age (ka). A 15 point running 
average (thick black Hne) illustrates the long term fluctuations in carbon isotopic values. 

849). Furthermore, these long-term fluctuations in carbon isotopic values occur in both 

surface-dwelling (planktonic) and deep-sea (benthic) foraminifera, which indicates the 
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global nature of these fluctuations. In section 3.5 these carbon isotope shifts are 

discussed in more detail and it is proposed that the initiation of these shifts to lower 

5'^C was caused by better ventilated bottom waters between 1.00 and 0.90 and between 

0.50 and 0.25 Ma, which resulted in decreases in global mean organic and inorganic 

carbon burial fluxes. Both periods coincided with insolation and eccentricity minima 

(Berger, 1978), at which time the effect of seasons may have been less intense and the 

development of monsoons was weakened (Rossignol-Strick, 1983). In the 

Mediterranean, strong monsoons create conditions whereby sapropel formation and 

preservation can occur. 

Table 3.1 Depth position of oxygen isotope stages and events in LC07 and their respective ages 
(from Dinares-Turell et al., 2003). 

Oxygen isotope Depth (mbsf) Age(ka) Oxygen isotope Depth 
stage/event stage/event (mbsf) 
2.2 0J3 20 9.3 8.93 328 
3.1 1.10 28 1&2 9^8 340 
3.3 L43 53 11.1 1&33 368 
4.2 1^3 64 11.2 1&48 375 
5.1 2J8 80 121 1238 426 
5.2 2.43 86 122 12^3 431 
5.3 2wg 100 123 123 451 
5.4 2.93 108 124 13^3 471 
5.5 3J^ 122 15.1 15J^ 572 
6.3 3J3 146 17 1&48 695 
6.4 3.93 155 18 17JW 755 
7.3 123 214 19 1793 783 
7.4 5.43 228 20 1&43 798 
7.5 &13 237 21 1&28 860 
8.2 249 22 19.98 874 
8.3 &33 257 23 2&43 903 
8.4 &63 269 25 21.73 951 
8.5 7.55 287 26 22.23 964 
8.6 7.83 299 27 2240 990 
9.1 8.53 310 28 22.98 1006 
9.2 &73 320 
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3.5 Long-term fluctuations in the global carbon cycle during the Pleistocene 

Hoogakker, B.A.A Rohling, E.J., Palmer, M R., Rothwell, R.G. and Dinares-

Turell, J.* 

Southampton Oceanography Centre, Empress Dock, Southampton SO 14 3ZH, U.K. 

*Istituto NazionalediGeofisicae Vulcanologia, Via di Vigna Murata, 605, 00143 

Rome, Italy 

ABSTRACT 

Pleistocene stable carbon isotope (5^^C) records f rom both surface and deep 

waters in all major ocean basins show two distinct carbon isotope fluctuations since 1 

Ma. The Rrst was c hamcterised by a decrease in values of 0.27%o between 1.00 

and 0.90 Ma, follow ed by an increase of 0.49%o between 0.90 and 0.50 Ma. The second 

fluctuation started with a. decrease of 0.30%o between 0.50 and 0.25 Ma, followed by an 

increase of 0.25%o b etween 0.25 and 0.10 Ma. Here, we evaluate evidence and existing 

hypotheses for these: global Pleistocene 5'^C fluctuations and present an interpretation, 

where the fluctuations resulted from concomitant changes in the burial fluxes of 

organic and inorgaii ic carbon due to changes in bottom water ventilation. Periods of 

decreasing val?ies are characterised by low preservation of organic matter and 

increased calcium carbonate dissolution. Our model indicates that to satisfy the long-

term 'stability' of tk e Pleistocene lysocline (Rea and Leinen, 1985), the ratio between 

the amounts of change in the organic and inorganic carbon burial fluxes must have 

been tightly constrained to a 1:1 ratio. It is then apparent that the mid-Pleistocene 

climate transition, which, apart from the glacial cycles, represents the most 

fundamental change in the Pleistocene climate (Raymo et al., 1997), was not associated 

with a fundamental change in pCOz- Our model allows a maximum variability of only 

15 ppmv over the fluctuation between 1.0 and 0.5 Ma. In contrast, pC02 changes 

associated with glacial/inter glacial cycles are much higher ( -100 ppmv). 
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3.5.1 Introduction 

Systematic oceanic carbmi isotope (S'^C) shifts are commonly used indicators 

of change in the global carbon eye' le, with research focussing on such shifts at the K/T 

boundary (Kump, 1991), in the^^ocene (Mncent and Berger, 1985; Delaney and 

Boyle, 1987), and in the late Palaeocene (Morris and Rohl, 1999). In this study we 

discuss two Pleistocene fLuctTiations in records from both surface-dwelling 

(planktonic) and deep-sea (benthic) Jforaminifera from all major ocean basins (Table 

3.2, Figure 3.5). This study is c, on earned with sustained long-term 5'^C shifts at 

timescales that exceed glacial/iiitierglacial variability. In essence, the fluctuations 

considered here are background flimctuations that underlie the superimposed 

variability associated with the 41 to DO- kyr glacial cycles. 

Table 3.2 Location of the records and - the analysed foraminiferal species used in this study, as well 
as similar details of eight supplementary (tsupporting) records (Shackleton and Hall, 1984; Ruddiman et 
al , 1989; Hodell and Venz, 1992; Bicket et al., 1993; Farrell et al., 1995; Bassinot et al., 1997; 
deMenocal et al., 1997). 
Benthic Species Water Latlliiixle/ Planktonic Species Water Latitude/ 
records (Benthic) depth Longiautie records (Planktonic) depth Longitude 
used (m) used (m) 

Site 502, Cibicidoides 3051 ii°2)mN Site 806, Globigerinoides 2521 0°19'N 
GDP Leg 68 wuellerstorfi y g ' s a w OOP Leg 130 sacculifer, 159°22'E 
(Caribbean) (W. Pacific) Pulleniatina 

Site 849, Mainly 3837 0°1 Site 758, Globigerinoides 2924 5°23'N 
OOP Leg 138 Cibicidoides 110 1 w OOP Leg 121 sacculifer 90-^1'E 
(E. Pacific) wueiierstorfi (Indian) 

Site 758, Cibicidoides 2924 5''231l 
OOP Leg 121 wuellerstorfi 9 0 ° 2 f E 
(Indian) 

Supplementary benthic Supplementary planktonic 
records records 
Site 552, Cibicidoides 2301 56°03y\| Site 847, Neogloboquadrina 3334 0°12'N 
GDP wuellerstorfi 23''HWV OOP Leg 138 dutertrei, 95°19'W 
Leg 81 (E. Pacific) Globigerinoides 
(N. Atlantic) sacculifer 
Site 929, Cibicidoides 4358 5°59* Site 704, Neogloboquadrina 2532 46°53'S 
OOP Leg 154 wuellerstorfi 43''37rV OOP Leg 114 pachyderma (s) 7°25'E 
(N. Atlantic) (S, Atlantic) 

Site 607, Cibicidoides 3427 41' '0(W Site 925, Globigerinoides 3040 4-12'N 
GDP Leg 94 wuellerstorfi 32°57rV GDP Leg 154 ruber 43°29'W 
(Atlantic) (N. Atlantic) 
Site 704, Cibicidoides 2532 46°53'SS LCD7, MD 81 Neogloboquadrina 480 38°09'N 
GDP Leg 114 wuellerstorfi 7''25'E (Mediterrane pachyderma (d), 10°5'E 
(S, Atlantic) an) 

(this Chapter) 
Globigerinoides 
ruber 

Site 806, Cibicidoides 2521 0''19'll 
GDP Leg 130 wuellerstorfi 159°22' E 
(W. Pacific) 
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-180 -120 - 6 0 60 120 180 

849 84 

Figure 3.5 Locations of published records where the two observed Pleistocene carbon isotope 
fluctuations can be identified. See Table 3.2 for further details. 

In order to assess the Pleistocene records, the best planktonic (ODP Site 

758 and 806) and benthic (ODP Site 502, 758 and 849) records are summarised in 

Figures 3.6A and B. These records were chosen on the basis of the reliability of 

the respective age models and continuous coverage (0-1.5 Ma) throughout the 

Pleistocene, Other available records were not used because they do not fulfil both 

criteria. 

During the last 1.5 Ma, the planktonic and benthic carbon isotope records show 

similar long-term trends (i.e. trends exceeding variations on times scales up to and 

including glacial/interglacial time scales) (Figures 3.6A, B). All three benthic 5'^C 

plots in Figure 3.6B are based on the same epibenthic foraminiferal species 

{Cibicidoides wuellerstorfi), thus avoiding possible anomalies associated with infaunal 

habitats. differences between the three benthic sites are related to water-mass 

aging and mixing (Figure 3.6B). Today, the value of freshly formed North 

Atlantic Deep Water is ~l%c, decreasing to ~0%o en route to the North Pacific, through 

mixing with Southern Ocean Water and continued remineralisation of organic matter 

(Kroopnick, 1985). Despite these relative offsets between records from different 

basins, they all show the same systematic Pleistocene long-term variability, thus 

confirming the global nature of these fluctuations (Figure 3.6B). 
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Figure 3.6 Stable carbon isotope records: (a) planktonic and (b) benthic foraminifera carbon isotope 
records, where planktonic records represent the Indian Ocean site 758 (Farrell and Janecek, 1991) and 
Pacific Ocean Site 806 (Schmidt et al , 1993), while benthic 6'^C records are from the Caribbean Sea 
Site 502 (Oppo et al, 1995), the Indian Ocean Site 758 (Chen et al., 1995) and the Pacific Ocean site 849 
(Mix et al., 1995), (c, d) stable carbon isotope records represented by a 60 kyr Gaussian filter smoothing 
for the same planktonic and benthic foraminifera records, (e, f) standardised stable carbon isotope 
records for planktonic and benthic foraminifera records (thin black line) and averaged standardised stable 
carbon isotope records for planktonic and benthic foraminifera. 

To elucidate the global trends, we constructed standardised smoothed records (Figures 

3.6C, D). The individual records are first smoothed to eliminate variations on a 

glacial/interglacial or shorter time scale (Figures 3.6C, D). The filtered records were 

then standardised to a modem value of zero (Figures 3.6E, F). The very high level of 

agreement between the various standardised records again emphasises the systematic 

nature of the Pleistocene long-term 5'^C fluctuations, which affected both benthic and 

planktonic records in all major ocean basins (Figures 3.6E, F). Finally, a mean value 

was calculated for the records in 1000 yr increments giving the standardised 'mean' 

records presented in Figure 3.6B and F. 

Planktonic records reflect conditions in a thin surface layer with a high 

potential variability on regional scales, while benthic records are more indicative 

of long-term stabilised properties in the oceanic deep-water reservoir that forms >75% 

of the global ocean volume. We therefore concentrate on the values of the trends given 

by the averaged, standardised benthic record in Figure 3.6F. This average ('stacked') 

benthic record was subsequently shifted so that its present-day value matches the mean 

value for total carbonate in recent deep-sea sediments of 0.38%o (Shackleton, 

1987a) (Figure 3.7). This shift is needed because our calculations require not 

1 

(%.) 

0.5 

-0.5 

8 0 4 R 

node node 3 

node 4 

node 2 

0 
I I I 

0.5 

_J ! 1 1 L_ 

Age (Ma) 
1 1.5 2.5 

Figure 3.7 Stacked benthic carbon isotope record (4mcw) plotted together with calculated carbon 
isotope values {SOAR)- See text for further details. 
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only relative but also absolute values. The basis for shifting the stacked benthic 5'^C 

records is supported by the fact that the actual mean core-top value for the records used 

is nearly identical to the mean value for modern deep-sea sediments (~0.38%c) 

(Shackleton, 1987a). 

Five 'nodes', marked in Figure 3.7, identify major changes in the 6'^C values 

within the stacked benthic record. The first fluctuation, termed the Mid-

Pleistocene 5'^C Fluctuation (MPCF), started with a drop in of 0.27%c between 

1.00 and 0.90 Ma (nodes 1 and 2), followed by an increase of 0.49%o between 0.90 and 

0.50 Ma (nodes 2 and 3) (Figure 3.7). The second fluctuation, termed the Late 

Pleistocene 5'^C Fluctuation (LPCF), started with a drop of 0.30%o between 0.50 and 

0.25 Ma (nodes 3 and 4), followed by an increase of 0.25%o from 0.25 to 0.10 Ma 

(nodes 4 and 5). The MPCF is approximately coincident with the mid-Pleistocene 

Climate Transition (MPT), which is marked by an increase in mean global ice volume 

and a shift from 41-kyr to 100-kyr ice-age cycles (Raymo et al., 1997). No such 

fundamental climate shift is associated with the LPCF. 

3.5.2 Previous explanations 

To date, only the MPCF has received any attention (Raymo et al., 1997), while 

the LPCF has gone unnoticed. Initial explanations of the 0.27%o drop in S'^C values at 

the start of the MPCF maintained that a drop in the mean ocean 5'^C was due to a one-

time net addition of '^C-enriched carbon to the world ocean (Raymo et al., 1997). This 

could have been caused by: (1) an increase in continental weathering and runoff; (2) an 

addition of organic matter to the ocean/atmosphere carbon reservoir from continental 

shelves; or (3) a permanent widespread ecosystem change to lower C-mass biomes due 

to a global increase in aridity after 0.9 Ma (Raymo et al., 1997). 

The first two options can be discarded as such processes would also enhance 

ocean nutrient concentrations and thus increase vertical 5'^C gradients and the spatial 

8'^C gradient between the Atlantic and Pacific Oceans (Boyle, 1986), whereas records 

suggest that these gradients remained relatively constant (Figure 3.6) (Raymo et al., 

1997). Moreover, one would expect an increase in the amount of organic carbon 

weathering to be reflected in the osmium isotope composition of seawater, as osmium 

isotopes are sensitive to the ratio of organic carbon weathering to total weathering 

(Ravizza and Esser, 1993; Peucker-Ehrenbrink and Hannigan, 2000; Peucker-
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Ehrenbrink and Ravizza, 2000). However, over the periods considered here no 

significant fluctuations are apparent (Ravizza, 1993). The third suggestion, that the 

initiation of the MPCF was driven by global aridification after 0.90 Ma (Raymo et al, 

1997), is not consistent with our observation that the onset of the MPCF occurred 

earlier at 1.0 Ma (Figure 3.7). Hence, alternative hypotheses need to be considered for 

the observed Pleistocene shifts. 

3.5.3 Method 

Here, we present a simple box model to assess the impact on global of 

changes in the global carbon cycle on global over Pleistocene time-scales (Figure 

3.8). This model does not impose a steady-state solution on the size of the 

ocean/atmosphere carbon reservoir (VQAR) and there is no partitioning of carbon 

between shallow and deep waters. The latter process is relevant only on ocean mixing 

time scales of 10^ years, whereas the model concerns effects over time scales of >10* 

years. Within this system, the 5'^C of the ocean/atmosphere reservoir (SOAR) at time t 

depends on: (a) the initial value of as indicated by where i represents the 

'nodes', so that between nodes 1 and 2 the initial value of SOAR is that observed at node 

1 (Figure 3.7); (b) the amount of carbon in the ocean/atmosphere reservoir, VOAR, (c) 

the flux of carbon into the OAR via weathering of mainly continental organic and 

inorganic carbon, F„v; (d) the isotopic ratio of this riverine carbon flux, Snv', (e) the 

organic and inorganic oceanic carbon burial fluxes, Forg and Fino', and (f) their isotopic 

ratios, Sorg and Sino- By varying one parameter at a time, the model is used to evaluate 

the observed changes in SOAR for the following six scenarios. 

1. Changes in reflect changes in the input of carbon through rivers (Fnv). 

Changes in F„v could result from changes in the weathering rate of organic and 

inorganic carbon in soils or rocks, or changes in organic and inorganic carbon 

content of the source rock being weathered. 

2. SOAR changes are driven by changes in the carbon isotopic ratio of the river input 

{Sriv)- These changes could be caused by changes in the relative weathering rates of 

organic and inorganic carbon. 
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River input of orga_nic and 
inorganic carb on: 

Burial of organic and inorganic carbon; 

Sorg^ Forg 3nd ^mo X F/no 

Ocean / Atmosphere Reservoir (OAR), where 

Kiv.i ^ ^riv,i ~ Krg,i ^ ^org.,i ~ i ^ A l i o ^ c 

t=l 

and 

x f 

Figure 3.8 Basic box model to assess the impact of changes in the carbon cycle on global 5"C over 
time scales > 10'* years. F„v represents the flux of carbon to the ocean/atmosphere reservoir {OAR) in g C 
yr"', from weathering of organic and inorganic carbon, and represents its isotopic composition (in 
%o). VoAR is the volume of carbon present in the ocean/atmosphere reservoir (in g C) and Soar its 
associated isotopic composition (in %o). F„rg and are the organic carbon burial flux (in g C yr"') and 
its isotopic ratio (in %o). Fino and 4)o are the inorganic carbon burial (lux (in g C yf ' ) and its isotope ratio 
(in %o). Methane input is not considered in this model, because methane-related 5'^C changes observed 
in the past occur abruptly and within a few thousand years (Morris and Rohl, 1999). Exchange of carbon 
between the oceanic crust and seawater by hydrothermal activity and low temperature weathering can be 
considered constant on the time-scales considered in this study. 

3. Changes in the SOAR reflect changes in the of organic carbon buried {Sorg)- This 

could be caused by changes in the of teiTestiial organic carbon. 

4. The changes in 5OAR are caused by changes in the isotopic composition of inorganic 

carbon buried ( ^ ) . Possible causes for such changes could include changes in the 

productivity in surface waters. 
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5. Fluctuations in relate to variations in the organic and inorganic carbon burial 

fluxes {Forg and F/„o), while the changes in the organic and inorganic carbon burial 

fluxes follow the approximate global ratio between Forg and Fmo of 1:4 (Delaney 

and Boyle, 1988). 

6. SOAR fluctuations are caused by variations in the organic and inorganic carbon burial 

fluxes (Forg and Fine), with changes in organic and inorganic carbon burial fluxes 

occurring at a 1:1 ratio. 

Changes in the carbon burial fluxes (scenario 5 and 6) would be likely results of 

changes in bottom water ventilation, and scenario 6, with AForg'AFmo = 1:1, in this 

context implies a strict adherence to the stoichiometry of the schematic equations: 

l Z H ^ ) + C b # C G b + f b O amd C a C 0 3 + C 0 2 + E b 0 < a ( % ^ + + 2 H C 0 f 

Scenarios 1, 5 and 6 result in changes in the amount of carbon in the ocean-

atmosphere reservoir (VOAR), and would thus cause a change in ocean alkalinity and the 

depth of the calcite lysocline. We used the program C02SYS, developed by 

Wanninkhof et al. (1999), to calculate the changes in the calcite lysocline depth 

resulting from the implied changes in the amount of carbon stored in the ocean-

atmosphere reservoir (VQAR)- The present-day value for VOAR is 3.85 xlO'® g C, while 

the average dissolved inorganic carbon concentration in the ocean (TC) is 2272 

^ m o l / k g a n d tota l a lka l in i ty (7)1) is 2 4 0 0 j t fmol/kg ( B r o e c k e r a n d P e n g , 1982; 

Michaelis et al., 1986; Mackenzie, 1998). Both TC and TA will change when VQAR 

changes. The model calculates the change in TA according to (Broecker and Peng, 

1 9 8 2 ^ 

ATA - [2ACcaC03 / (ACcaCOJ +ACwg) - O.lACorg/ (ACcaCOJ +ACorg)]^TC 

In this equation, ACcacoi and ACorg represent the change in calcium carbonate 

a n d o r g a n i c c a r b o n s to red in t h e Vo/tA, r e spec t ive ly . F r o m t h e a b o v e e q u a t i o n it is 

apparent that changes in the amount of calcium carbonate within the VQAR have a 

positive and high impact on changes in alkalinity, whilst changes in the amount of 

organic carbon have a negative and low influence. Once TC (calculated from VOAR) and 

TA are established, the depth of the calcite lysocline can be calculated with C02SYS. 

Submitted to Earth and Planetary Science Letters 4 9 



Chapter 3 Western Mediterranean Oxygen and Carbon Isotope Stratigraphy 

3.5.4 Results 

The changes that are needed in the different parameters in order to establish the 

observed fluctuations in SOAR are summarized in Table 3.3 for the six scenarios outlined 

above. Prior to 1.00 Ma, SOAR variations were negligible (Figure 3.7), the system is 

assumed to have been at steady state (river input equals carbon burial output), and the 

values used for the various parameters are: = -3.8%o, (%rg = -23%o, ^ = !%«, Fnv = 

2.40x10''* g C yr"\ Fgrg = 4.8 xlO'^ g C yr"' and = 1.92 x lO''* g C yr ' (Delaney and 

Boyle, 1988). 

Table 3.3 Model values calculated for 6 different scenarios in order to explain the Mid- and Late-
Pleistocene carbon isotope fluctuations (see text for full details of different scenarios). 
Scenario - 1 . 5 0 - 1 . 0 0 1 . 0 0 - 0 . 9 0 0.90 - 0.50 0.50 - 0.25 0 . 2 5 - 0 . 1 0 

Age (Ma) (node 1 - 2) (node 2 - 3 ) (node 3 - 4 ) (node 4 - 5 ) 

Scenario 1 

F„v ( i n g C y r " ' ) 2.40 X 10 " 2.70 X 1 0 " 2 . 2 8 x 1 0 " 2 . 5 3 x 1 0 " 2.23 X 10 " 

Scenario 2 

^riv (in %o) -3.8 -4.2 -3.69 -4.0 -3.5 

Scenario 3 

5org (in %o) -23.0 -20.8 -24.0 -22.0 ^ ^ 3 

Scenario 4 

5,-no (in %o) 1 1.5 0.8 1.2 0.7 

Scenario 5 

Fo rs (1 ) ( i ngCyr " ' ) 4.8 X 1 0 " 4.2 X 1 0 " 5.0 X 1 0 " 4.5 X 1 0 " 5.1 x 1 0 " 

a . ( 4 ) ( i n 8 C y r ' ) 1.92 X 10 " 1 . 6 8 x 1 0 " 2.02 X 1 0 " 1.82 X 1 0 " 2.06 X 10 " 

Scenario 6 

f « , ( 1 ) ( l n g C y r ' ' ) 4.8 X 10'^ 4.3 X 1 0 " 5.0 X 1 0 " 4 . 6 x 1 0 " 5.1 X 1 0 " 

Fino (1) (in g C yr ') 1 . 9 2 x 1 0 " 1 . 8 7 x 1 0 " 1 . 9 4 x 1 0 " 1.90 X 1 0 " 1.95 X 1 0 " 

The variations in the parameters calculated for scenarios 1-6 as summarised in 

Table 3.3 are shown in Figures 3.9-3.14. As noted above, scenarios 1, 5 and 6 invoke 

changes in VOAR and lysocline depth, as illustrated in Figures 3.15 and 3.16 and as listed 

in Tables 3.4 and 3.5. 
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Figure 3.9 Model results for scenario 1, where changes in the river input of carbon (F ,-,v) explain 
the SOAR fluctuations. 

-3.5 

(%o) 

-4.5 

8 

0 CX5 1 
Age (IVIa) 

1.5 

Figure 3.10 Results for scenario 2, where the changes in SOAR are explained by changes in the 
carbon isotopic composition of the river input (<%*). ' 
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Figure 3.11 Results of the model for scenario 3, where the changes in SQAR are caused by 
changes in the isotopic composition of organic carbon buried {Sgrg). 
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Figure 3.12 Results of the model for scenario 4, where changes in the isotopic composition of 
inorganic carbon buried (<^) caused the SQAR fluctuations. 
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Figure 3.13 Results of the model for scenario 5, where the SOAR fluctuations are explained by 
changes in the carbon burial fluxes, where the ratio of change for organic and inorganic carbon burial 
fluxes maintain AFgrg-^Pino = 1:4. 
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Figure 3.14 Results of the model for scenario 6, where the SOAR fluctuations are also explained 
by changes in the carbon burial fluxes, but the ratio of change for organic and inorganic carbon 
burial fluxes maintain AFo,j:AF„,o = 1:1 (as defined by stoichiometry). 
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Figure 3.15 Model results for changes in VQAR for scenarios 1, 5 and 6. VQAR at 0.10 Ma reached the 
present-day volume of 3 .85xl0 ' ' g C (Michaelis and Ittekot, 1986; Mackenzie, 1998). 
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Figure 3.16 Model results for variations that occur in the depth of the calcite lysocline for scenarios 1, 
5 and 6. 

Table 3.4 
and 6. 

Amount of carbon stored in the ocean-atmosphere reservoir calculated for scenarios 1, 5 

Time (Ma) Vn^R for Scenario 1 
(F„v) in g 

Vma for Scenario 5 
{l~zrg'-Fino ~ 1 -4) iP Q 

Vr>An for Scenario 6 
(F^rg-Fino— 11) In Q 

1.00 (node 1) 3.97x10"" 3.97X10"' 3.90 x lO'" 

0.90 (node 2) 4.27 x l O " 4.27 xlO'" 4.00 xlO'" 

0.50 (node 3) 3.78 xlO'" 3.79 xlO'" 3.83 x lO'" 

0.25 (node 4) 4.10x10'" 4.11 x10'" 3.93 x10'" 

0.10 (node 5) 3.85 xlO'" 3.86 xlO'" 3.85 xlO'" 

Table 3.5 Changes in the depth of the calcite lysocline calculated for scenar 

Time (IVIa) Lysocline deptti (m) 
for Scenario 1 

Lysocline depth (m) 
for Scenario 5 

Lysocline depth (m) 
for Scenario 6 

1.00 (node 1) 5203 5205 3987 
0.90 (node 2) 7627 7647 3985 
0.50 (node 3) 3313 3345 4018 
0.25 (node 4) 6388 6432 3985 
0.10 (node 5) 4094 4069 4005 
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3.5.5 Discussion 

3.5.5.1 Which scenario fits best? 

In scenario 1, changes of up to 16% are needed in F„v to drive the observed 

5 " C fluctuations (Table 3.3, Figure 3.9). These calculated changes in would imply 

large changes in VQAR (Table 3.4, Figure 3.15), especially between 0.90 and 0.50 Ma 

(node 2 and 3), where a -11% change occurs in Vo/u;, from 4.27 x to 3.78 x g 

C. These changes in turn invoke dramatic and untenable consequences on the calcite 

lysocline depth, with a calculated shift from -7600 to 3300 m below sea level between 

0.90 and 0.50 Ma (Table 3.5, Figure 3.16). 

Although variations of up to -1000 m in the calcite lysocline have been 

reported on glacial/interglacial time scales (Peterson and Prell, 1985; Farrell and Prell, 

1991; Volbers and Henrich, 2002), on the longer time scale considered here the depth 

of the calcite lysocline does not vary more than ±150 m from the present -4000 m 

(Broecker and Peng, 1982; Rea and Leinen, 1985). Thus, the implied variations in the 

depth of the lysocline resulting from the changes in input of carbon through rivers (F„v) 

inferred in scenario 1 do not agree with observations. Scenario 1 can thus be rejected. 

In scenario 2, relatively large changes in are needed if they are to drive 

SOAR fluctuations (Table 3.3, Figure 3.10). For example, between 0.90 and 0.50 Ma 

(node 2 and 3), would have to increase from -4.2 to -3.6 Changes in would 

require changes in the relative weathering rates of inorganic and organic carbon. 

Osmium isotopes do not support this scenario, as there are no significant fluctuations 

over the time interval considered here (Ravizza, 1993). Hence, scenario 2 also seems to 

be unsupported by the available data. 

The changes that would be needed in Sgrg to explain the S O A R fluctuations 

(scenario 3, Figure 3.11) are considerable (between 0.90 and 1.00 Ma, (node 2 and 3), 

Sorg would need to decrease from -20.8 to 24.0%c). We know of no evidence that would 

support such variations, which makes scenario 3 seem unrealistic. 

If changes in ^ were to explain the fluctuations (scenario 4), then large 

changes are needed in Sino (Figure 3.12). These should presumably be related to 

changes in productivity, as most inorganic carbon is synthesised in surface water. 

Strengthening of the biological pump would not only cause an increase of Sino but also 

cause an enhanced offset between benthic and planktonic records (Sen Gupta, 
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1999). The observed covariance between these records (Figure 3.6) therefore indicates 

that scenario 4 can be excluded. 

In scenario 5, the SOAR fluctuations are caused by changes in the carbon burial 

fluxes Forg and Fino, while maintaining the ratio of change at AF„rfAFino - 1:4, i.e. 

changes in the two burial fluxes are considered to be proportional to the global Forg'-Fmo 

ratio of 1:4 (Delaney and Boyle, 1988) (Figure 3.13). The required changes in Forg and 

FINO (Table 3.3, Figure 3.13) result in large changes in the amount of carbon in VOAR 

that are similar to those discussed above due to changes in Friv (Figure 3.15). Again, 

such large shifts in the amount of inorganic carbon within the VOAR would greatly affect 

the depth of the calcite lysocline (Figures 3.14, 3.16), in disagreement with long-term 

observations (Rea and Leinen, 1985; Peterson and Prell, 1985; Farrell and Prell, 1991). 

In our final scenario (6), SOAR fluctuations are considered to be caused by 

changes in the carbon burial fluxes Forg and Fino, whilst maintaining a ratio of change of 

AForg- AFino - 1 : 1 . The invoked changes in F„rg and Fino (Table 3.3, Figure 3.14) cause 

considerably less variation in VOAR, with a maximum shift of - 4 % (from 4.00x10*^ to 

3.83 X 10*^ g C) between 0.90 and 0.50 Ma (Figure 3.15). Hence, variations in the 

depth of the calcite lysocline are much smaller than those for scenario 5 (where 

= 1:4) (Figure 3.16). 

As noted above, sedimentary records indicate that the Pleistocene lysocline at 

the time scales considered in this study did not vary by more than ±150 m (Rea and 

Leinen, 1985; Peterson and Prell, 1985; Farrell and Prell, 1991). To satisfy this 

requirement, the AForg'-AFino ratio must have consistently remained between 50:50 and 

45:55. Any change in this ratio toward increased inorganic carbon burial would have 

resulted in the lysocline varying by more than ±150 m. This constraint also implies that 

long-term changes in atmospheric pC02 were small (±15 ppmv) over the past 1.5 Ma 

(i.e. on time scales exceeding glacial cycles). 

3.5.5.2 General discussion and summary 

The Pleistocene 5'^C stacked record {Sstackecd is relatively stable for -500 kyr 

prior to the initial excursion of the MPCF at 1.00-0.90 Ma (Figure 3.7). A decrease in 

of 0.27%o between 1.00 and 0.90 Ma (node 1 and 2), requires that the total carbon 

burial flux decreased from 24.0 to 23.0 x lO'^ g C yr ' \ possibly due to increased 
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bottom water ventilation (Table 3.3). After 0.90 Ma, increased by 0.49%o until 

0.50 Ma. This change requires that the total carbon burial f lux increased from 23.0 to 

24.5 X 10̂ ^ g C yr"\ possibly due to a decrease in bottom water ventilation. Similarly, 

the fluctuation between 0.50 and 0.10 Ma can be achieved by decreasing the total 

carbon burial flux by 0.9 x lO'^ g C yr"' between 0.50 and 0.25 Ma and then increasing 

it by 1.0 X 10̂ ^ g C y"̂  between 0.25 and 0.10 Ma (Table 3.3). 

The model predicts relative fluctuations in organic and inorganic carbon burial 

fluxes {F„rg and F,„o) of up to 16 and 4% respectively. The scale of variations in Forg is 

such that one would expect them to be detectable in areas where there are substantial 

sedimentary Corg concentrations, such as the Sea of Japan, the Barents Sea, parts of the 

Nordic Sea, the eastern Mediterranean Sea, the Black Sea, the Arabian Sea, parts of the 

South Atlantic Ocean, and coastal upwelling areas (Kempe, 1977). Unfortunately, 

Pleistocene organic carbon burial fluxes are not generally well documented. We have 

found only three detailed studies, concerning the eastern Mediterranean, the Sea of 

Japan and the South Atlantic. 

The eastern Mediterranean displays a large decrease in preserved organic-rich 

(sapropel) intervals between 0.98 and 0.58 Ma (Rossignol-Strick et al., 1998). As a 

consequence, we calculate that the amount of organic carbon buried in that basin during 

the mid-Pleistocene was only about half that buried during intervals with preserved 

sapropels, while the absence of preserved sapropels between 1.00 and 0.90 Ma defines 

a total "loss" of 0.6-1,5 x lO'^ g Corg in the sediments (Appendix 3.2). Although this 

represents only 1-3% of the total 0.5 x lO'^ g decrease in Forg projected by our model 

for that time interval (Table 3.3, Figure 3.14), Corg burial minima also occur in the Sea 

of Japan (Stein and Stax, 1992) and the South Atlantic (Dean and Gardner, 1985), 

where preserved Corg contents drop from ~4 to -2% between 0.95 and 0.75 Ma and 

between 1.10 and 0.85 Ma, respectively. We also note that concomitant calcium 

carbonate minima occurred around -1.00 to 0.90 Ma in the South Atlantic, Indian and 

Pacific Oceans (Farrell and Prell, 1991; Haddad et al., 1993; Bassinot et al., 1994; 

Schmieder et al., 2000). 

Thus, all suitable available records show a broad Corg burial flux minimum 

centred around ~ 1.00-0.90 Ma that appears to have coincided with a period of reduced 

calcium carbonate burial. These observations are compatible with our hypothesis, 

which ascribes the initiation of the MPCF (1.00-0.90 Ma) to a global decrease in 
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organic and inorganic carbon burial fluxes, likely due to increased bottom water 

ventilation. 

Similar support for our hypothesis is found in the case of the LPCF 5 " C shift 

to low values (0.50-0.25 Ma). It also coincides with a decrease in eastern 

Mediterranean sapropel preservation (Rossignol-Strick et al., 1998) and a -2.5% drop 

in organic carbon contents in the South Atlantic (Dean and Gardner, 1985), while a 

global calcium carbonate low has been described as the Mid-Brunhes dissolution event 

(-0.4-0.3 Ma) (Peterson and Prell, 1985; Farrell and Prell, 1991; Dean and Gardner, 

1985; Haddad et al., 1993; Bassinot et al., 1994; Crowley, 1985; Janssen et al., 1986; 

Henrich et al., 2002). We infer that enhanced remineralisation of organic matter during 

these events led to more corrosive conditions that caused concomitant drops in the 

calcium carbonate burial flux. 

The mid-Pleistocene climate transition (MPT) marked an increase in mean 

global ice volume and a shift from 41-kyr to 100-kyr ice-age cycles (Raymo et al., 

1997). The exact timing of the MPT, however, remains a matter of debate. Raymo et al. 

(1997) date the MPT between -920 and 540 ka, Hall et al. (2001) report it between 860 

and 450 ka, Gingele and Schmieder (2001) suggest a start at -920 ka and termination at 

-640 ka, and Henrich et al. (2002) propose an early onset at 1200 ka. Clearly, it is 

important that the timing relationship between the MPT and MPCF is established, 

since, apart from the glacial cycles themselves, the MPT represents the most 

fundamental change in the Pleistocene climate. The strongest pC02 shift inferred by 

our study for the MPCF is only -15 ppmv, which suggests that whatever the timing 

relationship, the MPT was not driven by a CO2 shift. The present study finds that the 

MPCF was most likely driven by a change in the carbon burial fluxes, with AForg'-^Fino 

- 1:1, and this proportionality is highly suggestive of an underlying deep-water 

ventilation mechanism. Such a mechanism would more likely be a consequence of a 

climate transition than a cause. Therefore it may be expected that the onsets of the MPT 

and MPCF were closely related and coincident. Based on this argument, we would 

expect that further research will find the onset of the MPT narrowly constrained at 

-1.0 Ma. 

Although we have used the long-term stability of the calcite lysocline to 

constrain the burial fluxes of inorganic and organic carbon, it is equally apparent that 

these burial fluxes play a major role in controlling the depth of the lysocline. This 
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implies that significant long-term changes in the area of the seafloor covered by 

carbonate sediments (most obviously recorded by changes in the carbonate 

compensation depth (Van Andel, 1975) can only arise from processes extraneous to the 

ocean-atmosphere carbon system. 

Finally, our hypothesis that changes in the burial fluxes of organic and 

inorganic carbon are tightly constrained also agrees with studies that have examined 

carbon burial rates and 5'^C excursions in the more distant geological past (Vincent and 

Berger, 1985; Shackleton, 1985, 1987a; Delaney and Filippelli, 1994; Compton and 

Mallinson, 1996; Deny and France-Lanord, 1996; Salzman et al., 2000). 

3.5.6 CONCLUSIONS 

® Benthic and planktonic carbon isotope records from all major ocean basins show 

two distinct carbon isotope fluctuations since 1 Ma, the MPCF (1.00-0.50 Ma) and the 

LPCF (0.50-0.10 Ma). The first 6'^C fluctuation (1.00-0.50 Ma), termed ± e MPCF, is 

approximately coincident with the mid-Pleistocene Climate Transition. 

® A simple box model was used to asses the impact of changes in the global carbon 

cycle on global 5'^C over Pleistocene time-scales. The model results suggest that the 

6'^C fluctuations resulted from concommitant changes in the burial fluxes of organic 

and inorganic carbon due to changes in bottome water ventilation. 

® Sedimentary records provide additional support for this hypothesis and show 

decreased organic and inorganic carbon contents during periods that are associated with 

decreased 5'^C values and increased bottom water ventilation. 

® Due to the 'stability' of the Pleistocene lysocline, the ratio between the amounts of 

change in organic and inorganic carbon burial fluxes are tightly constrained to a 1:1 

ratio. As a result the model allows a maximum change in pCOz of only 15 ppmv during 

the MPCF. 

Submitted to Earth and Planetary Science Letters 58 



Chapter 4 The Balearic Abyssal Plain Cores 

CHAPTER 4 - THE BALEARIC ABYSSAL PLAIN CORES 

4.1 INTRODUCTION 

The Balearic Abyssal Plain (BAP) is the largest basin plain in the 

Mediterranean Sea (Figure 4.1). It has an area of 77,000 km^ and is defined by the 2800 

m isobath (Rothwell et al., 1998, 2000). The plain is bounded by the Var and Rhone 

fans to the north and north-west, the islands of Corsica and Sardinia to the east, the 

Balearic Island rise to the west and the North African Algerian shelf to the south 

(Figure 4.1). The basin plain's morphology is virtually flat (Figure 2.3) as a result of 

ponding by turbidites. The large European Rhone, Valencia and Var fans are important 

sediment source areas for these turbidites and probably only minor turbidites originate 

from the African continent (Vanney and Genneseaux, 1985; Bellaiche, 1993; Torres et 

al., 1997; Falser et al., 1998). Four giant piston cores (LCOl, LC02, LC04 and LC06) 

were recovered from the BAP (Table 4.1, Figure 4.1) during Marion Dufresne Cruise 

81 in 1995, using a Calypso giant piston corer. The cores, reaching 27 to 32 metres in 

length, were taken about 100 to 120 km apart to form an approximate North-South 

transect across the plain (Table 4.1, Figure 4.1). 

Table 4.1 Location details of the four long piston cores used in this study (from the Cruise Report 
of Marion Dufresne Cruise 81, Rothwell et al., 1995). 
Long piston core Length (m) Longitude Latitude Water depth (m) 
LCOl 2&91 6° 5123' E 40° 15.82'N 2845 
LC02 3Z77 6 ° 2 2 5 & E 39°3L88MN 2860 
LC04 31.83 6° 06.64' E 38°3&01' N 2855 
LC06 3L20 7° 11.09' E 38°0&6&N 2845 

Thomson et al. (2000) and Thouveny et al. (2000) have demonstrated that the 

upper 10 to 15 m of some Calypso cores can appear to be a factor of 1.5 to 2 times 

longer when compared with conventional piston cores from the same site. This 

difference involves stretching, over-sampling and a microfabric rotation in the vertical 

direction (Thouveny et al., 2000). The lithological units in the Calypso piston cores that 

are used in this study appear to be anomalously thick in the upper 15 m and are 

suspected to have been stretched during coring. To reduce this effect, the length of the 

involved intervals was divided by the maximum stretch factor of 2 (after Thomson et 

al., 2000; Thouveny et al., 2000). Data presented in Chapter 5 suggest that this 
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magnitude of stretch is an appropriate estimate for these piston cores. 
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4.2 METHOD: CORE CHARACTERISATION 

4.2.1 Sedimentological logs 

Identification of individual turbidites and hemipelagic intervals in cores LCOl, 

LC02, LC04 and LC06 was made using textural criteria following visual description of 

the archive half of the cores, using the guidelines from the Ocean Drilling Program 

'Handbook for Shipboard Sedimentologists' (Mazzullo et al., 1987). 

Table 4.2 Characteristics of turbidite beds and hemipelagic intervals 
Hemipelagic units Turbidites 

Bed organisation 

Colour 

Bioturbation 

Foraminifer 
distribution 

Texture 

Sedimentary 
structures 

Physical properties 
(wet-bulk density, P-
wave velocity and 
magnetic 
susceptibility) 

The upper boundary between 
turbidite beds and hemipelagic 
interval is usually gradational. 
Colours range from light-olive brown 
(5Y5/3) to olive grey (5Y 2/2) with 
subtle variations in hue and chroma 
over short segments of the core. 
Minor to strong mottling occurs due 
to bioturbation. 

Foraminifera occur scattered 
throughout the sediment. Under hand 
lens the sediment appears speckled. 

The cut core surface frequently 
appears to be pitted. 
Apart from bioturbation, these are 
generally absent 

Wet-bulk density, P-wave velocity 
and magnetic susceptibility values 
generally fall within a restricted 
range, compared to turbidite 
intervals. 

The lower boundary between turbidite 
beds and hemipelagic intervals is 
generally planar and sharp. 
Colours range from uniform light-olive 
brown to olive grey. 

Sediment is generally homogenous with 
bioturbation only occurring in the top 10-
20 cm. 
Foraminifera are generally rare or absent, 
except near the base of the turbidite. 
Under hand lens the sediment appears 
featureless. 
The cut core surface appears to be smooth 
for turbidite muds. 
Various sedimentary structures may be 
observed, including normal grading in 
sandy-based turbidites, parallel and wavy 
lamination (in turbidite mud and 
silt/sand), cross-lamination and convolute 
lamination (in turbidite silt/sand; 
convolute lamination is normally 
restricted close to the base of turbidites). 
Wide range of measurements for all three 
properties. Sharp turbidite bases can 
generally be observed by abrupt changes 
in all three properties. Grading is 
commonly observed. 

Turbidite beds are distinguished from hemipelagic sediments by their sharp, 

normally graded bases (which can be recognised both visually and through physical 

property measurements made using a Multi Sensor Core Logger), colour and lack of 

bioturbation (except for the bioturbated top of turbidites, which is rarely more than a 

few decimetres thick; Stow and Piper, 1984; Jones et al., 1992; Stow and Fabrez, 1998) 

(Table 4.2). Additionally, turbidite beds can be distinguished from hemipelagic 
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sediments through the sedimentary structures present (such as normal grading and 

lamination) and grain size properties (Rupke and Stanley, 1974). 

Lithology, core disturbance and sedimentary structures were recorded on the 

sedimentological logs. Other features recorded include colour, genetic unit (i.e. whether 

turbidite or hemipelagic interval), turbidite notation and a short description of the 

sedimentary unites identified. Turbidite notation is described by Tnumber for turbidites 

situated above the megabed, a basin wide chronostratigraphic marker described by 

Rothwell et al. (1998), and Bnumber for turbidites below this megabed. A comparison 

between the depths of lithological and genetic units from sections that were relatively 

unconsolidated revealed slight depth discrepancies between working and archive halfs 

of the cores, with a maximum displacement of 10 cm, probably due to core handling on 

the ship. 

4.2.2 Sediment colour 

A Minolta spectrophotometer (Model CM-2002) was used to quantitatively 

describe sediment colour in terms of Munsell colour values. Colour of most turbidite 

and hemipelagic intervals was measured with the spectrophotometer, except in the 

cases where turbidite or hemipelagic intervals were too thin (a thickness of ~1 cm is 

needed to get a reliable colour reading), or where the sediment was too disturbed. The 

recorded Munsell colour values were converted to L*, a* and b* values using Munsell 

Conversion Software Version 4.01 (downloaded from www.munsell.com). L* values 

represent psychometric lightness, which varies between black (L*=0) and white 

(L*=100). a* and b* represent psychometric chromaticity, with a positive value of a* 

corresponding to red colours, negative values of a* corresponding to green values, 

positive values of b* corresponding to yellow values and negative values of b* 

corresponding to blue values (Hunt, 1980). 

4.2.3 Mult! Sensor Core Logging 

The archive halves of the four cores were logged using the BOSCOR Multi-

Sensor Core Logger (MSCL) developed by Geotek, Ltd. This automated logging device 

provides non-destructive continuous measurements of gamma-ray attenuation, p-wave 

travel time and magnetic susceptibility (Gunn and Best, 1998). 
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Gamma radiation can be used to determine bulk density of sediment (Gerland 

and Villinger, 1995). In this case, transmission radiation was used, where the source 

and detector are placed on opposite sides of the material being tested. The intensity of 

radiation penetrating the material gives a measure of bulk density. The density and 

porosity of sediment are calculated by using mass weighted attenuation coefficients 

(Gunn and Best, 1998). P-wave profiles can be used to locate macro- and micro-scale 

lithological changes, e.g. turbidite layers and variations in sand, silt or clay content. For 

example, Weber et al. (1997a) found that terrigenous, calcareous and biogenic siliceous 

sediments in the Bay of Bengal differ distinctly in their acoustic properties. The 

magnetic susceptibility sensor was used to measure the magnetic properties of the 

sediment. The response of a sample to a magnetic field is a function of concentration 

and composition (i.e. of both mineralogy and grain size) of the sample (Thompson and 

Oldfield, 1986; Verosub and Roberts, 1995). The primary cause of variations in 

magnetic susceptibility in deep-sea sediments is changes in the amount and nature of 

terrigenous material reaching the site, and changes in the grain size associated with 

sorting by currents and/or eolian processes (Amerigian, 1974; Bloemendal et al., 1992). 

4.2.4 Calcium carbonate and organic carbon content 

Calcium carbonate (CaCOs) and organic carbon contents in both the turbidite 

muds and hemipelagic intervals were measured by coulometry. Samples were oven-

dried at 100°C for 48 hours in order to evaporate all water present. The dried samples 

were powdered and CaCOs was measured from CO2 liberated by 10% phosphoric acid 

for six minutes. In order to measure organic carbon, the CO2 liberated by acid treatment 

is subtracted from the CO2 liberated by whole sample combustion at 900°C (i.e. total 

carbon content). The analytical precision (standard deviation) for standard bulk calcium 

carbonate sample was ± 1.5% and for standard bulk total carbonate ± 2.5% relative to 

the bulk sample mean value (see Chapter 5). 

4.2.5 Clay mineralogy 

The clay mineralogy of individual turbidites was determined using X-ray 

diffraction (XRD) which measures the relative proportion of clay minerals within a 

sample. Samples were oven-dried for 48 hours and then powdered. Analysis of 
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powders by XRD requires them to be very fine-grained (1-5 )Lim) in order to achieve a 

good signal-to noise ratio and to reduce fluctuations in intensity. Special care was taken 

to not excessively grind the samples since that might cause distortion of the clay 

lattices. Calcium carbonate analysis suggested that the samples used for XRD analysis 

were carbonate-rich (20 to 50% CaCO] %) (see Section 4.3.4). Carbonate was removed 

from the samples using 1 M acetic acid. Samples were placed in separate beakers with 

distilled water and the clay minerals were dispersed by adding sodium 

hexametaphosphate (Calgon, 1 ml of 10% solution per 100 ml) followed by ultrasound 

treatment for approximately 15 minutes (the optimum time for recent sediments, T. 

Clayton personal comm., 2002). Samples were then left to settle for approximately 3 

hours. The clay mineral fraction (< 2 /xm) was collected by decanting the fluids into a 

plastic test tube. This test tube was then centrifuged for three minutes at 750 rpm in 

order to remove any coarse-grained sediment. One molar MgCb was added to the 

dispersed clays to facilitate clay flocculation (through cation saturation). Excess MgCl2 

was successively removed by (i) centrifuging; (ii) washing the sample with tap water; 

(iii) centrifuging; (iv) washing with tap water, and (v) centrifuging. The paste left in the 

tube was evenly smeared onto two labelled glass slides using a tooth pick. Samples 

were then analysed using an X-ray diffractometer (model Phillips Ultra-Pro) between 

28 angles of 2 to 17° (air-dried, 375°C, 550°C) and of 2 to 40° (glycolated). Intensity 

peaks were measured using an in-house computer-based mineral identification program 

(XRDv3 program written by T. Clayton, University of Southampton). Clay minerals 

were identified on the position of their basal spacings and the changes in these spacings 

after the four treatments (air-dried, glycolated, 375°C and 550°C). Identification was 

made on the basis of the first (usually the most intense) peak using Tables 4.3 and 4.4 

(after Brindley and Brown, 1984). 

4.2.6 Smear slide description 

The composition of selected turbidite mud intervals was assessed by 

microscopic examination of smear slides, which allowed classification of the 

lithologies (Rothwell, 1989). A small amount (1-2 mm^) of soft mud sample was placed 

onto standard microscope glass slides using a toothpick. The sample was mixed with a 

droplet of distilled water and evenly spread over the glass slide using a wooden 
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Table 4.3 Guidelines for identifying common clay minerals, using X-ray diffraction. 

MINERAL Glycolated Air-
dried 

Heated 
550°C 

Notes 

Smectite 17A N a l 2 A 
N%15A 

-lOA Strong broad 001 reflection, with all the rest of the 
peaks being of low intensity. In the air-dried state, the 
position of the 001 reflection depends on exchangeable 

-14 A 
cation and humidity. 

Vermiculite -14 A -14 A - l o A Vermiculite is similar to smectite but does not expand 
or expands only slightly on glycolation. 

Chlorite 14.2 A 142 A -L4A Chlorite shows peaks at approximately 14.2 A, 7.1 A, 
4.7 A, 3.55 A and 2.83 A. The 002 peak is usually the 
most intense. Heating to 550°C causes an increase in 
the intensity of the 001 peak whereas the other peaks 
disappear. 

Paragonite 9.6 A &6A &6A Paragonite is Na-rich mica, which is common in low-
grade metamorphic rocks. It shows peaks at 9.6 A, 4.5 
A, and 3.2 A, which are unaffected by glycolation and 
heating. 

Illite 10 A 10 A 10 A Illite shows peaks at 10 A, 5 A, 3.33 A and 2.5 A. The 
002 reflection is less intense than the 001 and 003 
reflections. 

Glauconite 10 A 10 A 10 A Glauconite shows similar peaks to illite, but can be 
recognised on the basis of a weak 002 reflection at 5 A 

&2A 
(<10% of 001 peak). 

Pyrophyllit &2A &2A &2A Pyrophyllite is rarely encountered in sediments, but is 
e relatively common in metamorphic rocks. It shows 

%2A 
peaks at 9.2 A, 4.6 A, 3.07 A. 

Kaohnite 7^A %2A Kaolinite peaks disappear completely on heating to 
550°C. Some difficulty may be experienced in 
detecting kaolinite in the presence of chlorite as the 001 
kaolinite peak and the 002 chlorite peak overlap. The 
002 kaolinite peak has a spacing of 3.57 A, whilst 004 
chlorite has a 3.52 A spacing. 

Berthierine 7^ A 7.1/1 Berthierine shows similar spacings to kaohnite. 
However, they are slightly smaller and careful 
measurements allows differentiation to be made. The 
002 kaolinite has a 3.57 A spacing whilst berthierine 
has a 3.52 A spacing. 

Table 4.4 Guidelines for identifying mixed layer clay minerals, using X-ray diffraction. 

MINERAL Glycolated Air-
dried 

Heated 
550°C 

Notes 

nbk- >10 A >ioA 10 A Peak spacings are not usually integral multiples of each 
smectite <15 A <17A <15 A other. The mineral may display a superlattice peak 

between 25 A and 30 A, indicating an ordered mixed 

-14A 
layer structure. 

Chlorite- -14 A -14A >10 A A peak between 10 A and 14 A on heating to 550°C is 
smectite <14 A diagnostic. An ordering peak between 25-35 A is 

common. 

toothpick. The prepared glass slide was then dried on a hot plate and affixed with a 

glued coverslip (using UV-curing Norland optical adhesive). The slide was fixed using 

an UV exposure unit and later examined under a petrological microscope to assess 

relative abundance of detrital and biogenic grains as a qualitative comparison between 
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the discrete sedimentary types (Rothwell, 1989), which allowed sediment classification 

according to the scheme of Mazullo et al. (1987). 

4.2.7 Mineralogical description of basal turbidite sands 

The mineralogy of the sand-sized fraction from the base of some turbidites was 

determined with a normal binocular microscope using two steps. As a first step the 

whole sample (including grains from the carbonate fraction) was examined. The second 

step involved mineralogical description of the non-carbonate fraction. Identification of 

the individual common minerals was made using the guidelines of Rothwell (1989). 

Before petrological analysis was conducted, samples were wet-sieved through 

four sieve sizes: 600, 150, 125 and 63 jum. Samples were then oven-dried for 48 hours 

and examined under a normal binocular microscope. Following the method of Rupke 

and Stanley (1974), the examined sand fractions were divided into four classes: 1) 

terrigenous sand, which consists of quartz, mica, lithic grains, feldspars and accessory 

minerals; 2) bioclastic sand, which consists of fragments or whole tests of foraminifera, 

pteropods and other microfossil or macrofossil debris; 3) organic sand, including wood 

and plant fragments, and 4) other material, such as ostracod valves and sponge spicules. 

Samples that contain >50% terrigenous material were classified as terrigenous sands, 

whereas samples with >50% biogenic material were classified as biogenic sands. 

Samples with >50% organic matter or other material were not observed. 

During the second step, carbonate was removed from the sand fractions by acid 

digestion in 10% acetic acid. This digestion process lasted from several days for 

samples with a minor carbonate content (e.g. 25% CaCOs) up to weeks for samples that 

had a high carbonate content (e.g. 75% CaCOg). All four fractions were examined 

under a binocular microscope and at least 300 mineral grains were counted. Minerals 

were divided into individual classes: a) quartz, b) feldspar, c) lithics, d) accessory 

minerals, e) mica, f) plant fragments, g) sponge spicules, and h) eolian quartz. Quartz 

was further subdivided into angular, sub-rounded and rounded quartz, to gauge 

sediment maturity. Haematitic eolian sand grains were observed in all samples in low 

q u a n d d e s ( ~ 1 9 ^ L 
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4.2.8 Mineral identification by X-Ray Powder Diffraction 

The mineralogy of sand-sized fractions (non-carbonate) has also been 

determined using X-Ray Powder Diffraction. Approximately 2.5 g of sand sample was 

finely ground so that a large number of small crystals were present for analysis. The 

ground sample was placed in an aluminium holder and analysed using an X-Ray 

Powder diffractometer (model Philips Ultra-Pro) between 26 angles of 2 to 76°. 

Mineral identification was achieved using the 'Philips X'pert Graphics and 

Identification' program that compares measured intensity peaks with intensity peaks of 

known minerals from the Powder Diffraction File 2000 (International Centre for 

Diffraction Data, www.icdd.com). 

4.3 RESULTS 

4.3.1 Sedimentological logs 

Sedimentological logs, for all four long piston cores, are summarised in 

Appendix 4.1 (see data CD). The sedimentological logs for cores LCOl, LC02, LC04 

and LC06 clearly show that turbidite deposits, mainly consisting of turbidite mud 

(although some turbidites contain silt and/or sand at their bases), dominate the 

lithological sequence (Figure 4.2). On average, 90% of the BAP cored sequence 

consists of turbidite deposits, and only 10% of the cored thickness consists of 

hemipelagic intervals (Table 4.5). 

Table 4.5 Summary of the total thickness of the lithological units (turbidites and hemipelagic 

Core Total sediment 
thickness (m) 

Total thickness of turbidites 
(m) % of total 

Total thickness 
intervals (ni) 

of hemipelagic 
% of total 

LCOl 2429 2224 92% 205 8% 
LC02 32^1 30.20 93% 231 7% 
LC04 3L10 27.67 89% 143 11% 
LC06 29.61 25J1 87% 3.90 13% 

Core LC02 has the highest total turbidite thickness (30.20 m), whereas core 

LC06 has the highest total hemipelagic thickness (3.9 m) (Table 4.5). Going from the 

most northern core (LCOl) to the south (LC02, LC04 and then LC06), the total 

thickness of recoverd hemipelagic sediment increases from 8% to 13% (Table 4.5). 
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Thicker hemipelagic intervals in the southern cores may be explained by either: 1) an 

increase in hemipelagic sedimentation rate, 2) thinner or fewer turbidite beds, or 3) a 

combination of both. Hemipelagic accumulation rates and stratigraphy are discussed in 

more detail in Chapter 5. 

After correcting the upper 15 m of the cores by dividing the thickness of the 

affected turbidite and hemipelagic intervals by the maximum stretch factor of 2 

(Thomson et al., 2000; Thouveny et al., 2000) as previously discussed, the total 

thickness of retrieved sediment, the total thickness of turbidites and the total thickness 

of hemipelagic intervals is much lower (see Table 4.5 & 4.6). However, the relative 

contributions of turbidites and hemipelagic intervals to the total sediment thickness, 

however, remains virtually unchanged after the correction (Tables 4.5 & 4.6). 

Table 4.6 Summary of the total thickness of the lithological units identified in the four 

Core Total sediment Total thickness of turbidites Total thickness of hemipelagic 
Thickness (m) (m) % of total intervals (m) % of total 

LCOl 18.06 1638 91% 1.68 9% 
LC02 24^7 22.96 92% l^U 8% 
LC04 2336 20.45 88% 2.91 12% 
LC06 2225 19.14 86% 14% 

A total of 238 to 257 turbidites were identified in the four cores (Table 4.7). For 

nineteen lithological units classified as turbidite beds, it remains unclear if they are 

separate turbidite beds, or if they are part of the overlying turbidite bed. This is because 

they display similar characteristics and are not separated by a hemipelagic interval or 

bioturbated turbidite top. If these units are separate turbidite beds, a total of 257 

turbidites were identified in the four cores, however, if they are part of an overlying 

turbidite, only 238 turbidite beds were identified. Details of turbidite thickness and 

position in the cores are presented in Appendix 4.2. 

Table 4.7 Number of turbidites (minimum and maximum numbers) in the four cores located 
above and below the megaturbidite described by Rothwell et al., (1998) and the total number of 
turbidites. 

LCOl LC02 LC04 LC06 
min. max. mm. max. mm. max. min. max. 

Number of turbidites above megabed 20 - 25 8 - 10 6 - 7 3 7 - 38 
Number of turbidites below megabed 11 ^ - 32 48 - fW 79 - 8 0 
Total number of turbidites (including the 32 - 37 33 - 43 55 - 58 118 - 119 
megabed) 
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North 
Depth 
(mbct) 0 

South 
LC 02 LC 04 LC 06 

Megabed 

VOID (no sediment present) 

Turbidite interval (mainly mud; 
Te division) 

Hemipelagic interval 

Interval with very thin interbedded 
tiemipelagic (<0.5 cm) and 
turbidite intervals 

Figure 4.2 Summary of turbidite (grey) and hemipelagic (red) intervals recognised on sedimentological and textural 
criteria in the four long piston cores. White intervals delineate voids (i.e. contain no sediment), 'mbct' indicates metres below 
core top. The late Glacial megabed (Rothwell et al., 1998), which forms an important basinwide chronostratigraphic marker, is 
also shown. 
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Table 4.8 Measured thickness of basal sands in turbidites. Uncorrected thickness (Stretched) is 
listed on the left hand side of the Thickness column. Corrected thickness (Corr.) is listed on the right 
hand side (corrected by dividing by the maximum stretch factor of 2 - see discussion in text). 
Sample Thickness (cm) Sample Thickness (cm) Sample Thickness (cm) 

Stretched Corr. Corrected Stretched 
Corrected 

L c o i - T n ? m 2 4 2 LC02-B7 28 LC04-B31 11 
LCOl T23 104 52 LC02-B9 169 LC06-T21 255 127.5 
LCOl-M 77.5 LC02-B137/B147/B15 25 LC06-T27 4 2 
LC01-B7 11 LC02-B137/B14? 

/B157/B16 
3 LC06-T35 10.5 5.8 

LC02-T1 12.5 6.8 LC02-B137/B14? 
/B157/B167/B17 

56.5 LC06-T36 

LC02-T87/T9 30.5 15.3 LC02-B18 4.5 LC06-T37 3 1.5 
LC02-M 80 LC02-B19 20 LC06-M 13 
LC02-B1? 28.5 LC02-B20 55 LC06-B6 5 
LC02-B2 9 LC02-B26 13 LC06-B38 5.5 
LC02-B3 29 LC02-B30 2 LC06-B51 11 
LC02-B37/B4 20.5 LC02-B31 1 LC06-B55 4 
LC02-B3?/B4?/B5 30 LC02-B317/B32 5 
LC02-B6 64.5 LC04-M 138.5 

In total the four long piston cores contained 36 turbidites with basal sands. 

These basal sands are not evenly distributed throughout the cores; LCOl only contains 

4 basal sands, whereas LC02 has 20. In LC04 only 2 basal sands were observed, 

whereas 10 were observed in LC06. The thickness of the basal sands varies between 

1.5 and 169 cm (Table 4.8). The mineralogical content of these basal sands is discussed 

in section 4.2.7. Turbidite thickness and its relation to basin filling and geometry is 

discussed in more detail in Chapter 6. 

4.3.2 Sediment colour 

Sediment colour, measured by a spectrophotometer, is written as Munsell 

values on the sedimentary logs (Appendix 4.1). Munsell values were converted to L*, 

a* and b* using the Munsell Conversion Software Version 4.1 (www.munsell.com) and 

are reported in Appendix 4.2 for turbidite beds and Appendix 4.3 for hemipelagic 

intervals. 

4.3.3 Multi-Sensor Core Logging 

Multi-Sensor Core Logger data are plotted against depth and lithological unit in 

Figure 4.3. P-wave velocities in the cores vary between -1530 and 2000 m/s, with high 

p-wave velocities commonly correlating to coarse-grained bases of turbidite beds, 

while low p-wave velocities commonly correlate to muddy sediments (Figure 4.3). 

Turbidites generally show an upward-fining textural sequence, characterised by an 

upward-decreasing p-wave velocity (Figure 4.3). Wet bulk density in the cores varies 
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between 1.15 and 2.4 g/cm^ (Figure 4.3). Relatively higher wet bulk densities generally 

occur in associations with bases of turbidite layers, whereas hemipelagic intervals show 

lower wet bulk densities. Magnetic susceptibility varies between 0 and 35 SI (magnetic 

susceptibility measurements have not been corrected for density or volume). Higher 

magnetic susceptibilities are observed for turbidite bases containing silt- and/or sand-

sized terrigenous material. 

4.3.4 Calcium carbonate and organic carbon content 

Calcium carbonate content was measured for almost all turbidite and 

hemipelagic intervals, except intervals that were too thin to sample (i.e. <0.5 cm 

thickness) or intervals with insufficient sample as a result of previous sampling by 

others. Calcium carbonate contents of turbidite muds vary between 16 and 43%, with 

the lowest value occurring in LC06 (16%) and the highest in LC04 (43%) (Figure 4.4, 

Appendix 4.2). Two broad groups of turbidites may be distinguished based on CaCOg 

content; the first group (Group 1) has CaCOs contents of <25%, whereas the second 

group (Group 2), has CaCOa contents >25%. Turbidite muds from LCOl, LC02 and 

LC04 generally show CaCOs contents belonging to Group 2 (>25%), whereas turbidite 

muds from LC06 belong to both Group 2 and Group 1 (Figure 4.4, Appendix 4.2). 

Calcium carbonate contents in hemipelagic mud vary between 23 and 55% 

(Figure 4.5). The highest CaCOs content was recorded in LC04 (55%) and the lowest in 

LC06 (23%). Within cores, hemipelagic CaCOs contents can be grouped in stages of 

relatively high (-50%) and low (-30%) values that broadly correspond to oxygen 

isotope stages and are further discussed in Chapter 5. 

Organic carbon measurements were carried out for all the turbidite and 

hemipelagic intervals above the megaturbidite described by Rothwell et al. (1998). 

Organic carbon contents in turbidite muds are low and vary between 0.02 (detection 

limit) and 1.2% (Appendix 4.2). Organic carbon contents in hemipelagic intervals are 

also low, varying between the detection limit (0.02%) and 1.3% (Appendix 4.3). 
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Figure 4.3A Multi-Sensor Core Logger data plotted against depth and lithological units for LCOl. 
The position of the basinwide turbidite megabed of Rothwell et al. (1998) is also shown. Note how 
textural grading within turbidites is mirrored in the density, p-wave and magnetic susceptibility records. 
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Figure 4.3B Multi-Sensor Core Logger data plotted against depth and lithological units for LC02. 
The position of the basinwide turbidite megabed of Rothwell et al. (1998) is also shown. Note how 
textural grading within turbidites is mirrored in the density, p-wave and magnetic susceptibihty records. 
Increases in density, velocity and magnetic susceptibility that correlate with some sandy turbidite bases 
are also highlighted. 

73 



Chapter 4. . The Balearic Abyssal Plain Cores 

LC 04 

Depth 0. 
(mbct) 

10 _ 

15 . 

20 _ 

25 . 

30 _ 

Legend 

Density ( g / cn f ) 
1 2 3 

Magnet ic susceptibility (SI units) 
0 10 20 30 40 

I 

..i' 

i 

• 

- V -

I 
f 

I 
r . 

i 

% 
V 

I 
Turbidite 
megabed 

Y 

i 
s 

silty turbidite bWqe 

I . sijty turbidite basft, 

r sandy/silty turbid% base 

I 
L__l 

Turbidite mud 

Turbidite silt 

1400 1600 1800 2000 

Velocity (m/s) 

] Turbidite sand 

I Hemipelagic mud 

Figure 4.3C Multi-Sensor Core Logger data plotted against depth and lithological units for LC04. 
The position of the basinwide turbidite megabed of Rothwell et al. (1998) is also shown. Note how 
textural grading within turbidites is mirrored in the density, p-wave and magnetic susceptibility records. 
Increases in density, velocity and magnetic susceptibility that correlate with some sandy turbidite bases 
are also highlighted. 
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Figure 4.3D Multi-Sensor Core Logger data plotted against depth and lithological units for LC06. 
The position of the basinwide turbidite megabed of Rothwell et al. (1998) is also shown. Note how 
textural grading within turbidites is mirrored in the density, p-wave and magnetic susceptibility records. 
Increases in density, velocity and magnetic susceptibility that correlate with some sandy turbidite bases 
are also highhghted. 
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Figure 4.4 Calcium carbonate content of turbidite muds as measured by coulometry. The yellow 
line devides the turbidite muds into Group 1 in red (CaCO^ contents <25%) and Group 2 in blue (CaCOs 
content >25%). 
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Figure 4.5 Calcium carbonate contents of the hemipelagic intervals, plotted with turbidite beds 
removed from the depth scale, measured by coulometry. Shaded grey areas indicate periods when 
hemipelagic intervals had relatively high (generally > 40%) calcium carbonate contents and correspond 
to interglacial intervals. 
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4.3.5 Clay mineralogy 

The clay mineral composition of the <2 /xm fraction of 40 individual turbidites 

was measured by X-ray diffraction (XRD). All samples contained the following clay 

minerals: chlorite, illite, kaolinite and expandable clay minerals (smectite and illite/ 

smectite) (Table 4.9, Figure 4.6). Relative contributions of clay minerals were 

calculated following the method of Weir et al. (1975) (Table 4.9). Some samples with 

expandable clay minerals contained a superlattice peak between 25 A and 30 A , 

indicating an ordered mixed layer structure (Figure 4.6, Table 4.9). The presence of this 

superlattice peak suggests that the expandable mixed clay mineral illite/smectite 

dominates, whereas samples that do not contain the superlattice peak are most likely 

dominated by smectite (T. Clayton, Pers. Comm., 2002). A total of 9 turbidite samples 

was analysed for LCOl, and 5 samples showed the superlattice peak (Table 4.9). Other 

cores with turbidite mud samples where the superlattice peak was found include cores 

LC04 (3 out of 10 turbidites sampled) and LC06 (9 out of 13 turbidites sampled) (Table 

4.9). Samples with a superlattice peak generally have higher contents of expandable 

clay minerals (most likely illite/smectite) and lower illite contributions (Table 4.9). 

The seven mud samples analysed for LC02 did not show the presence of a 

superlattice peak (Table 4.9). Samples from LCOl and LC04 that contain the 

superlattice peak all have relatively lower kaolinite contributions than chlorite (samples 

in LCOl and LC04 that have a superlattice peak show an average kaolinite contribution 

of 5 and chlorite 9), whereas samples from core LC06 that have a superlattice peak 

show relatively higher kaolinite contributions than chlorite (kaolinite 12 and chlorite 7) 

(Table 4.9). One sample from LC06 has a lower kaolinite contribution than chlorite 

(Table 4.9). The relative ratios of kaolinite/chlorite and (smectite+illite/smectite)/illite 

are plotted in Figure 4.7. Most turbidite muds from LC06 with the superlattice peak 

have (S+I/S)/I ratios of between 0.6 and 1, whereas kaolinite/chlorite ratios are >1 

(Figure 4.7, Table 4.10). All turbidite muds, with and without a superlattice peak, from 

LCOl, LC02 and LC04 have kaolinite/chlorite ratios of <1 and (S+I/S)/I ratios varying 

between 0.3 and 1.2 (Figure 4.7). 
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Figure 4.6 Examples of the clay mineralogical composition of turbidite muds from the BAP. 
Sm=smectite; ChI=chlorite; lll=illite; K=kaolinite; Qrz=quartz. In A smectite is the dominant expandable 
clay mineral, in B smectite and illite/smectite (superlattice peak) are the dominant clay minerals while 
kaolinite is lower than chlorite and in C illite/smectite is the dominant expandable clay mineral and the 
kaolinite content is higher than the chlorite. 
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Table 4.9 Clay minerals identified in turbidite muds from the four long piston cores and their 
relative contributions in percentages. Also indicated is the presence or absence of a superlattice peak 
indicating the presence or absence of the mixed layer clay mineral illite/smectite. 

CoreLCOl Expandable clay Elite 
Sample minerals 

Kaolinite Chlorite Superlattice 

LC01'T9 35 49 5 11 Present 
LCOl-Tll 19 63 9 9 Absent 
LC01-T117/T12 35 50 8 8 Absent 
LC01-T23 42 44 5 9 Present 
LC01-T24 28 56 5 10 Present 
LCOl-M 31 56 3 11 Absent 
LC&UB? 23 61 4 12 Absent 
LCOLaS 33 52 6 9 Present 
LCOLaiO 40 44 6 10 Present 

CoreLC02 
LC02-T87/T9 30 54 5 11 Absent 
LC02-M 27 60 4 9 Absent 
LC02-B6 28 56 4 12 Absent 
LC02-B9 22 61 4 13 Absent 
LC02-B18 27 58 4 11 Absent 
LC02-B26 34 51 5 10 Absent 
LC02-B30 27 58 4 11 Absent 

Core LC04 
LC04-T2 31 58 4 7 Absent 
LC04-T4 38 48 7 7 Absent 
LC04-T5 43 45 4 8 Absent 
LC04-T6 28 58 5 8 Absent 
LC04-M 27 57 3 13 Absent 
LC04-B33 36 50 3 10 Absent 
LC04-B36 42 44 6 8 Present 
LC04-B42 47 40 5 7 Present 
LC&LB46 35 50 8 8 Absent 
LC04-B50 28 56 5 11 Present 

Core LC06 
LC06-T4 41 41 11 6 Present 
LC06-T8 41 43 9 7 Present 
LC06-T10 30 56 5 9 Absent 
LC06-T17 41 42 10 6 Present 
LC06-T19 34 45 14 7 Present 
LC06-T21 31 51 11 7 Present 
LC06-T25 34 52 3 10 Present 
LC06-T31 37 42 14 7 Present 
LC06-M 22 59 5 14 Absent 
LC06-B17 32 47 16 5 Present 
LC06-B33 31 47 15 7 Present 
LC06-B34 27 58 3 12 Absent 
LC06-B55 31 46 15 8 Present 
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Figure 4.7 Plot of kaolinite/chlorite (K/Chl) versus (smectite+illite/smectite)/illite for all analysed 
samples. Crosses indicate samples that have the superlattice peak vi^hereas squares indicate samples that 
lack the superlattice peak. The Figure is divided into two groupings: A (samples with kaolinite/chlorite 
ratio >1) and B (samples with kaolinite/chlorite ratio <1). 

4.3.6 Smear slides 

Smear slide examination of turbidite muds and hemipelagic intervals showed 

that all samples contain a substantial biogenic component (mainly coccoliths, 

foraminifera and foraminifer fragments) and a terrigenous component (mainly clay, 

quartz, feldspar and mica). Using the Mazullo et al. (1987) classification, the 

hemipelagic intervals are classified as clayey nannofossil oozes (>50% nannofossils 

and bioclasts and <50% terrigenous material, mainly clay) and nannofossil clays (<50% 

nannofossils and bioclast and >50% terigenous material, mainly clay) and turbidite 

muds are classified as nannofossil clays (-65-80% terrigenous material (of which 

>90% clay) and -20-35% nannofossils and bioclasts). 
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Table 4.10 (Smectite+illite/smectite)/illite ratios ((S+l/S)/I) and kaolinite/chlorite ratios (K/Chl) 
calculated for turbidite mud samples. Highlighted samples (grey) have the mixed layer clay mineral 
illite/smectite with the superlattice peak. 
Sample (S+I/S)/I K/Chl Sample (1+S)/I K/Chl 

L C O l L C 0 2 

0^1 0.45 LC02-T87/T9 0.56 0.45 
LCOl-Tll 0.30 1.00 LC02-M 0.45 0.44 
LC01-T117/T12 0.70 1.00 LC02-B6 0.50 0.33 
LC01-T23 0.9S b j g LC02-B9 0.36 0.31 
IJC01-T24 OjQ OJO LC02-B18 0.47 0.36 
LCOl-M 0.55 027 LC02-B26 0.67 0.50 
LC01-B7 0^8 0.33 LC02-B30 0.47 0.36 
LCOi-BS 0.63 067 
LCOI-BIQ (191 0.60 

L C 0 4 L C 0 6 

LC04-T2 0.53 0.57 LC06.T4 1.00 
LC04-T4 0.79 1.00 LCOe-TB 
LC04-T5 0.96 0.5 LC06-T10 0.54 0.56 
LC04-T6 0.48 0 ^ 3 LC06.TI7 0 9 5 
LC04-M 0.47 0 ^ 3 LC06-T19 0 76 
LC04-B33 0.72 0.30 LC06-T20 u.ol 1.57 
LCd4.B3d 5 7 5 LCO&'Hf; 0.64 bjQ 
LC04.B42 1^8 0^1 LC06.T31 0.83 2.00 
LC04-B46 0.70 1.00 LC06-M 037 036 
La)4-B50 0 5 0 0.45 LCO&Bl'^ b.68 

LC06-B33 0.66 ^ 1 4 
LC06-B34 0.47 0.46 
LC06-B5^ 0 . ^ 1 4 8 

4.3.7 Basal sand mineralogy 

The size fractions of most basal sands fall within the very fine and medium sand 

grades of Wentworth (1922) (i.e. in the range 63-500 [im) and the grain sizes of a few 

samples fall in the silt fraction (<63 fim) (Appendix 4.4). Using the classification of 

Shepard (1954), the basal sands were subdivided into sands, sandy silt/clay and silt/clay 

(Appendix 4.4). 

The mineralogical interpretations (including carbonate grains) of individual 

basal sands are summarised in Appendix 4.5. At least 300 grains were examined per 

sample under a non-polarising microscope (details are presented in Appendix 4.5). 

In order to estimate proportions of sedimentary components, the comparative 

percentage charts of Rothwell (1989) were used. Samples that contained more than 

50% of terrigenous material were classified as terrigenous sands, whereas sand samples 

with over 50% of biogenic grains were classified as biogenic sands (Table 4.11). Six 

sand samples are classified as biogenic sands, whereas the majority of basal sands (31) 

are terrigenous. Almost all sand samples are poorly sorted. Quartz grains in individual 
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samples have angular (average 35% of the quartz fraction), subrounded (average 39% 

of the quartz fraction) and rounded (average 26% of the quartz fraction) shapes 

(Appendix 4.6), suggesting that they are of mixed maturity. 

Table 4.11 Mineralogical classification of the basal sands following the method of Rupke and 
Stanley (1974), with terrigenous sands (TERR) and biogenic sands (BIOG). Samples with a significant 
contribution of organic material, though not dominated by it, are denoted by One sample (LC06-
B51) is composed of equal amounts of biogenic and terrigenous sand (Appendix 4.5). The mineralogical 
composition of 16 basal sands was also determined using X-Ray Powder Diffraction. 
Sample Classification dominating X-Ray Powder Comments 

mineral Diffraction 
LC01-TI17/T12 BIOG mica contains organic material 
LC01-T23 TERR quartz Quartz, feldspar ((P>K), 

mica 
contains sponge spicules 

TERR quartz Quartz, feldspar ((P>K), 
mica 

LC01-B7 BIOG mica Mica, Quartz, feldspar 
LC02-T1 TERR quartz Quartz, feldspar ((P=K), 

mica 
>10% accessory minerals 

LC02-T87/T9 TERR/""^ quartz 
mica 

and 

LC02-M TERR quartz Quartz, feldspar ((P>K), 
mica 

>10% feldspar 

LC02-B1? TERR quartz 
LC02-B2 TERR quartz >10% accessory minerals 
LC02-B3 TERR quartz contains siltstone fragments 
LC02-B37/B4 TERR quartz 
LC02-B3?/B4?/B5 YERR/OROA quartz 
LC02-B6 TERR quartz 
LC02.B7 TERR quartz 
LC02-B9 TERR quartz >10% accessory minerals 
LC02-B13?/B14?/B15 TERR quartz Quartz, feldspar ((P>K), 

mica 
>10% accessory minerals 

LC02-B13?/B14?/B15?/B16 TERR quartz Quartz, feldspar (P>K). 
mica 

contains siltstone fragments 

LC02- TERR quartz >10% feldspar, contains lithics and 
B13?/B]4?/B15?/B16?/B17 siltstone fragments 
LC02-B18 TERR quartz Quartz, feldspar ((P>K), 

mica 
LC02-B19 TERR quartz Quartz, feldspar ((P>K), 

mica 
>10% feldspar 

LC02-B20 TERR quartz 
LC02-B26 TERR quartz 
LC02-B30 TERR quartz Quartz, feldspar ((P>K), 

mica 
LC02-B3] TERR quartz 

mica 
and 

LC02-B317/B32 BIOG quartz 
mica 

and 

LC04-M TERR quartz Quartz, feldspar ((P>K), 
mica 

LC04-B37 TERR quartz Quartz, feldspar ((P>K), 
mica 

LC06-T21 TERR quartz Quartz, feldspar ((P>K), 
mica 

LC06-T27 TERR quartz contains siltstone fragments 
LC06-T35 BIOG mica contains sponge spicules and some 

wood fragments 
LC06-T36 TERR quartz Quartz, feldspar ((P>K), 

mica 
LC06-T37 TERR quartz contains sponge spicules 
LC06-M TERR quartz Quartz, feldspar ((P>K), 

mica 
LC06-B6 TERR quartz 
LC06-B38 B m c mica Quartz, feldspar ((P>K). 

mica 
LC06-B51 BIOG/TERR quartz contains siltstone fragments 
LC06-B55 BIOG mica contains sponge spicules and some 

wood fragments 
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4.3.8 Mineral identification by X-Ray Powder Diffraction 

The non-carbonate mineralogical composition of basal sands was determined by 

X-Ray Powder Diffraction for 16 samples (Table 4.11). All samples contained quartz, 

feldspar (Plagioclase and K-feldspars) and mica minerals, as was also suggested by 

mineralogical (non-carbonate) description from visual observations with a binocular 

microscope (see Table 4.11). 

4.4 DISCUSSION 

Turbidite beds have been identified and characterised using sedimentological 

and geochemical analysis and using geophysical properties. Based on these analyses, it 

will be examined whether turbidites can be split into different groups that could 

possibly reflect different source areas. 

4.4.1 Turbidite deposits in the four long piston cores 

The number of recovered turbidites varies between the four cores (Table 4.12). 

The most turbidites occur in core LC06 (over 100 turbidites), whereas LCOl (32-37 

turbidites) has the least (Table 4.12). Going from north (LCOl) to south (to LC02 and 

then LC04 and LC06), the number of turbidites per core increases (Table 4.12). These 

differences in turbidite numbers in the cores are probably related to source area 

proximity and the time period covered by each core. This will be discussed in more 

detail in Chapters 5 and 6. 

The average thickness of turbidite beds also varies between the four cores 

(Table 4.12), with LC02 having the highest average thickness (typically 53-70 cm) and 

LC06 the lowest (16-17 cm). Turbidite deposits from the two 'northern' cores LCOl 

and LC02 are generally thicker than turbidite deposits from the 'southern' cores LC04 

and LC06 (Table 4.12), which may indicate that the northern cores have a more 

proximal source area with abundant sediment supply. Thinner turbidite deposits in 

LC04 and LC06 may indicate either more distal deposition or that the source areas had 

a lower sediment supply. Since LC02 contains the most turbidites with basal sands it is 

likely that these turbidite deposits are more proximal to a major source area. 
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Table 4.12 Number of turbidites per core, total turbidite thickness per core and calculated average 
corrected turbidite thickness (total turbidite thickness derived from Table 4.6). 
Core Total thickness of Number of Average thickness per 

turbidites (m) turbidites turbidite (cm) 

LCOl 15^2 32-37 4 2 - 4 9 
LC02 22.95 33-43 5 4 - 7 0 
LC04 2&44 55-58 3 5 - 3 7 
LC06 19.44 118-119 16 

4.4.2 Turbidite provenance 

Not all of the analyses presented in Section 4.3 provide a clear basis for 

determining turbidite groups that could ultimately give an indication of turbidite 

provenance. Analyses that may be particularly pertinent include; 1) calcium carbonate 

content of turbidite muds, 2) clay mineralogy and 3) basal sand mineralogy. 

Characteristics of provenance areas are presented in Chapter 2 and possible relations 

between turbidite deposits and provenance are discussed in Chapter 6. 

4.4.2.1 Turbidite provenance from turbidite muds 

In Section 4.3.4 turbidite muds were divided into two groups based on CaCOs 

content. Groups 1 turbidite muds, which occur almost exclusively in LC06, are 

characterised by low CaCOg contents (< 25%) (Figure 4.11). Group 2 turbidite muds 

occur in all four cores and have higher CaCOs contents (> 25%) (Figure 4.4). 

In Section 4.3.5, it was shown that the clay mineralogical composition of 

turbidite muds varies between different turbidites. Two broad groups (A and B) can be 

identified based on the presence (A) and absence (B) of a superlattice peak in the 

expandable clays. The presence of a superlattice peak suggests that the mixed layer 

clay mineral illite/smectite is the dominant expandable clay mineral, whereas its 

absence suggests that smectite is the dominant expandable clay mineral. Clays that 

contain the illite/smectite superlattice peak (Group A) are commonly interpreted as 

being derived from regions that have been subjected to burial metamorphism at 

temperatures of between 10-220"C. Samples that lack this superlattice peak (Group B) 

are more typical of recent sediments (T. Clayton pers. comm., 2002). Clay samples 

from Group A (with the illite/smectite superlattice peak) only occur in LCOl, LC04 and 

LC06 (Table 4.9). Clay samples from Group B (without the superlattice peak) occur 

throughout all four cores. In LCOl and LC04, clay minerals with the superlattice peak 

have a lower kaolinite/chlorite ratio (<1), whereas in LC06 the situation is reversed and 
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almost all clay minerals with the superlattice peak have a higher kaolinite/chlorite ratio 

(>1) (Table 4.9, Figure 4.8). Thus, Group A can be subdivided into Ai (clay minerals 

that show the superlattice peak with a kaolinite/chlorite ratio >1) and A2 (almost 

identical to Ai, except that kaolinite/chlorite ratio <1) (Figure 4.8). Clay minerals with 

the superlattice peak and higher kaolinite/chlorite ratios may originate from a southern 

(i.e. African) source, as Guerzone et al. (1997) have shown that the clay mineralogy of 

Saharan dust is higher in kaolinite content than chlorite. Higher kaolinite/chlorite ratios 

in several clay samples from LC06 are suggestive of higher concentrations of Saharan 

dust in these clays. 

Table 4.13 
samples that were 

Calcium carbonate content and kaolinite/chlorite ratio (K/Chl) for turbidite mud 
analysed for clay mineralogy. Highlighted samples (grey) have a superlattice peak. 

Sample CaCOa 
content 

K/Chl Sample CaCOj 
content 

Chi 

LCOl LC02 
LCO1.T0 0.45 LC02-T87/T9 30.29 0.45 
LCOl-Tll 41.89 1.00 LC02-M 34.70 0.44 
LC01-Tll?/r i2 40.09 1.00 LC02-B6 31.74 033 
LC01.T23 Djd LC02-B9 2934 031 
u:oi-T24 Ojq LC02-B10 29.00 
LCOl-M 33.28 0.27 LC02-B18 2927 0.36 
LC01-B7 29.50 033 LC02-B26 3078 0.50 
LC0I-B8 128.69 0.6:^ LC02-B30 2&22 0.36 
LCOl-Bld 2 3 . ^ 0,60 

LC06 
LC04 LC06.T4 1 . ^ 
LC04-T2 33.52 0.57 LC06.T8 1.29 
LC04-T4 30.46 1.00 LC06-T10 35.98 0.56 
LC04-T5 30.70 0.5 LC06-Tli 1 6 2 j 1.6f 
LC04-T6 40.98 0.63 LC06-T19 25.35 2.00 
LC04-M 32.86 0.23 LC06.T21 8L40 I j ? 
LC04-B33 30.27 0.30 LC06-T23 30.03 0 3 0 
LC04-B36 2 i 5 d 0.75 LC06.T31, 25.39 2.0Q 
LC04-B42 27.93 0 7 1 LC06-M ' 33.81 0.36 
LC04-B46 42.31 1.00 LC06-BI7 1934 I 2 O 
LC04-B50 !26.9Q 0145 LC06.B33 

LC06-B34 
LC06-B^ 

21.11 
32.56 

2.14 
0.46 

The two broadly defined groups (Group 1 and 2 based on CaCOa content and 

Group A and B based on the presence or absence of a superlattice peak) can be clearly 

discriminated in Figure 4.8. All samples with lower CaCOs contents (<25%) from 

Group 1 have a superlattice peak (clay mineral Group A) (Figure 4.8, Table 4.13). 

Furthermore, all samples from CaCOa-based Group 1 with a kaolinite/chlorite ratio <1 

are from LCOl and LC04, whereas samples from Group 1 with kaolinite/chlorite ratios 

>1 are all from LC06 (Figure 4.8). If the separation of the two groups is also considered 
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Figure 4.8 Kaolinite/chlorite ratio plotted against CaCOs percentage for 40 turbidite muds in 
LCOl, LC02, LC04 and LC06. Several of the turbidite muds contain an illite/smectite superlattice peak. 
Three Groupings: I, II and III are identified on criteria that are further explained in the text. 

on the basis of the presence or absence of a superlattice peak, this separation occurs at 

28% CaCOa rather than at 25%, since the first sample without a superlattice peak has a 

CaCOa content of 28% (Table 4.13). Three samples with CaCOs contents of >28% 

(LC01-B8, LC06-T21 and LC06-T25) with a superlattice peak are present in Figure 

4.8. The last sample (LC06-T25) has a kaolinite/chlorite ratio <1. The above suggests 

that CaCOa content and clay mineralogy of turbidite mud samples may be used to 

divide them into three groupings possibly related to source area. Turbidite Group I 

occurs in all the four cores and has high CaCOs contents (>28%), does not display a 

superlattice peak and has a kaolinite/chlorite ratio of <1. Turbidite muds from second 

Group II only occur in LC06 and generally have lower CaCOa contents (<28%), a 

superlattice peak and a kaolinite/chlorite ratio of >1. Finally, turbidite muds from 

Group III are present in LCOl, LC04 and possibly LC06; they have low CaCOs 

contents (<28%) and a superlattice peak but a kaolinite/chlorite ratio of <1. On the 

basis of the above evidence it may be possible to interpret CaCOs contents in turbidite 
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muds as representing possible source areas. In Table 4.14, the contributions of the three 

Groups have been calculated per core based on CaCOs contents. 

The BAP turbidites are dominated by turbidite muds from Group I. Turbidites 

from Group II only occur in LC06 and make up -11% of the total turbidite thickness in 

the four cores. Turbidites from Group III, which may only occur in LCOl, LC02 and 

LC04, only make up -5% of the total turbidite thickness. In terms of thickness, cores 

LCOl, LC02 and LC04 are dominated by turbidites from Group I whereas in core 

LC06, turbidites from Groups I and II are equally important. 

Table 4.14 Contributions of each Group (as defined in the text) to the total sediment thickness in 
the four long piston cores. ? indicates that the contribution of samples whose CaCOg content was not 
measured. 

Total thickness in core (cm)/ 
% in core 

Group LCOl LC02 LC04 LC06 Total % of total 
I 1380/ 2103/ 1839/ 994/ 6316 80% 

84% 92% 90 52% 

11 842/ 842 11% 
44% 

III 213/ 26/ 173/ 412 5% 
13% 1% 8% 

7 45/ 167/ 33/ 79/ 342 4% 
3% 7% 2% 4% 

Total 1651.6 2296.1 2011.8 1821.85 7781.35 100 

4.4.2.1 Turbidite provenance from basal sand mineralogy 

In Section 4.3.7 it was shown that basal turbidite sands can be divided into 

groups that are dominated by terrigenous and biogenic grains (Table 4.11). The 

biogenic component of the basal biogenic turbidite sands consists mainly of foraminifer 

and pteropod tests and test fragments. The biogenic component in biogenic turbidites is 

due to either: 1) long accumulation times before turbidite emplacement that caused 

significant quantities of hemipelagic material to accumulate carbonate that was later 

incorporated into the flow during emplacement, 2) emplacement from high productivity 

areas, or 3) through turbidity current winnowing that caused substantial amounts of 

hemipelagic material to be incorporated into the current during downslope transport. X-

ray powder diffraction of the non-carbonate sand fractions of biogenic and terrigenous 

turbidites shows that almost all basal sands have similar mineralogical compositions, 

that are dominated by quartz (-60%) with abundant feldspar (-20%) and common mica 
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(-5%). The striking similarity of the mineralogy of the non-carbonate fraction does not 

imply that all turbidites are from one similar source, but it probably indicates that 

several source areas have hinterlands with similar mineralogical compositions. 

However, one sample, LC01-B7, is dominated by mica ( -90%) with common quartz 

(-10%) (Table 4.11), which may possibly indicate this sample comes from a different 

source area or that it is a more distal deposit. In LC02 and LC06, there are several basal 

sands that contain similar siltstone fragments (generally well-rounded and found in the 

>600 )Lim size fraction) that may suggest that they originate f rom a distinct source area. 

Heavy mineral analysis might prove useful in determining turbidite provenance 

of basal sands for turbidites in this basin. Unfortunately there has not been time to 

perform meaningful heavy mineral analyses in this study. 

45 CONCLUSDDNS 

0 Sediment cores from the BAP are dominated by turbidite deposits (mainly 

ponded muds (Te) some turbidites contain silt and/or sand at their bases). 

® The number and thickness of turbidite beds varies between the four long piston 

cores. Thicker turbidites and coarse basal sands in LCOl and LC02 suggest that these 

cores are more proximal to their main source area, while thinner turbidite beds in LC04 

and LC06 may indicate distal turbidite deposition or turbidites being deposited from a 

source area with a lower sediment supply. 

• Based on CaCOs content and clay mineralogy, turbidite muds can be divided 

into three different Groups that are perhaps indicative of source areas. Group I is 

characterised by high CaCOs contents (>28%) and does not show the presence of a 

superlattice peak in clay mineralogy, suggesting that smectite is the dominant 

expandable clay mineral. This Group has a kaolinite/chlorite ratio of <1. Turbidite 

muds from Group II only occur in LC06 and generally have lower CaCOs contents 

(<28%), a superlattice peak, indicating that the mixed layer clay mineral illite/smectite 

is the dominant expandable clay mineral, and a kaolinite/chlorite ratio of >1. Finally, 

turbidite muds from Group III also have lower CaCOa contents (<28%) and a 

superlattice peak but a kaolinite/chlorite ratio <1. 
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• Turbidite muds from Group I dominate in LCOl and LC02 and LC04, whereas 

in LC06 they are as equally common as turbidite muds belonging to Group II. Turbidite 

muds characteristic of Group III have been identified in all four cores, but the 

contribution of these turbidites to the total sediment record is small (<10%). 
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CHAPTER 5 - ARIDITY EPISODES DURING THE LAST GLACIAL CYCLE 

RECORDED IN CALCIUM CARBONATE RECORDS FROM THE WESTERN 

MEDITERRANEAN SEA 

Hoogakker, B.A.A., Rothwell, R.G., Rohling, E.J., Pateme, M.* and Stow, D.A.V. 

Southampton Oceanography Centre, Empress Dock, Southampton, S014 3ZH, UK 

# Laboratoire des Sciences du Climat et de I'Environnement, Laboratoire mixte CNRS-

CEA, Domaine du CNRS, Avenue de la Terrasse, 91198 Gif sur Yvette, France 

ABSTRACT 

Hemipelagic intervals in four giant piston cores from the Balearic Abyssal Plain 

(western Mediterranean Sea) were studied in order to determine fluctuations in the 

supply of terrigenous sediments during the last 130,000 years. Carbonate records from 

hemipelagic intervals in these cores display distinct 'Atlantic' type cycles, where 

glacial periods show on average 20% lower calcium carbonate contents due to 

increased dilution with terrigenous material. Besides major calcium carbonate 

variations that correlate to glacial/interglacial cycles, there are also short-term minima 

in the calcium carbonate content that appear to reflect short-term (millennial-scale) 

climatic cooling events. These short-term events are also characterised by enhanced 

magnetic susceptibility values, especially the cold events within Marine Isotope Stage 

3. We interpret these short-term events as reflecting periods of increased aridity in 

western Mediterranean environments, possibly correlating to Heinrich events, 

Dansgaard-Oeschger stadials and cold events within Marine Isotope Stage 5. Our 

results further indicate that about 90% of the sedimentary sequence of the Balearic 

Abyssal Plain consists of turbidites. These, however, did not cause significant erosion 

on the abyssal plain substrate, and an almost complete stratigraphy remains present in 

the intercalated hemipelagic intervals. 

Keywords: calcium carbonate, dilution, magnetic susceptibility, western Mediterranean, 

last glacial cycle 
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5.1 INTRODUCTION 

The Mediterranean Sea is a semi-enclosed basin (Figure 5.1) with anti-estuarine 

circulation. Its general circulation has a halo-thermal nature, controlled by the strong 

excess of evaporation over freshwater input and net cooling in the basin. The resultant 

net buoyancy loss drives surface inflow and subsurface outflow through the Strait of 

Gibraltar. 

The major glacial/interglacial climatic oscillations of the Pleistocene had a large 

influence on the western Mediterranean environment (Rose et al., 1999). The 

development of a fixed anticyclone over the north European ice sheet and colder sea 

surface temperatures during glacial times resulted in colder and drier conditions 

(Rognon, 1987) and increased seasonality of precipitation over the Mediterranean 

(Prentice et al., 1992). The present climate in the western Mediterranean is 

characterised by a high interglacial global sea level, a relatively dense vegetation cover, 

relatively high infiltration rates and moderate river discharges (Rose et al., 1999). The 

glacial western Mediterranean environment, in contrast, was characterised by a low 

global sea level, open vegetation with large areas of bare ground and unconsolidated 

sediments, soils affected by high physical stresses and highly peaked river-discharge 

regimes (Rose et al., 1999). Sea surface temperature (SST) estimates for the Alboran 

Sea, based on the relative abundances of planktonic foraminifera species, varied 

considerably between glacial and interglacial periods, with interglacial maximum SST 

of 20 to 23°C and glacial maximum SST of 10 to 15°C (Gonzalez-Donoso et al., 2000). 

Alkenone-based sea surface temperature estimates give similar values of ~ 19°C during 

the Holocene and I1-13°C during the last glacial maximum (Cacho et al., 2001). 

Recent research (Rohling et al., 1998; Cacho et al., 1999, 2001; Pateme et al., 1999; 

Combourieu-Nebout et al., 2002) has demonstrated that the western Mediterranean 

basin was strongly influenced by the millennial-centennial climatic and oceanographic 

variability observed in the north Atlantic region during the last glacial period. 

The composition of deep-sea sediments reflects the climatic conditions of 

adjacent continental regions, and/or the oceanic and atmospheric circulation at the time 

of deposition (McManus, 1970; Kolla et al., 1979). For example, a higher proportion of 

terrigenous material accumulated in the equatorial and tropical Atlantic offshore of 

West Africa, during glacial times compared to interglacial times, due to higher 
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Figure 5.1 Maps of the BAP in the western Mediterranean Sea and location of the cores studied 
(LCOl, LC02, LC04 and LC06). The locations of SL87 (Weldeab et al., 2003), K1 and KIO (Hores et al., 
1997) and LC07 are also shown. 

Submitted Marine Geology 93 



Chapter 5 Aridity episodes during the last glacial cycle.... 

terrestrial influxes associated with higher trade wind intensities (Diester-Haas, 1976). 

Changes in the supply of terrigenous material to deep-sea sediments can be estimated 

by determining the proportion of calcium carbonate, since carbonate content in pelagic 

sediments is inversely related to dilution with terrigenous material (Hays and Perruzza, 

1972). Higher carbonate contents in pelagic sediments of interglacial times reflect a 

low terrestrial input due to reduced trade wind intensities and a general decrease in 

aridity (Hays and Perruzza, 1972). Conversely, low carbonate contents in glacial 

pelagic sediments indicate enhanced terrestrial input associated with higher trade wind 

intensity and enhanced aridity (Hays and Perruzza, 1972). This scenario is supported by 

studies by Parkin and Shackleton (1973) and Parkin (1974) who showed that the 

Saharan desert belt expanded southward during glacial periods. 

Larrasoafia et al. (2003) obtained a high-resolution proxy record of northern 

Sahara dust supply into the eastern Mediterranean for the last 3 Ma, based on magnetic 

measurements. They related dust flux minima, found at times of northern hemisphere 

insolation/monsoon maxima, to the northward penetration of the African summer 

monsoon front beyond the central Saharan watershed (-21 °N). They also argued that 

such northward penetration of the African summer monsoon agrees with the inferred 

expansion of (savannah-like) vegetation cover ('greening of the Sahara' of Claussen et 

al., 1998 and Brovkin et al., 1998) and an increase in the soil cohesiveness throughout 

large areas of the northern Sahara, which resulted in a decrease in dust production, 

similar to present conditions in the Sahel (Middleton, 1985). 

The western Mediterranean Sea is surrounded by catchment areas subject to 

continental, alpine and Mediterranean climate regimes in the north, and Mediterranean 

to semi-arid climates in the south. Weldeab et al. (2003) used Si/Al and Ti/Al ratios as 

well as Sr and Nd isotopes to show that the Saharan terrigenous input into the western 

Mediterranean Sea is predominantly from the southwest (Morocco/NW. Algeria) and 

southeast (Tunisia/W. Libya) during interglacial periods and from the southern 

Saharan/Sahelian region during glacial times. The change in sediment source reflects 

changes in the prevailing atmospheric circulation over the basin (Weldeab et al., 2003). 

These authors also found that glacial terrigenous input was much higher than during 

interglacial times. A high-resolution record of lithogenic fraction variability from the 

Alboran Sea reveals that millennial- to submillennial-scale marine oscillations, linked 

with Heinrich Events and Dansgaard-Oeschger stadials, were characterised by 
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increases in the northward Saharan dust transport, due to increased wind intensity over 

the Sahara (Moreno et al., 2002). 

Here, we discuss the calcium carbonate content of hemipelagic sediment 

sequences in four giant piston cores from the BAP, to determine fluctuations in the 

supply of terrigenous sediments during the last 130,000 years. Supported by AMS 

radiocarbon dates, biostratigraphy and oxygen isotope stratigraphy, the derived calcium 

carbonate records are used to calculate terrigenous accumulation rates that are 

compared with accumulation rates reported by Weldeab et al. (2003). It has been 

suggested that more than 80% of the total input of terrigenous sediment (excluding 

gravity flow deposits) in the western Mediterranean is from Saharan dust (Loye-Pilot et 

al., 1986; Martin et al., 1989; Guerzoni et al., 1999). The lithogenic/terrigenous fraction 

of core SL87/KL66, from Marine Isotope Stage (MIS) 7 until the present is considered 

to consist exclusively of European and Saharan windblown dust (Weldeab et al., 2003). 

Most of the cores from the BAP used in this study, are located even further away from 

major riverine sources than SL87/KL66 (Figure 5.1) and the lithogenic/temgenous 

fractions in hemipelagic intervals from these cores are therefore interpreted as 

windblown dust. Changes in the amount of the windblown dust in hemipelagic intervals 

in our four cores are likely to be accompanied by changes in magnetic susceptibility, 

where an increase in magnetic susceptibility reflects an increase in the amount of 

magnetic minerals (contained in dust). To test this hypothesis, we compare the derived 

calcium carbonate and magnetic susceptibility data. 

5.2 CARBONATE CYCLES IN THE WESTERN MEDITERRANEAN SEA 

The calcium carbonate (CaCOs) content of deep-sea marine sediments is 

generally controlled by three factors, assuming that marine plankton forms the main 

carbonate component. These factors include: (i) dissolution, (ii) surface water 

productivity, and (iii) dilution by terrigenous sediments. Dissolution does not play a 

major role in the BAP, since water depths in the western Mediterranean are too shallow 

(<2800 m) to reach the carbonate lysocline or carbonate compensation depth (CCD). 

Van Os et al. (1994) attributed distinctive Pliocene CaCOs cycles in the Mediterranean 

to a combination of productivity variations and dilution by enhanced terrigenous input. 

Concerning the Quaternary, Flores et al. (1997) suggested that, after accounting for the 

dilution factor, production of coccolithophores appears to have been higher during 
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interglacial periods. Other authors disagree, suggesting instead that surface water 

productivity increased during glacial intervals, based on bio-mediated barium 

accumulation rates (Weldeab et al., 2003) and the high abundance of diatoms in 

sediments (Barcena et al., 2001). The latter two studies may reflect non-coccolith 

productivity. Combined with the data from Flores et al. (1997), it may suggest that 

carbonate (coccolith) productivity was higher during interglacial times, while non-

carbonate (opal, diatom) productivity was elevated during glacial times. 
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Figure 5.2 Greyscale intensity (top) and oxygen isotope data (bottom) for LC07 from the Strait of 
Sicily, plotted against depth. Oxygen isotope data for this core are from Dinares-Turell et al. (2003). 
Grey shaded areas indicate glacial intervals. Some interglacial stages are numbered. 

Greyscale intensity data from western Mediterranean piston core LC07, taken 

north of Skerki Channel in the Sicily Strait, at 488 metres water depth, provides a 

relative measure of the carbonate content through the core (Figure 5.2). Oxygen isotope 

data for LC07 (Dinares-Turell et al., 2003) indicate that glacial periods coincide with 

low greyscale intensities (=dark shades), which represent lower CaCOa contents, 

whereas interglacials have higher greyscale intensities (^lighter shades) that are 

associated with higher CaCO] contents (Figure 5.2). In this sense, the western 

Mediterranean carbonate cycles of LC07 are similar in character to those observed in 

the Atlantic (see Ruddiman, 1971; Hays and Peruzza, 1972; Volat et al., 1980; Griitzner 

et al., 2002). 
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5.3 LOCATION 

The geological and geographical setting of the (BAP) (Figure 5.1) has been 

previously discussed in Chapter 4. Hemipelagic accumulation rates measured in nearby 

cores SL87/KL66 and K1 from the Balearic Rise and core KIO from the Algero-

Balearic Sea (for location see Table 5.1) are around 3-4 cm/ka (Flores et al., 1997; 

Weldeab et al., 2003). 

Table 5.1 Location and water depth of the studied long piston cores. 
Core Latitude Longitude Water Core Latitude Longitude Water 

depth (m) depth (m) 

SL87/KL66 38''59.34'N 4°0L40^E 1900 LCOl 40°15.82'N 6°53.23' E 2845 

K1 38''57.0'N 0°50.0'E 750 LC02 39°31.88'N 6°22.58'E 2860 

KIO 38''03.0'N l''00.9'E 1957 LC04 38°39.01'N 6°06.64'E 2855 

LC07 38''08.72'N 10°04.73'E 488 LC06 38°00.66'N 7°11.09'E 2845 

LC07 is from Dinares-Turell et al. (2003); SL87 from Weldeab et al. (2003), KI and KIO from Flores et 

al. (1997). 

5.4 SEDIMENT CORES, TIME-STRATIGRAPHIC FRAMEWORK AND 

MAGNETIC SUSCEPTIBILITY 

5.4.1 Sediment cores 

Four giant piston cores (LCOl, LC02, LC04 and LC06) were recovered from 

the BAP (Figure 5.1, Table 5.1) during Marion Dufresne Cruise 81 in 1995, using a 

Calypso piston corer. The cores, reaching 27 to 32 metres in length, were taken about 

100 to 120 km apart to form an approximate North-South transect across the plain 

(Figure 5.1). All of the cores are dominated by sequences of thick, grey and greyish 

olive structureless muds (some grading down to basal sands and silts) that are underlain 

by foraminifer-rich mud intervals. The structureless muds and associated silts and 

sands are interpreted as turbidite deposits, whereas the foraminifer-rich intervals are 

interpreted as hemipelagic deposits. Turbidite beds are distinguished from hemipelagic 

sediments by their sharp bases, normal grading, relatively high terrigenous content, 

colour and lack of bioturbation (except for the bioturbated top of a turbidite, which is 

rarely more than a few decimetres thick; Stow and Piper, 1984; Jones, 1992; Stow and 

Submitted Marine Geology 97 



Chapter 5 Aridity episodes during the last glacial cycle.... 

Fabrez, 1998) and the presence of reworked foraminifera (Chapter 4). Additionally, it is 

usually possible to distinguish turbidite beds from hemipelagic sediments through the 

sedimentary structures present (Rupke and Stanley, 1974; Stow and Fabrez, 1998). 

5.4.2 Time-Stratigraphic framework 

The time-strati graphic frameworks for LCOl, LC02, LC04 and LC06 are based 

on the nannofossil biozones of Weaver (1983), accelerator mass spectrometry (AMS) 

dating, oxygen isotope stratigraphy (only for LCOl and LC04) and correlation 

based on CaCOs records. Turbidity currents that deposited on the BAP might have 

caused erosion of the underlying sediments, thus creating chronostratigraphic 

discontinuities. Furthermore, the possibility of undetected turbidites within the cored 

sequence should be considered. In a sufficiently detailed time-strati graphic framework 

such features should show up as irregularities and can therefore be tested for. 

The boundary between the Weaver (1983) coccolith zones 1 and 2 was 

determined in our cores by Rothwell et al. (1998) and was dated at -50,000 years 

before present. Coccolith zone 1 is defined as an interval dominated by the nannofossil 

Emiliania huxleyi, whereas this species is much rarer in zone 2 where Gephyrocapsa 

muellerae becomes dominant (Figure 5.3). 

Rothwell et al. (1998) reported eight radiocarbon dates for hemipelagic intervals 

that bracket a Late Pleistocene megaturbidite that is present in all of the cores (Table 

5.2). We obtained four additional radiocarbon dates (Table 5.2). All are based on clean, 

handpicked planktonic foraminifera and pteropods from the >150 jxm size fraction. The 

reported radiocarbon convention ages were calibrated using INTCAL 98 (Stuiver et al., 

1998). Two radiocarbon convention ages of 23,410 and 34,380 were calibrated for 

variations in geomagnetic field intentsity using the curve of Laj et al. (1996). 

The planktonic foraminifera species Neogloboquadrina pachyderma (right-

coiling or dextral variety) was selected for stable oxygen and carbon isotope analysis 

using fifteen to twenty specimens from the 250 - 400 fxm size fraction. N. pachyderma 

occurs virtually continuously throughout the hemipelagic intervals of cores LCOl and 

LC04. Oxygen and carbon isotope ratios were measured with a Europa GEO 20 20 

stable isotope ratio mass spectrometer, with individual acid bath carbonate preparation 

lines. 
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Figure 5.3 Generalized coccolith distribution through the last 500,000 years as recorded in the 
King's Trough area (from Kidd et al., 1983). Each coccolith interval can be defined against a time scale 
and various intervals relate to oxygen isotope stages. 
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Analytical precision of powdered carbonate standards is 0.06% for and 5'^C. The 

stable isotopes are expressed as and 5'^C in per mil (%o) values relative to the 

Vienna Pee Dee Belemnite standard (V-PDB). A total of 42 and 60 samples were 

analysed for LCOl and LC04, respectively. The records were initially divided into 

the standard stages (MIS) following the nomenclature of Emiliani (1955) and 

Shackleton and Opdyke (1973). The oxygen isotope stages were then further 

subdivided into substages or events based on Imbrie et al. (1984) and Prell et al. (1986). 

The time-scale of Martinson et al. (1987) was applied for stages and events. 

CaCOs contents were measured by coulometry. Samples were collected from 

hemipelagic intervals at 2 to 4 cm intervals when sufficiently thick. The top 12 to 13 

metres of LC06 appeared disturbed and were therefore not sampled. Samples were 

thoroughly oven-dried at 100°C. The dried samples were then powdered and CaCOa 

content was measured from CO2 liberated by reaction with 10% phosphoric acid for six 

minutes. A total of 376 samples were analysed. Triplicate analyses were performed on 

129 samples to determine reproducibility (Table 5.3). The analytical precision 

(standard deviation) for standard bulk samples was 1.50%. 

5.4.3 Magnetic susceptibility 

Environmental magnetic parameters such as magnetic susceptibility are useful 

in studies of marine and lake sediments, because they can be sensitive indicators of 

temporal variations in the concentration and grain size of terrigenous material deposited 

on the sea and lake floor (Verosub and Roberts, 1995). Fluctuations in concentration 

and size of magnetic grains in deep-sea cores can be climatically modulated (e.g. 

Amerigian, 1974; Kent, 1982; Oldfield and Robinson, 1985; Bloemendal and 

DeMenocal, 1989; Robinson et al., 1995). In the North Atlantic, for example, glacial 

periods are characterised by high concentrations of magnetic minerals, in association 

with low carbonate contents and increased amounts of ice-rafted detritus. In contrast, 

sediments from interglacial periods have low magnetic mineral concentrations and high 

carbonate contents (Robinson, 1986). A Bartington Instruments MS2EI point sensor 

was used to measure the magnetic susceptibility of the hemipelagic intervals in the four 

cores, at 1 cm intervals. 
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Table 5.2 Conventional and calibrated radiocarbon dates for 12 samples (3 in each core). 

Core Sample depth 
(metre below 
core top) 

Sample 
number 

Hemipelagic 
depth (cm) 

"C age years BP ± 
l a 

Calibrated age 
(years BP) 

LCOl 6.95-7.03 * a 26 - 29.5 8066 ± 47 8445 - 8573 

" 14.49-14.61 # b 71 - 7 7 17580 ± 1 2 0 19994 - 20674 

" 23.52-23.63 # c 79.5 - 85.5 20340 ±150 23092 - 23928 

LC02 3.56-3.60 * d 26.5 - 30 9303 ± 49 9833 -10125 

" 8.72-8.88 # e 70 - 80.5 16900±120 19223 -19879^ 

" 17.78-17.93 # f 86.5 - 97 23410 ± 2 1 0 -26760 ** 

LC04 1.97-1.99 * g 2 9 - 3 1 11720 ± 5 6 13399-13403 

5.93-6.23 # h -102 17700 ± 1 3 0 20126 - 20818 

16.96-17.08 # j 103 - 107.5 20200 ± 1 7 0 22919 - 23780 

LC06 4.66-4.69 * k 62 - 63.5 7991 ±43 8381 - 8481 

" 14.46-14.65 # 1 148 - 158 17730 ± 1 9 0 20126 - 20886 

" 20.17-20.19 # m 160.5 - 165.5 34380 ± 660 -37230 ** 

*New dates (this paper) # from Rothwell et al. (1998). The reported conventional radiocarbon ages were 
calibrated using INTCAL98 (Stuiver et al., 1998) except for samples indicated with '**' which were 
calibrated using the magnetic curve of Laj et al. (1996). 

Table 5.3 Number of CaCOj analyses per core and the calculated standard deviation (i.e. 
closeness of agreement between repeat analysis), repeatability (the value below which the absolute 

Repeatability 

Core Number of Number of Average Standard Repeatability Standard 

analyses repeat samples CaCOa % Deviation Error 

LCOl 63 19 41.71 0.29 1.74 0.17 

LC02 79 27 39.40 0.35 2.79 0.21 

LC04 152 54 38.84 0.41 2.59 0.24 

LC06 82 29 38.15 0.70 4.49 0.41 

Total 376 129 

5.5 RESULTS 

5.5.1 Material 

Hemipelagic intervals only make up -10% of the total sediment thickness of the 

studied cores from the BAP. Turbidites account for the other -90% of the sediment 

column (Figure 4.2, Table 4.6). The total hemipelagic thickness recovered increases 

from the northernmost core (LCOl, 9%) to the southernmost core (LC06, 15%) (Table 

4.6). 
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The upper 10 to 15 metres of some Calypso cores may appear longer by a factor 

of 1.5 to 2, compared with conventional piston cores, due to stretching and over 

sampling. This stretching is inferred to produce a microfabric rotation in the vertical 

plane (Thomson et al., 2000; Thouveny et al., 2000). Visual inspection revealed that all 

four of our cores might have been subject to such stretching (sediment down to 

approximately 15 metres below core top appears to be stretched). An illustration of the 

corrected core logs (e.g. the core intervals above 15 mbct are divided by a stretch factor 

of 2) is shown in Figure 5.4. This estimate corresponds to 74 cm total uncorrected 

hemipelagic thickness in LCOl, 80 cm in LC02, 102 cm in LC04, and 158 cm in LC06. 

In core LC06, two intervals have thinly bedded (<0.5 cm) intercalated 

hemipelagic and turbidite intervals (Figure 4.2). The first interval occurs around 20 

metres below core top (mbct) and the second occurs from the bottom of the core up to 

30.5 mbct. Because the hemipelagic layers in these intervals are so thin, we were 

unable to collect sufficient samples for CaCOs analysis and these hemipelagic intervals 

are not included in Table 4.6. In the following sections, the abbreviation thd is used to 

refer to total hemipelagic depth (cm), i.e. the total depth of hemipelagic intervals below 

the core top. 

5.5.2 Initial Time-Stratigraphic Framework 

A relatively well constrained time-stratigraphic framework was derived for each 

of the four cores (Figure 5.5) on the basis of identification of the nannofossil zones of 

Rothwell et al. (1998), existing and new AMS radiocarbon dates, stable oxygen isotope 

data (for LCOl and LC04 only) and calcium carbonate percentages. 

In LCOl, Rothwell et al. (1998) identified only coccolith stage 1 of Weaver 

(1983) throughout the entire core, giving the core a maximum age of 50,000 years BP 

(Figure 5.5). In LC02, LC04 and LC06, nannofossil zones 1 and 2 were identified, 

which suggested that these cores penetrated to levels older than 50,000 years BP 

(Figure 5.5). 

Calibrated radiocarbon dates (Table 5.2) are shown in Figure 5.5 as black 

boxes, where the thickness of the box illustrates the thickness of the hemipelagic 

sample for radiocarbon analysis. Most samples were obtained from selected 

hemipelagic intervals, except for sample 'h' where foraminiferal tests from bioturbated 
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Figure 5.4 Illustration of the core logs of cores LCOl, LC02, LC04 and LC06 against metres 
below core top (mbct). (A) Cores corrected for stretching, and (B) core logs uncorrected for stretching. 

turbidite mud underlying a hemipelagic interval were also used due to the thinness of 

the overlying hemipelagic interval (Rothwell et al., 1998). The total hemipelagic depth 

used for this sample corresponds to the 'bottom' of the overlying hemipelagic interval. 

Oxygen isotope measurements were made only for LCOl and LC04 (Figure 

5.5). In LCOl Marine Isotope Stage (MIS) 1, 2 and (part of) 3 are apparent. LC04 
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Figure 5.5 i) Biostratigraphy based on Quaternary nannofossil zones of Weaver (1983), ii) 
calcium carbonate stratigraphy and iii) oxygen isotope stratigraphy (only for cores LCOl and LC04) for 
the summed hemipelagic intervals in the four studied long piston cores. Nannofossil zone 1 (Weaver, 
1983) is shown in blue and zone 2 shown in yellow. Boundaries of Marine Isotope Stages are delineated. 
Fractional numbers (e.g. 3.1) indicate the position of oxygen isotope events (after Imbrie et al. (1984) 
and Prell et al. (1986)). Black boxes at the right-hand side of each graph indicate the sample location of 
AMS radiocarbon dates. The box thickness corresponds to the thickness of the sampled interval. 
Radiocarbon ages are reported for each sample (lower-case letter) in Table 5.4. 

Table 5.4 Tie points used for the age models; oxygen isotope stages and events derived from the 
CaCO] and S'^O records in Figure 5.5. AMS radiocarbon dates were used where midpoints were taken 
from hemipelagic depths and ages. Some AMS radiocarbon ages were not used as they covered a too 
long depth interval. 
Age control points Depth 

(m) 
Age(ka) Age control points Depth 

(m) 
Age(ka) 

Core LCOl Core LC04 
AMS Radiocarbon date 'a' OUK 8.5 AMS Radiocarbon date 'g' 030 1140 
Top Younger Dryas / 0^3 12.05 Oxygen isotope event 2.2 0.73 1%85 
Boundary MIS 1 and 2 
Base Younger Dryas 0^3 12.75 Oxygen isotope event 2.21 0.86 1&22 
Oxygen isotope event 2.2 0.66 17.85 AMS Radiocarbon date 'h' -1.02 2&47 
Oxygen isotope event 2.21 &68 19.22 AMS Radiocarbon date 'i' 1.05 2135 
AMS Radiocarbon date 'b' 0J4 20.33 Boundary MIS 2 and 3 1.22 24.11 
AMS Radiocarbon date 'c' 0^3 23.51 Oxygen isotope event 3.1 1.42 2&42 
Boundary MIS 2 and 3 095 24.11 Oxygen isotope event 3.13 1.72 4188 
Oxygen isotope event 3.1 1.08 25.42 Oxygen isotope event 3.3 1.95 5&21 
Oxygen isotope event 3.13 1.81 4188 Oxygen isotope event 3.31 2^1 55^5 
Core LC02 Boundary MIS 3 and 4 2^1 58.96 
AMS Radiocarbon date d' 0J# 9.98 Oxygen isotope event 4.22 2.44 64.09 
Boundary MIS 1 and 2 0^3 12.15 Boundary MIS 4 and 5 2j^ 73.91 
Oxygen isotope event 2.2 0.69 17.85 Oxygen isotope event 5.1 2J9 7&25 
Oxygen isotope event 2.21 0J4 19.22 Oxygen isotope event 5.2 248 90.95 
Boundary MIS 2 and 3 091 24J1 Oxygen isotope event 5.31 3.07 96.21 
Oxygen isotope event 3.1 0.93 25.42 Oxygen isotope event 5.33 3^0 103.29 
Oxygen isotope event 3.13 133 4188 Oxygen isotope event 5.4 337 110.79 
Oxygen isotope event 3.3 IJO 5&21 
Oxygen isotope event 3.31 55^5 

Core LC06 Depth 
(m) 

Age (ka) 

AMS radiocarbon date 'k' 0.63 8.43 
AMS radiocarbon date T 1^3 2&51 
AMS radiocarbon date'm' L63 -37.23 
Oxygen isotope event 3.3 1.84 5&21 
Oxygen isotope event 3.31 2.05 55j^ 
Boundary MIS 3 and 4 2.10 5&96 
Oxygen isotope event 4.22 2.57 64^9 
Oxygen isotope event 4.23 2.81 6&83 
Boundary MIS 4 and 5 3.00 7191 
Oxygen isotope event 5.1 3J^ 7&25 
Oxygen isotope event 5.2 130 9&95 
Oxygen isotope event 5.3 338 9&38 
Oxygen isotope event 5.4 3^7 11&79 
Oxygen isotope event 5.5 3J5 12182 
Boundary MIS 5 and 6? 3.88 12&84 
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covers the interval from MIS 5 to the base of MIS 1. To aid chronostratigraphic 

assessment, we have also indicated isotopic sub-stages and events, based on Imbrie et 

al. (1984) and Prell et al. (1986) (Figure 5.5). 

Calcium carbonate percentages are plotted against total hemipelagic depth (thd) 

in Figure 5.5. The CaCOs (%) and oxygen isotope records of LCOl and LC04 are 

similar which suggests that Mediterranean deep-sea CaCOg records can be used as a 

proxy for oxygen isotope records, with high CaCOs intervals correlating with 

interglacial stages (MIS 1 and 5); intermediate-value CaCOs intervals correspond to 

MIS 3; and low CaCOa intervals correspond to glacial stages (MIS 2 and 4) (Figure 

5.5). 

Depth-age profiles, based on various age control points (Table 5.4), for the four 

cores indicate a uniform background hemipelagic sedimentation (Figure 5.6). Based on 

the various age control points (Table 5.4), sample depths were initially converted to age 

(ka) through linear interpolation (Figure 5.7). 
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Figure 5.6 Age-depth profile through all age control points (Table 5.4). The linear regression 
indicates a generally uniform background hemipelagic sedimentation, at a rate of 2.78 cm/ka after 
correction for stretching. 
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5.5.3 Magnetic susceptibility 

Down-core magnetic susceptibility profiles are plotted alongside the CaCOg records in 

Figure 5.7. Intervals characterised by high CaCOg contents generally have lower 

magnetic susceptibility values, whereas periods with low CaCO] contents have 

enhanced magnetic susceptibility values (Figure 5.7). 

5.6 INTERPRETATIONS AND TUNING OF THE TIME STRATIGRAPHIC 

Our hemipelagic CaCO] records for the BAP show trends that are similar to 

those found in the Atlantic, with low CaCOs contents ( -30%) during glacial periods 

and high CaCOs contents (-50%) during interglacials (Figure 5.5). In the Atlantic, 

these CaCOs cycles are caused by increased dilution by terrigenous windblown 

material (Broecker et al., 1958; Ruddiman, 1971; Hays and Peruzza; 1972; Griitzner et 

al., 2002). In the western Mediterranean, the CaCOs changes have been attributed to a 

combination of variations in productivity and dilution by terrigenous sediments (van Os 

et al., 1994; Flores et al., 1997). Our observations of generally enhanced magnetic 

susceptibility values during glacial intervals (Figure 5.7) support the interpretation of 

glacial increases in terrigenous (wind-blown) sediments. 

If increased dilution by terrigenous sediments, along with constant productivity, 

were the main driving force causing low glacial CaCOa contents in hemipelagic 

sediments in the BAP, then total hemipelagic accumulation rates ought to have been 

enhanced during these periods. Calculated hemipelagic accumulation rates (Figure 5.8) 

reveal two intervals with elevated hemipelagic accumulation rates (>2.5 cm/ka) 

between 8 and 27 ka and between 44 and 80 ka. The highest hemipelagic accumulation 

rate (-20 cm/ka) was recorded between 23 and 26 ka in LCOl and LC04 (Figure 5.8), 

coincident with the initiation of the last glacial maximum. The termination of the last 

glacial maximum is also characterised by enhanced hemipelagic accumulation rates (6-

8 cm/ka between 8 and 13 ka in LCOl and LC02) (Figure 5.8). In the 44-80 ka interval, 

hemipelagic accumulation rates rose above the average 2.5 cm/ka at around 80 ka in 

LC04 and LC06 (to 4 and 10 cm/ka respectively), and in LC06 elevated values were 

maintained until - 64 ka. At around 60 ka, hemipelagic sedimentation rates started a 
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Figure 5.7 Calcium carbonate 
content (%) and magnetic 
susceptibility plotted against age (ka 
BP). Also shown are short-term 
CaCOs minima that coincide with 
enhanced magnetic susceptibility 
values (grey shades). The timing of 
these short-term events correspond to 
the timing of cold events in the North 
Atlantic: Hs indicates Heinrich events; 
Cs indicates cold events within MIS 5. 
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stepwise decrease until 50 ka (Figure 5.8). The variations in hemipelagic accumulation 

rates in LC04 were of a lower magnitude and were more gradual than in LC06, but both 

cores had higher hemipelagic accumulation rates between 64 and 60 ka BP (Figure 

5.8). 

The CaCOs content of a sample provides an estimation of the amount of 

terrigenous dilution, if it is assumed that the non-carbonate fraction is exclusively due 

to the terrigenous component. In order to compare terrigenous dilution between glacial 

and interglacial periods, the relative non-carbonate accumulation rate can then be 

calculated by dividing the non-carbonate fraction in a hemipelagic sample at a certain 

time with the non-carbonate fraction in a typical interglacial sample (50%). Results 

from these calculations show that the highest relative non-carbonate accumulation rates 

occur between the following time intervals: 13-30 ka, 50-55 ka, 55- 75/80 ka, 82-94 

and 105-113 ka (Figure 5.9). The two broad intervals (at 8-27 and 44-80 ka) with 

higher hemipelagic accumulation rates, identified in Figure 5.8, correspond to periods 

with higher relative non-carbonate accumulation rates as identified in Figure 5.9. 

Between 50 and 60 ka hemipelagic accumulation rates were reduced (Figure 5.8) which 

corresponds to a period with lower relative non-carbonate accumulation rates (Figure 

5.9). The fact that the timing of relatively high non-carbonate accumulation rates 

coincides with times of increased hemipelagic accumulation rates supports our 

hypothesis that increased dilution by terrigenous sediments can drive the Mediterranean 

carbonate cycles as recorded in the four studied cores, while assuming constant 

productivity. 

Additional evidence comes from the southern flank of Menorca, where 

terrigenous sediment accumulation rates increased during glacial periods (MIS 2 and 4) 

and were about three to six times higher than during interglacial periods (MIS 1 and 5) 

(Figure 5.10) (Weldeab et al , 2003). Weldeab et al. (2003) also showed that the non-

carbonate surface water productivity, based on bio-mediated barium accumulation 

rates, was possibly enhanced during MIS 2-4 compared to interglacial stages (MIS 1 

and 5). An increased terrigenous flux combined with possibly enhanced non-carbonate 

surface water productivity during the glacial stages may increase the dilution signal. 

Combined, the terrigenous and biogenic Ba accumulation rates represent the non-

carbonate accumulation rate that agrees well with the magnitude of our calculated non-

carbonate accumulation rate, with maxima during MIS 2 and 4 (Figure 5.9). 
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Two intervals in MIS 5, which are associated with MIS substages 5.2 and 5.4, 

also had higher relative non-carbonate accumulation rates (Figure 5.9). The calculated 

hemipelagic accumulation rates for these intervals, however, did not exceed the average 

-2.5 cm/ka (Figure 5.8). Were these CaCOs minima caused by changes in productivity 

rather than by changes in terrigenous dilution? The recorded magnetic susceptibility 

values during MIS 5.2 and 5.4 are elevated (almost double that of the warmer substages 

MIS 5.1 and 5.3, Figure 5.7), which suggests enhanced input of eolian sediments. The 

limited number of age control points makes it impossible to estimate time-scale 

variations in sedimentation rate, which makes the hemipelagic accumulation rates for 

this period appear almost uniform (Figure 5.8). Further evidence for enhanced eolian 

sediment supply to the western Mediterranean during cool substages 5.2 and 5.4 is 
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provided by sediment and soil sequences along the northeastern coast of Mallorca, 

which were characterised by eolian sand and dust deposition, in contrast to the warmer 

substages 5.1 and 5.3 which were characterised by more stable environments (Figure 

5.11) (Rose et al., 1999). 

Apart from the long term CaCOs and magnetic susceptibility variations visible 

in Figure 5.7, we note several 'short-term' (500 to 2000 years) CaCOs minima that 

correlate with short-term increases in magnetic susceptibility values (Figure 5.7). These 

are interpreted as the result of brief intervals of rapid environmental change and might 

represent periods with increased aridity and higher eolian fluxes to the western 

Mediterranean. The timing of almost all of these short-term events coincides with 

short-term cooling events such as the Younger Dry as, Heinrich Events (HE), 

Dansgaard-Oeschger (D/0) stadials and abrupt cooling events within MIS 5, as 

recorded in deep-sea sediments from the North Atlantic (Johnsen et al., 1992; Bond et 

al., 1993; McManus et al., 1994; Bond and Lotti, 1995; Lehman et al., 2002). In North 

Atlantic marine sediments, HEs are associated with massive iceberg discharges, 

resulting in the deposition of 'Heinrich layers' of ice-rafted debris (Heinrich, 1988). 

Throughout the northern hemisphere, Heinrich event-equivalent anomalies are known 

from palaeoclimate proxy records (Rohling et al., 2003). Climate during HEs and D/0 

stadials was characterised by dry, dusty and windy climatic conditions (Mayewski et 

al., 1997). Several sudden cooling events, which have been associated with ice rafting, 

have also been described within MIS 5, which was a dominantly warm time interval 

(McManus et al., 1994). 

In the western Mediterranean Sea rapid sea surface temperature (SST) cooling 

and increased rates of western Mediterranean deep-water formation during the last 

glacial have been connected to the timing of HE and D/0 stadials (Rohling et al., 1998; 

Cacho et al., 2000), suggesting that the Mediterranean and North Atlantic ocean-

atmosphere systems are closely coupled. Similar variations in high latitude 

northwesterlies and low-latitude Saharan winds during the last glacial, which occurred 

parallel with intensification of atmospheric transport over Greenland, suggest a 

'mechanistic linking' of the glacial atmospheric circulation across the high and low 

latitudes (Moreno et al., 2002). In the Alboran Sea, Moreno et al. (2002) showed that 

millennial to submillennial marine oscillations, linked with HE and D/0 stadials are 

characterised by increases in northward Saharan dust transport associated with 

increases in Saharan wind intensity. Increases in Saharan wind intensity and dust 
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transport would be likely results of a weakened monsoonal circulation and intensified 

high-latitude circulation (cf. Rohling et al., 2003). Pollen records from the Alboran Sea 

show vegetation changes that are indicative of rapid environmental changes between 

cold-dry (D/0 stadials) and mild-humid conditions (D/0 interstadials) (Combourieu-

Nebout et al., 2002), which occured in parallel with SST oscillations and indicate an 

almost perfect coupling between continental and marine conditions (Sanchez Goni et 

al., 2002). The coldest and driest conditions in the Alboran Sea occurred during HEs 

(Combourieu-Nebout et al., 2002; Sanchez Goni et al., 2002). The increased aridity and 

desertification in the Mediterranean during HEs is explained by prolonged wintertime 

anticyclonic stability associated with cooling in the North Atlantic (Combourieu-

Nebout et al., 2002). Decreases in precipitation during Dansgaard-Oeschger stadials 

were not as severe as during HEs and have been explained by switches between the 
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influence of Atlantic (dominant during D/0 stadials) and Scandinavian Mobile Polar 

Highs (dominant during fffis) (Sanchez Goni et al., 2002). Pollen records from 

terrestrial lacustrine sequences at various sites in the Mediterranean confirm that 

continental climatic conditions in the Mediterranean during HE and D/0 stadials were 

dry and can be linked to climatic conditions in the North Atlantic (Allen et al., 1999; 

Tzedakis, 1999; Allen and Huntley, 2000; Allen et al., 2000; Brauer et al., 2000). 

Evidence that cooling events within MIS 5 took place in the western Mediterranean is 

provided by the Lago Grande di Monticchio pollen record, where several intervals with 

a cold and dry climate (inferred from palaeovegetation and palaeoenvironment) have 

been reported (Allen et al., 2000). 

To fine-tune the depth-age relationships for our cores, we correlate magnetic 

susceptibility maxima/CaCOs minima on a millennial scale to the age intervals of the 

main GISP2 ion series peaks from Rohling et al. (2003). The common time-scale of 

Lehman et al. (2002) was used for abrupt cooling events during MIS 5 that have also 

been related to North Atlantic ice rafting events (Chapman and Shackleton, 1999). In 

our cores, the short-term CaCOg minima/magnetic susceptibility maxima event dated 

around 8 ka BP in LCOl (Figure 5.9) is thought to represent the Holocene Cooling 

Event (HCE), which is associated with major dry spells in North Africa (Gasse, 2000). 

Several other short-term minimum CaCOs/magnetic susceptibility maxima events that 

occurred between -10 and 70 ka can be linked with the Younger Dryas, HE 1 to 6 and 

several D / 0 stadials (Figure 5.12). Events that have been dated before 70 ka are 

correlated to C19-C24 (Chapman and Shackleton, 1999) (Figure 5.12). 

Almost all events identified in Figure 5.12 correspond to dry spells associated 

with increased dust transport to the Mediterranean Sea, as has been previously recorded 

in marine alkenone records, as well as in both terrestrial (lacustrine) and marine pollen 

records and grain-size records. Our contention that these short-term minimum CaCOa/ 

maximum Magnetic Susceptibility events are caused by enhanced dust supplies to the 

western Mediterranean therefore seems justified. The co-occurrence of enhanced dust 

supplies to GISP2 during these events again highlights the close coupling between the 

MediteiTanean and North Atlantic ocean-atmosphere systems. 

Submitted Marine Geology 114 



Chapter 5. Aridity episodes during the last glacial cycle.... 

0 10 20 30 40 50 60 70 80 90 1 00 110 120 130 
-30 j_i 1 11 M I H 11 I ! I i I I 1 i I n r r r n j I 1 I I I I I 11 I I 11 i pi i 1 I I I I M I I r r r 

23 24 

-45 L 
1500 f-

g 1000 ^ 

^ 500 ^ 

^ 0 ^ 

cP 

B 

60 

50 6" 3 = 

^ 4 40 

5 " 30 

20 

#: 
<3 30 

20 

:ii tr a . -

n . 

% " 

-o-
€ .3- 2 

3 t-

4F-

60 

50 

^ o g j ^ 40 

§ « 5 f 30 r 

20 -̂
1 

60 

^ 50 Z 

2 0 -

/\ 
r , 

V. V 

V 
i I ! I I I i 

' V* 

C24 
I I i 

0 

C 

r ° 
1 20 b 

30 

4 10 

^ 20 

<P Q 

r 

^ 30 

0 
; 10 f Q 

20 

30 

3 0 

1 10 f g 

1 20 r 
3 , 0 

10 20 30 40 50 60 70 80 90 1 00 110 120 130 

Age (ka) 

Figure 5.12 Identification of periods with enhanced dust in GISP2 and four western Mediterranean 
deep-sea cores, by comparison with (A) GISP2 S'^O, with small numbers indicating the Dansgaard-
Oeschger interstadials (Dansgaard et al., 1993; Grootes et al., 1993) and Hs indicating Heinrich events, 
(B) GISP2 dust content as measured with laser light scattering (LLS) (Ram and Illing, 1994; Ram et al., 
1995; Ram and Koenig, 1997), (C) fine-tuned CaCOg and magnetic susceptibility records from the 
western Mediterranean. Cold events within MIS 5 (Cs) are plotted at the bottom, since the ages used here 
are from Lehman et al. (2002) which deviate slightly from GISP2. 

Submitted Marine Geology 115 



Chapter 5 Aridity episodes during the last glacial cycle.... 

5.7 CONCLUSIONS 

9 Although turbidite deposits dominate late Quaternary sediments on the BAP, an 

almost continuous record of hemipelagic sedimentation covering the last 130,000 years 

is preserved in the deposits intercalated between turbidites. 

• CaCO] measurements of these hemipelagic sediments reveal distinct cycles 

similar to 'Atlantic'-type carbonate cycles; with interglacial periods showing relatively 

higher CaCOs contents (-50%) and glacial periods having lower CaCOs contents 

(-30%). AMS radiocarbon dating, biostratigraphy (nannofossil zones) and oxygen 

isotope stratigraphy support the time relationship inferred f rom this climatic pattern in 

the CaCOs stratigraphy. A change in dilution with (eolian-derived) terrigenous 

sediment is suggested to be the main driver of these CaCOs cycles. 

• Apart from the major glacial/interglacial CaCOs cycles, we detect 'short-term' 

intervals (duration 500-2000 year) with lower CaCOa contents and high magnetic 

susceptibility. Almost all of these 'short-term' events can be linked with cold events in 

the North Atlantic. These cold events include the Holocene cooling event, Younger 

Dry as, Heinrich events, Dansgaard-Oeschger stadials and cold events within MIS 5. 

Climate in the western Mediterranean during these events was cold, windy and dry and 

subsequently supported enhanced supply of dust to the BAP. This observation 

corroborates previous work showing similar 'short-term' oscillations in a high-

resolution record of lithogenic fraction variability in the Alboran Sea and pollen 

records from Lago Grande di Monticchio (Italy). 
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CHAPTER 6 - VARIATIONS IN DEEP-SEA TURBIDITE DEPOSITION 

DURING THE LATE QUATERNARY 

ABSTRACT 

Sedimentary sequences in four long piston cores from the Balearic Abyssal 

Plain provide a unique opportunity to reconstruct the depositional and erosional history 

of the basin. The GISP2 fine-tuned time-stratigraphic framework, developed in Chapter 

5, provided important constraints on individual turbidite emplacement times. Turbidite 

emplacement to the Balearic Abyssal Plain occurred regularly (on average one turbidite 

every one to two thousand years), without major temporal gaps. Highest turbidite 

frequencies were observed during periods of maximum sea level/climate change. 

During the last cold interval (Marine Isotope Stages 2-4), turbidite beds were much 

thicker than during interglacial periods (Marine Isotope Stage 1 and 5), which suggests 

that the glacial advective sediment flux to the Balearic Abyssal Plain was significantly 

enhanced. It is estimated that sediment supply to the margins was at least doubled 

during the Last Glacial Maximum, due to increases in riverine sediment fluxes and 

subsequent increase in sediment supply to the shelf edge. The average turbidite flux to 

the Balearic Abyssal Plain during Marine Isotope Stage 2 was about two to three times 

higher than during Stage 5, suggesting that sediment supply to the basin was also at 

least two to three times higher. Deforestation and subsequent increased erosion, which 

enhanced sediment supply during Marine Isotope Stage 1, might explain the high 

frequency of turbidites deposited during this period. Several periods were identified 

during which turbidite deposition was absent. Most of these periods correlate to times 

of minor sea level/climate fluctuations, whereas intervals with frequent turbidite 

deposition generally coincide with periods of more dynamic sea level and climate 

change. Basin-wide filling of the Balearic Abyssal Plain by turbidites was especially 

rapid during the last deglaciation and the Last Glacial Maximum. Turbidite sediment 

accumulation was however also increased during MIS 4, 78/80 ka and 105-115 ka. The 

results presented indicate that the temporally well-constrained data do not support the 

hypothesis that the advective sediment flux to the basin is only high during glacials -

this view is too simple and does not stand up to detailed testing. 
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6.1. INTRODUCTION 

Sedimentary sequences from the deep sea can record environmental conditions 

from both the overlying water masses and from adjacent landmasses. Sediment delivery 

to the continental margin, which controls the amount of sediment available for 

downslope transport, is primarily related to hinterland climate and tectonics. Changes 

in hinterland climate and/or tectonics can influence the amount and possibly the 

characteristics of sediment available for downslope transport, which is ultimately 

recorded in deep-sea sedimentary sequences in adjacent deep-sea basins. The main 

processes whereby large volumes of sediment are transported from shallow water 

settings to the deep sea involve sediment gravity flows (Stow et al., 1996). This 

mechanism is important in delivering sediment to the deep sea, however, some flow-

types (like slides and debris flows) do not travel long distances over flat terrain and 

their deposits are primarily restricted to the continental rise and slope. Turbidity 

currents are the main sediment gravity flow mechanism capable of delivering large 

amounts of continentally derived sediment to the deep sea. Turbidite deposits 

commonly dominate basin-plain sediment sequences, and hemipelagic intervals may 

make up less than 20% of such sediment columns (Pilkey, 1987). 

Turbidity currents are mainly the result of continental slope failures that can be 

initiated by several processes, including sedimentary overloading of the continental 

shelf in areas that are close to river mouths, earthquakes, volcanic eruptions and slope 

instability caused by the release or movement of gas hydrates. Traditionally, turbidite 

deposition is thought to be particularly dynamic during periods of low sea level 

(Embley, 1980; Shanmugan and Moiola, 1982; Cita et al., 1984; Caddah et al., 1998; 

Rothwell et al., 1998, 2000), as previously discussed in Chapter 1. Likewise, 

Shanmugam and Moiola (1982) argued that the frequency of turbidity currents is 

greatly increased during periods of low sea level. Several authors have discussed a 

relationship between turbidite emplacement and sea level (e.g. Weaver and Kuijpers, 

1983; Cita et al., 1984; Prince et al. 1987; Caddah et al, 1998; Rothwell et al. 1998). 

Weaver and Kuijpers (1983) reported that turbidite deposition on the Madeira Abyssal 

Plain was more likely during marine regressions and transgressions. Recently, Prins 

and Postma (2000) proposed that turbidite sedimentation in the Arabian Sea was more 

frequent during the last glacial sea level low stand. Turbidite deposition during sea-
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level rise and highstands, however, have also been recorded (Piper and Normark, 1983, 

Kuehl et al., 1989; Flood et al., 1991; Kolla and Perlmutter, 1993; Weber et a l , 1997b). 

According to Stanley (1985) emplacement of large megaturbidites during the 

Late Pleistocene (<1 Ma) are generally related to sea-level low stands. Mediterranean 

Late Pleistocene-Holocene (0-30 ka) deep-sea sedimentary sequences are dominated by 

turbidite mud (Rothwell et al., 2000) and in the Herodotus Basin (eastern 

Mediterranean), turbidite deposition was controlled by a combination of regional 

climatic change and eustatic sea-level fluctuations (Reeder et al., 2002). Two turbidite 

megabeds have been reported in the western (BAP) and eastern (Herodotus Abyssal 

Plain) Mediterranean Sea, which were emplaced during the last sea level low stand at 

the height of the Last Glacial Maximum (Rothwell et al., 2000). In the Central 

Mediterranean Sea (Ionian and Sirte Abyssal Plain), three thick, basin-wide turbidite 

beds were emplaced at around 3.5 ka (Kastens and Cita, 1981; Hieke and Werner, 

2000), 235±50 ka and 650± 100 ka (Hieke, 2000). The Augias turbidite' (3.5 ka) has 

been interpreted as having been mobilised by a tsunami induced by the collapse of the 

Santorini caldera (Kastens and Cita, 1981; Hieke and Werner, 2000) and the two 

additional thick turbidite beds are interpreted to have been triggered by tsunami events 

related to volcanic events or earthquakes in the southern Aegean region (Hieke, 2000). 

The main objective of this chapter is to broadly quantify the differences in 

advective sediment flux to the BAP/western Mediterranean Sea over the last 

glacial/interglacial cycle, and to examine any relationship with climate. The aim is to 

assess the effects of climate changes on sediment transfer to the deep sea in a basin 

whose margins were affected by profound climatic changes during the Quaternary. The 

alternating occurrence of hemipelagic and turbiditic sediments in the studied BAP 

cores, as presented in Chapter 4 and 5, allows reconstruction of the erosional and 

depositional history of this small ocean basin during the last 130,000 years - a period 

characterised by substantial climate changes. 

6.2 SEDIMENT DELIVERY TO THE BASIN 

An important control on the growth patterns of continental margins is sediment 

supply, amount, type and location (Nelson and Maldonado, 1990). The rate of sediment 

supply from erosional catchment to depositional basin, which can vary both in time and 

space, depends primarily upon climate, relief, catchment slope and lithology (Leeder et 
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al., 1998). The tectonic setting of the western Mediterranean basin probably has a large 

influence on the margin styles, depositional environments, distribution of depocentres 

and growth patterns. Together, climate and tectonics can influence hinterland relief and 

the catchment slope, through weathering and uplift/subsidence. 

The continental rise and deep-sea fans in the northern part of the BAP are fed 

by large European rivers, including the Var, Rhone and Ebro (see Chapter 2). These 

rivers have the largest drainage basins and carry substantial amounts of sediment to the 

western Mediterranean margins (Table 6.1). Rivers from Corsica, Sardinia, the Balearic 

Islands and Algeria carry much smaller amounts of sediment and these continental 

margins are regarded as starved of sediment (e.g. Bourouba, 2003). These areas, 

however, might supply sediment to the abyssal plain through sliding of the continental 

margins. 

Table 6.1 Summary of the drainage areas and sediment loads of rivers that drain into the western 
Mediterranean Sea. 

River Drainage area (km^) Sediment reaching the continental margin 

(tonnes) 

Ebro 84x10^ (Nelson, 1990) 6.2x10^ (Nelson, 1990) 

Rhone 97x10^ (Ludwig and Probst, 1998) 8.5x10^ (Pont, 1993) 

Herault 2.5x10^ (Petelet et al., 1998) no information available 

Tet 1.4x10^ (Senat et al., 2001) 0.053x10^ (Serrat et al., 2001) 

Var 2.8x10^ (Mulder etal., 1997) 1.3-1.6x10^ (Mulder et al., 1997) 

Algeria no information available 0.04-0.06x10^ (Leclaire, 1972) 

6.2.1 Processes affecting sediment delivery 

Two main processes affect sediment delivery to the continental margins: 

hinterland climate and tectonics. 

6.2.1.1 Climate 

It has been shown in Chapter 5 that the glacial/interglacial climate changes had 

a large influence on the western Mediterranean environment. The colder and dryer 

conditions that prevailed during the last glacial supported highly peaked river-discharge 
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regimes and increased physical erosion. Larger areas of bare ground and 

unconsolidated sediments would have increased the sediment load of rivers draining 

into the western Mediterranean Sea (Rose et al., 1999). In the eastern Mediterranean, 

Leeder et al. (1998) postulated that the glacial maximum yearly rainfall was similar to 

the present. Cooler temperatures and increases in winter runoff caused the widespread 

treeless steppe to be highly erodable (Leeder et al , 1998). 

Adjacent sedimentary systems bordering the BAP, such as the Rhone, Valencia 

and Var fan were also affected by Pleistocene glacial/interglacial oscillations. For 

example, the construction and evolution of the Rhone delta was controlled by sea-level 

variations and the supply of sediments (Amaud-Fassetta et al., 1999). According to 

Limonov et al. (1992), sediment supply and climate-induced sea-level variations were 

also the main factors that controlled depositional patterns of the Valencia fan during the 

Pliocene-Quaternary. Using seismic data, Palanques et al. (1994) related sea-level 

changes to phases of fan progradation and retreat resulting from changes in sediment 

supply to the Valencia fan system. During Quaternary sea-level lowstands, the river 

Var incised older deltaic deposits, which were partially refilled during sea-level 

highstands (Savoye et al., 1993). Different erosion platforms on the Mallorca-Menorca 

shelf are presumably related to glacio-eustatic sea-level changes (Acosta et al., 2002) 

and the relief of the Algerian shelf was also influenced by glacio-eustatic sea-level 

fluctuations (Leclaire, 1972). 

6.2.1.2 Tectonics 

The BAP is surrounded by passive continental margins (Baraza et al., 1990; 

FaiTan and Maldonado, 1990; Tesson et al., 1990; Guennoc et al., 1994; Ercilla and 

Alonso, 1996), The north African margin and the eastern Spanish coast (Iberian Ranges 

between Amposta and Valencia) are controlled by faults and some faults are reported to 

be still active (Cairn, 1978; Ri'oz, 1978; Robribi et al., 1985; Ben-Avraham et al., 

1987). The southern coast of France between Marseille/Nice and Roussillon has been 

tectonically stable for the past 30,000 years (Lambeck and Bard, 2000). However, most 

areas draining into the western Mediterranean are at present experiencing some form of 

uplift, due to neotectonic compression and/or isostatic rebound. The western coast of 

Corsica is undergoing slow (0.15-0.3 m/ka) south to north-trending uplift (Conchon, 

1987; Lenotre et al., 1996; Collina, 1998, 2002; Lambeck and Bard, 2000). Sardinia 

(Antonioli et al., 1999) and the Balearic Islands (Torres et al., 1993) are also 
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experiencing active uplift. Active faults on the north African margin (formed in 

response to the collision between the Eurasian and African plates (Philip and Thomas, 

1977; Philip and Megraoui, 1983)) are the cause of uplift, and are evident in drainage 

diversions on land (Boudiaf et al., 1998; Bouhadad et al., 2003). The European Alps are 

at present undergoing modest rates of uplift (Fitzsimons and Veit, 2001), whereas uplift 

in northeast Spain has been relatively slow (-0.12 m/ka) during the late Quaternary 

(Macklin and Passmore, 1995). 

6.3. SEDIMENT CORES, TIME^TRATIGRAPHIC FRAMEWORK AND 

CALCULATION OF TURBIDITE EMPLACEMENT TIME 

The four studied giant piston cores and features distinguishing turbidite beds 

from hemipelagic intervals are discussed in detail in Chapter 4. The GISP2 fine-tuned 

time-strati graphic framework for the four cores has been described in Chapter 5, where 

the age model is based on biostratigraphy (high-resolution nannofossil zonal scheme of 

Weaver (1983)), accelerator mass spectrometry (AMS) dating, oxygen isotope 

stratigraphy (only for LCOl and LC04) and calcium carbonate/magnetic susceptibility 

stratigraphy. This has been used to calculate the ages of hemipelagic sediments in the 

four cores. The emplacement time of individual turbidite beds was calculated using the 

ages of intercalating hemipelagic intervals (Figure 6.1). Thus, emplacement times were 

estimated for almost all turbidite beds. 

6.4 RESULTS 

Ninety percent of the total sediment thickness in the upper 30-35 m of the BAP 

sediment column is composed of turbidite beds (mainly Tg-division muds) (see Chapter 

4). Hemipelagic accumulation rates of the four cores are similar (-2.7 cm/ka), so the 

cores with the highest total hemipelagic thickness (LC04 and LC06) cover the longest 

time intervals (see Table 6.2) (see Chapter 5). 

Based on sedimentological criteria presented in Chapter 4, 238 to 257 turbidites 

were identified in the four cores (Tables 4.7 and 6.3; Appendix 6.1). Uncertainty 

concerning the precise number of turbidites is explained above (p. 70, Chapter 4). 
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Figure 6.1 Diagram illustrating the model used to calculate turbidite emplacement times. The 
emplacement time of turbidite 3 (T3) is the average of the ages of the two nearest dated hemipelagic 
intervals. However, not all turbidite beds are intercalated with hemipelagic intervals because the 
thickness of the intercalated hemipelagic interval was too thin for sampling or because turbidite beds 
were deposited on top of each other in a short time period, leaving no time for significant hemipelagic 
accumulation. Turbidites T; and T2 do not occur intercalated between two dated hemipelagic intervals, 
instead the top of T2 and the base of Ti are bounded by hemipelagic sediments and dated. In order to 
have an indication of their respective emplacement ages, the emplacement age for the base of T2 and the 
top of T, is first calculated as the average between the top of T2 and the base of Tj. The estimated 
emplacement age for T2 is then the average age of the ages of the top and base of T2, whereas the 
estimated age for Ti is calculated as the average between the ages of the top and of the base of T,. 
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The average individual turbidite thickness is greater in the two northern cores 

(LCOl and LC02) whereas in the southernmost cores (LC04 and LC06) turbidite beds 

are generally thinner but their number is much higher (Table 6.3). The megaturbidite 

described by Rothwell et al. (1998) is the thickest turbidite in all of the four cores. 

Apart from the megabed several other thick turbidite beds (> 100 cm thick) could be 

identified in the four cores (Appendix 6.1). In total, the four long piston cores contain 

36 turbidites with basal sand layers, of which four occurred in LCOl, twenty in LC02, 

two in LC04 and ten in LC06 (Table 6.4). 

Table 6.2 Calculated minimum and maximum ages (ka) for hemipelagic intervals in the four 
studied long piston cores. The GISP2 fine-tuned time-strati graphic framework presented in Chapter 5 
was used to convert depths to ages. The minimum age of LC06 is unclear, due to disturbance in the upper 
12 metres of the core. 

Core Minimum age (ka) Maximum age (ka) 
LCOl 0 48 
LC02 7 55 
LC04 9 115 
LC06 0 ? 130 

Table 6.3 Summary of total corrected thickness (m) of turbidite intervals, total number of 
turbidite beds (minimum and maximum values), and average corrected turbidite thickness (minimum and 

Core Total turbidite Total number of turbidites per core Average turbidite thickness per core (cm) 
thickness (m) (min max) (min average max) 

LCOl 16.52 32 - 37 45 48 52 
LC02 2295 33 - 43 53 61 70 
LC04 2&44 55 - 58 35 36 37 
LC06 19J4 118 - 119 -16 

Table < 5.4 Distribution of basal sand layers in turbidite bases in the four studied long piston cores 

Core Number of basal sands % of turbidites with basal sands no. of basal sands/ka 

LCOl 3-4 8-139& 0.06-0.08 
LC02 14-21 33-64% 0.24-0.37 
LC04 2 3-4% 0.02 
LC06 10 9% 0.09 

6.4.1 Turbidite emplacement 

Individual turbidites are plotted against their calculated emplacement time in 

Figure 6.2. It seems that turbidite deposition on the BAP occured regularly without 

major temporal gaps (>10 ka) in turbidite emplacement (Figure 6.2, Appendix 6.2). A 

few periods can be identified where turbidite deposition was more frequent, specifically 

between 0 and 10 ka in LCOl, at 21-24 ka, at 48 ka and between 53 and 56 ka in LC02, 
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Figure 6.2 Thickness and emplacement times of turbidite beds in the four long piston cores (a-d) 
plotted against CaCO] curves of Chapter 5 and Shackleton's sea-level curve (Shackleton, 1987b). 
Turbidite beds with a thickness of <100 cm are shown in green, whereas turbidite beds > 1 0 0 cm are in 
red. Tbc-division turbidites (e.g. with a basal sand layer) are indicated wi th® symbol. The numbers of 
several turbidite beds are indicated, including the megabed (M*) described by Rothwell et al. (1998). For 
dating criteria see Appendix 6.2. The emplacement time of turbidite beds that appear beyond the extent 
of dated hemipelagic intervals is speculative; these turbidite beds (3 in LC02 and 16 in LC06) are not 
plotted. The calculated emplacement times for the period 0-21 ka BP in LC06 are not accurate due to 
uncertainties in the time-stratigraphic framework. 
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Chapter 6 Variations in deep-sea turbidite deposition during the late Quaternary 

at 12 ka and 23-25 ka in LC04, 0-21 ka and at 60-68 ka in LC06 (Figure 6.2). Apart 

from the megaturbidite, correlation of other thick turbidite beds (>1 m) from core to 

core is uncertain, because their emplacement times seem to vary (Figure 6.2). 

Short time periods, of the order of 4 -10 ka duration during which turbidite 

deposition did not occur are observed in the four studied cores (Figure 6.2). The timing 

of these turbidite-free intervals is similar in the four cores and can be correlated with 

periods where sea level/climate change was minimal, except for the youngest interval, 

which coincides with the base of Marine Isotope Stage 1 (see Figure 6.3). The 

turbidite-free intervals are used as chronostragraphic markers, delineating periods when 

turbidite emplacement did not occur (Table 6.5). In several instances, the number of 

turbidites deposited during these periods was remarkably similar (for example, during 

periods 2, 3 and 4 in LCOl and LC02), but in others it varies significantly (compare 

periods 3 to 5 between LC02 and LC04 and periods 5 to 8 between LC04 and LC06) 

(Table 6.5). The occurence of similar numbers of turbidites within similar periods of 

time in different cores may either indicate that they reflect basin-wide episodes, 

perhaps originating from a single source, or that they comprise several events from 

different source areas during conditions that were particularly favourable for turbidite 

emplacement. 

6.4.2 Turbidite frequency and fluxes 

On average, turbidite frequency (i.e. number of turbidites emplaced per ka) in 

the four cores was quite similar and was about 1-2 turbidites every 2000 years (Table 

6.6). However, the average turbidite flux (i.e. cm deposited per ka) is higher in the 

northern cores (Table 6.6). 

Ten periods of turbidite deposition can be delineated in the four cores (Figure 

6.3). Periods 1 and 8-10 are from interglacial times and are characterised by low (<1 

turbidite per ka) to common (1-2 turbidites per ka) turbidite frequencies and individual 

turbidite beds are generally thin (<25 cm). Turbidites from the last glacial, covered by 

periods 2-7, have low to high (>2 turbidites per ka) turbidite frequencies and turbidites 

are generally of medium thickness (25-50 cm) to thick (>50 cm) (Figure 6.3, Table 

6.7). 
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Figure 6.3 Overview of periods characterised by turbidite deposition (shades of blue) and 
periods with predominantly hemipelagic sedimentation (grey). Grey shaded areas in the background 
link hemipelagic intervals among the four cores. Turbidite frequency is divided into three groups: low 
(<1.0 turbidites/ka, light blue), common (1.0-2.0 turbidites/ka, medium blue) and high (>2.0 turbidites/ 
ka, dark blue). Average turbidite thickness is further separated into thin (<25 cm), medium thick (25-50 
cm) and thick (>50 cm). Numbers in blue boxes refer to periods defined in Table 6.5. Note that most 
periods dominated by hemipelagic accumulation coincided with periods of minor sea level/climate 
fluctuations. 
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Table 6.5 Average number of turbidites per period* and per MIS 

Core Period 1 

(ka) 

Period 2 

(ka) 

Period 3 

(ka) 

Period 4 

(ka) 

Period 5 

(ka) 

Period 6 

(ka) 

Period 7 

(ka) 

Period 8 

(ka) 

Period 9 

(ka) 

Period 10 

(ka) 

4 - 4 72 7 9 - 2 6 3 2 . ^ j 

no. 1 4 - 1 6 6 - 8 8 3 

4 - / J 2 4 - 2 4 j 2 - r 

no. 8 - 1 0 4 - 7 4 1 7 - 2 2 

LC04 12-15 2 4 - 2 * 64 7 4 - 7 2 4 4 - 9 j 744 -774 

no. 6 1 8 - 2 0 10 5 3 6 8 

0 - 27 6 4 - Z 4 7 6 - 4 4 4 6 - 7 4 2 - 7 ^ 4 

no. 37-39 4-5 24 6 3 17 

Average 

no. per 

period 

14-16 7-8 10-12 3 4 11-14 5 3 5 5 13 

Average 

MIS / 
WW 2 

no. 14-16 8-10 7-9 4 8 

f 0\ 

* periods 1 to 10 represent the periods as defined in the text, delineated by intervals (4-10 ka) during which 
no turbidite deposition occurred. 
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Chapter 6 Variations in deep-sea turbidite deposition during the late Quaternary 

Table 6.6 Number of turbidite beds per core and calculated average turbidite flux and frequency. 

Core Period N&of Total turbidite Average turbidite Average turbidite 
(ka) turbidites thickness (m) frequency (number/ka) flux (cm/ ka) 

LCOl 1.9-50.0 32-37 16.52 - O J 34 
LC02 7.8-57.2 3 3 - 4 3 22.96 - 0.7-0.8 46 
LC04 10.4-113.4 5 5 - 5 8 20.45 - 0.5-0.6 20 
LC06 0??-21 113-114 1&14 - 0 ^ 17 

37-129.9 

6.4.3 Emplacement times of turbidites with basal sands 

During marine regressions deep-sea marine sand deposition is predicted to 

increase according to sequence strati graphic models (e.g. Posamentier and Vail, 1988). 

The assumption is that sediment, which would otherwise be deposited on the shelf, is 

transported across the subaerially exposed shelf by fluvial systems and deposited 

beyond the shelf-to-slope break into a deep marine environment (Burgess and Hovius, 

1998). In the studied cores, turbidites with basal sands are common during periods of 

sea-level fall (Figure 6.2). However, emplacement of Tbc-division turbidites also occurs 

during sea-level rises and, in core LC02, even during periods of minor sea-level 

variations (Figure 6.2). Most turbidites with basal sands occur in LC02 and were 

deposited over a short period of time (7-55 ka) (Table 6.6) which suggests that LC02 is 

located closer to the source area (Chapter 4). Several turbidite beds with basal sands 

(Tbc-division turbidites) have similar emplacement times (i.e. T11/T12?* in LCOl and 

T8/T9?* in LC02 and T28* in LC06 were emplaced between 13 and 16 ka) (Figure 6.2, 

Appendix 6.2), which suggests they might reflect a basin-wide event. 

6.4.4 Filling the Balearic Abyssal Plain basin floor 

The pattern of turbidite filling of the BAP seafloor over the last 130 ka is 

illustrated in Figure 6.4. This figure has been constructed by summing the thickness of 

each individual turbidite bed against time. Intervals with steep gradients indicate rapid 

sediment accumulation compared to intervals with gentler gradients. MIS 1 in LCOl 

has a relatively steep gradient, which indicates that sediment accumulation during this 

period was rapid (Figure 6.4). During the last glacial period increased basin-wide 

fining of the BAP by ponded turbidites was especially marked during 12-15 and 20-28 

ka; these periods coincided with the last deglaciation and the Last Glacial Maximum 
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Table 6.7 Calculated average turbidite frequency (numbers of turbidites per ka) and flux (cm/ka) per 
emplacement period per core and MIS. f 0\ 

Core Period 1 
(ka) 

Period 2 
(ka) 

Period 3 
(ka) 

Period 4 
(ka) 

Period 5 
(ka) 

Period 6 
(ka) 

Period 7 
(ka) 

Period 8 
(ka) 

Period 9 
(ka) 

Period 10 
(ka) 

LC01 12 -15 7 9 - 2 6 3 2 -
freq. 1.8 -:2.o 2.0 - 2.7 0.9 1.0 
flux 2 2 - 2 5 2 9 - 3 9 115 39 

LC02 8-15 20-28 32-37 45-55 
freq. 1.1-1.4 0.5-0.9 0.8 1.9 
flux 39^# 96^68 83 39 

LC04 12-15 20-28 60-65 7 ^ - 7 2 M - 9 J 100-110 
freq. 2.0 2 .3-2 .5 0.5 1.0 1.5 1.2 0.8 
flux 41 45-50 30 40 40 45 10 

LC06 0- 21 4 9 - 3 3 60-70 76-80 86-93 102-130 
freq. i.8-2.0 0.7-0.8 2.4 1.5 0.4 0.6 
flux 42 11 30 36 6 7 

Ave. 
frcq. 

1.9 1.7-2.0 1.2-1.4 0.9 1.3-1.4 1.8 1.5 0.8 0.7 

A. flux 24 36^3 85^^1 61 25 35 36 26 9 

MIS 1 MIS 2 MIS 3 MIS 4 MIS 5 

Ave. 
freq. 

1.9 1.5-1.7 1.1-1.2 1.8 1.0 

Ave. 
flux 

24 61-77 43 35 24 
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respectively (Figure 6.4). Sediment accumulation was also increased between 60 and 

70 ka BP (MIS 4), 78/80 ka and 105-115 ka. Locally, sediment accumulation was high 

in the northern part of the basin (LCOl, LC02) between 32- and 37 ka, and at the 

location of LC02 at around 48 and 55 ka (Figure 6.4). Local filling was slightly 

enhanced at around 42 ka at the location of LC04 (Figure 6.4). 
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Figure 6.4 Filling of the BAP 
by turbidite deposits (mainly Tj-
division turbidite mud) during the last 
130,000 years. Arrows indicate 
periods of more rapid accumulation. 
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6.4.5 Contribution of turbidite Groups I, II and III to the Balearic Abyssal Plain 

sedimentary sequence 

In Chapter 4, three turbidite groups (Group I, II and III) were defined, based on 

CaCOs content and clay mineralogy. It was suggested that Group II turbidites might 

originate from a southern (i.e. north African) source, since the clay mineralogy of 

Saharan dust is higher in kaolinite content than chlorite (Chapter 4). Group I and 

possibly Group III turbidites are more likely to have originated from the southern 

European margin. Turbidites from the two northern cores (LCOl, LC02) and the 

southerwestern core (LC04) are predominantly from Group I (Table 6.8), which 

suggests a mainly southern European margin origin. Most turbidites from the south-

eastern core (LC06) are from Group II and are thought to have been be transported 

from the north African margin, except during Marine Isotope Stage 2 during which 

turbidites from Group I dominated the recovered total turbidite length (Table 6.8). 

6.5 CONTROLS ON TURBIDITE SEDIMENTATION IN THE WESTERN 

MEDITERRANEAN 

Many recent studies demonstrate that turbidite deposition occurred at times of 

sea-level rises and highstands. For example, turbidite deposition is recorded during sea-

level rises and highstands on the Amazon Fan (Flood et al., 1991), Mississippi Fan 

(Kolla and Perlmutter, 1993), Navy Fan (Piper and Normark, 1983) and Bengal Fan 

(Kuehl et al., 1989; Weber et al., 1997). Local conditions such as high fluvial 

discharge, headward erosion of submarine canyons and/or sediment transport into 

canyons by shelf-parallel currents have all been proposed as promoting sediment 

transport off the shelf into deep water (Palanques et al., 1994; Burgess and Hovius, 

1998). On the Makian continental slope in the Arabian Sea, turbidite sedimentation 

during the last early sea-level rise is attributed to the narrow shelf width (Prins and 

Postma, 2000). On the Ebro fan, sediment supply increased significantly during sea 

level low stands, due to doubled river sediment discharge during the Pleistocene 

lowstands compared with the Holocene highstand (Nelson, 1990). The rising sea level 
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Table 6.8 

MIS. 

Contributions of each turbidite Group to the total sediment thickness calculated per 

Total thickness in core (cm) per MIS/ 
% in core per MIS 

Core, Group MIS 1 MIS 2 MIS 3 MIS 4 MIS 5 

LCOl 
Group I 370 cm/ 852 cm/ 158 cm/ Group I 

85% 84% 85% 
Group II 
Group III 21 cm/ 165 cm/ 2 7 « ^ Group III 

5% 16% 15% 
Not in Group 45cm/ 1 cm/ 

10% 

LC02 
Group I 239 cm/ 693 cm/ 1171 cm/ Group I 

100% 97% 87% 
Group II 
Group III 26 cm/ 

2% 
Not in Group 22 cm/ 145 cm/ 

3% 11% 

LC04 
Group I 85 cm/ 845 cm/ 513 cm/ 258 cm/ 139 cm/ Group I 

100% 99% 100% 92% 43% 
Group II 
Group III 173 cm/ 

54%% 
Not in Group 4 cm/ 22 cm/ 8 cm/ 

1% 8% 3% 

LC06 
Group I 238 cm/ 506 cm/ 0?? 128 cm/ 121 cm/ Group I 

49% 83% 43% 27% 
Group II 246 cm/ 96 cm/ 56 cm/ 168 cm/ 276 cm/ Group II 

51% 15% 67% 57% 62% 
Group III 
Not in Group 6 cm/ 28 cm/ 45 cm/ 

2% 33% 11% 

of the Late Pleistocene transgression coincided with high sediment discharges, which 

suggests that deforestation and increased erosion resulting from climatic changes 

influenced sediment deposition on the Ebro margin (Nelson, 1990). These studies 

suggest that the formation of shelf-edge deltas and consequent significant deep-marine 

deposition is not limited to times of relative sea-level lowstands and early transgression 

(Einsele, 1996; Burgess and Hovius, 1998), and that local factors may play an 

important role. 
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Turbidite sedimentation on abyssal plains is also not restricted to sea-level low-

stands. For example, Weaver and Kuijpers (1983) reported that turbidite deposition on 

the Madeira Abyssal Plain was more likely during sea-level regressions and 

transgressions rather than during high- or lowstands. 

In this study it is shown that turbidite deposition on the BAP was not confined 

to glacial (sea-level low stands) or interglacial periods (sea-level high stands) or to sea-

level regressions and transgresions. Turbidite emplacement to the BAP occurred 

regularly (on average one turbidite every one to two thousand years), without major 

temporal gaps. Turbidite deposition was, however, more frequent during periods when 

sea-level and climate underwent profound changes. Highest turbidite frequencies 

occurred during periods of maximum sea-level/climate change (Figure 6.3). Average 

turbidite thickness was substantially greater during the last three colder Marine Isotope 

Stages (2-4) (Figure 6.3, Table 6.4) and, as a consequence, filling of the Balearic Basin 

floor was accelerated at those times (Figure 6.4). 

The above discussion suggests that sediment supply to the western 

Mediterranean margins and the deep-sea basins, including the BAP, was greatly 

increased during the last glacial period. What was/were the main cause(s) of this 

increase in sediment supply? 

The control of sea-level on riverine sediment supply to the western 

Mediterranean Sea has a landward limit of -100 km for rivers with a lower gradient 

and higher sediment supply, whereas that of steep-gradient, low-sediment supply 

systems is estimated at only around 40 km (Blum and Tomqvist, 2000). Sediment 

supply from the lower reaches of the larger rivers (Rhone, Ebro and possibly the Var) is 

therefore expected to be influenced by sea-level fluctuations, whereas the upper reaches 

will be unaffected. Very small river systems (<40 km), on the other hand, might be 

completely influenced by sea-level control. The contribution of sediments from these 

smaller river systems to the western Mediterranean margin is, however, orders of 

magnitude lower compared to the larger river systems. Major changes in sea level 

would not change this. Moreover, most of the smaller river systems drain into areas that 

are characterised by narrow continental shelves and slopes, which probably act as 

sediment bypass zones, which would avoid substantial sediment accumulation on the 

continental shelf that could produce large turbidites. The larger river systems 

(Ebro/Valencia, Rhone and Var) have wider continental shelves and slopes, which are, 

thus, capable of storing substantial amount of sediment. The continental slopes and 

135 



Chapter 6 Variations in deep-sea turbidite deposition during the late Quaternary 

shelves of western Sardinia, the southern Menorca promontory and the Ibiza plateau are 

also wide (Rehault et al., 1984) and could form areas were substantial sediment 

accumulation can take place. During glacial periods, the drop in sea level caused the 

continental shelves that lie proximal to major river systems to be subaerially exposed 

(Figure 6.5). 

Most areas surrounding the western Mediterranean Sea are experiencing some 

form of uplift, due to neotectonic compression and/or isostatic rebound. Uplift due to 

neotectonic compression was probably constant over the period considered here. Uplift 

resulting from isostatic rebound mainly occurs during interglacial periods and would 

not promote increased sediment supply during glacials. 

In the southern Pyrenees, Jones et al. (1998) concluded that the main control on 

river incision was climate through its influence on sediment supply. The drainage basin 

was less vegetated during glacial periods, which promoted catchment erosion and 

caused an increase in sediment supply to the river and within-channel aggradation 

(Jones et al., 1998). During interglacials, the climate was warmer and more humid 

which led to more vegetation and a reduction in sediment supply to the rivers, 

favouring vertical river incision (Jones et al., 1998). These observation are consistent 

with those of Lewin et al. (1995), Fuller et al. (1998) and Rose et al. (1999) for the 

western Mediterranean environment, with mainly dry and cold conditions and 

unvegetated surfaces during glacials and wet and humid conditions with more 

vegetated surfaces prevailing during interglacial periods. The cold and dry glacial 

conditions also promoted enhanced eolian sediment supply to the western 

Mediterranean environment, which was associated with higher wind intensities and 

enhanced aridity (see Chapter 5; also Weldeab et al., 2003). 

Riverine sediment supply to the margins surrounding the western Mediterranean 

thus seems to be largely controlled by climate, although the influence of sea level is 

probably also important for the lower reaches. Isostatic uplift during the Holocene 

might have caused enhanced sediment supply to the margin, but could not have 

affected the major river systems during the last glacial. 

Higher turbidite frequencies that have been calculated for the BAP basin can be 

related to periods with more dynamic sea-level/climate changes associated with 

increased sediment supply to the shelf edge. Higher turbidite fluxes during MIS 2-4 are 

136 



Chapter 6 _ . Variations in deep-sea turbidite deposition during the late Quaternary 

Distribution of land in the Western Mediterranean 
during tine Holocene and the last interglaclal. 
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Figure 6.5 Distribution of 
land exposed above sea-level 
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most likely due to an increase in supply of r iverine sediment to the basin. T h e average 

turbidite f lux to the B A P during M I S 2 was about two to th ree t imes higher than during 
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MIS 5, which suggests that the supply of riverine sediment to the abyssal plain may 

have at least doubled. 

Compared to the last interglacial (MIS 5), the number of turbidites deposited 

during MIS 1 was greatly enhanced. Deforestation and increased erosion during the last 

sea-level rise might explain the higher number of turbidites deposited during MIS 1. 

6.6 COIVLIKHCXNS 

® Sedimentary sequences in four long piston cores from the BAP provide a 

unique opportunity to reconstruct the depositional and erosional history of the basin. 

The GISP2 fine tuned time-strati graphic framework developed in Chapter 5 has 

provided important contrainst for determining individual turbidite emplacement times. 

® Turbidite deposition on the BAP occurred regularly and withouth major 

temporal gaps, with an average frequency of one turbidite every one to two thousand 

years. 

® Periods of turbidite deposition are separated by intervals of predominantly 

hemipelagic sediment accumulation. These intervals of predominantly hemipelagic 

sedimentation coincided with times when sea-level/climate change was minimal, 

except for the youngest interval, which coincided with the base of MIS 1 and can 

possibly be attributed to low sediment delivery to the margins during the late sea level 

rise. Higher turbidite frequencies were recorded during periods of maximum sea-level 

and climate change. 

• During the last glacial period, turbidite beds were much thicker and probably 

had larger volumes than those emplaced during interglacial periods (MIS 1 and 5). The 

average turbidite flux to the BAP during MIS 2 was about two to three times higher 

than during MIS 5, which suggests that sediment supply to the basin was also at least 

two to three times higher during that time. This increase in sediment supply was most 

likely due to increased riverine sediment fluxes as a result of the colder and drier 

environmental conditions and possibly to lower sea-level. 
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• The high number of turbidites deposited during MIS 1 may be explained by 

deforestation and subsequent increased continental erosion. The average turbidite flux 

during MIS 1 was, however, similar to that documented for MIS 5. 

8 Basin-wide filling of the BAP by turbidites was especially rapid during the last 

deglaciation and the Last Glacial Maximum. Sediment accumulation was however also 

increased during MIS 4, 78/80 ka and 105-115 ka. 

• These results do not support the hypothesis that the advective sediment flux to 

the basin is only high during glacials. 
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CHAPTER 7 - SUMMARY, CONCLUSIONS AND FUTURE WORK 

7.1 SUMMARY AND CONCLUSIONS 

In this study the sedimentary sequences recovered in four giant piston cores, which 

make up the upper 30-35 metre of basin plain sediments f rom the Balearic Abyssal Plain, 

were described using textural and sedimentological criteria. T h e upper 12-15 metres of the 

four studied giant piston cores may haven been stretched by coring by a factor of 1.5 to 2. 

To reduce this effect, the length of the involved intervals was divided by a maximum 

estimated stretch factor of 2. The Balearic Abyssal Plain cored sequence is dominated by 

turbidite deposits (90% of the sediment recovered), whereas hemipelagic intervals only 

make up 10% of the sediments. The average thickness of turbidite beds decreases from the 

north of the basin plain (LCOl, LC02) to the south (LC04, LC06) , which suggests that the 

northern cores are closer to a source area with abundant sediment supply. Core LC02 

received the most turbidites with basal sands during the last 55 ka, which provides further 

evidence that core LC02 is proximal to a major turbidite source area. 

The hemipelagic intervals were used to form a tight chrono-stratigraphic 

framework in Chapter 5, which was initially based on biostratigraphy, AMS radiocarbon 

dates, oxygen isotope stratigraphy and calcium carbonate content. The hemipelagic 

carbonate records show distinct 'Atlantic' type cycles, where glacial periods show on 

average 20% lower calcium carbonate contents due to increased dilution by terrigenous 

material. The recognition of several possible cold events in the four cores, which have 

been correlated to Heinrich events, Dansgaard-Oeschger stadials and cold events within 

MIS 5, allowed the initial time-strati graphic framework to be fine-tuned to GISP2. These 

cold events are characterised by enhanced magnetic susceptibility values and low calcium 

carbonate contents and are interpreted to reflect periods of increased aridity in the western 

Mediterranean environment. The results further indicate that although 90% of the 

sedimentary sequence of Balearic Abyssal Plain consists of turbidites, these events did not 

cause significant erosion of the sedimentary substrate. 

Preceding construction of the time-strati graphic f rameworks for the Balearic 

Abyssal Plain piston cores, a reference core was analysed f rom a location (north of the 
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Skerki Channel) where disturbance related to downslope transport is unlikely (Chapter 3). 

This core, LC07, mainly consists of hemipelagic sediments. The oxygen isotope record of 

LC07 revealed fourteen alternating glacial and interglacial stages that correlate well with 

the SPECMAP curve. Moreover, the developed stable carbon isotope records show two 

conspicuous long-term fluctuations between 1.00-0.50 and 0.50-0.10 Ma. Both fluctuations 

are observed in stable carbon isotope (8^^C) records from both surface and deep waters in 

all major ocean basins. In Chapter 3, evidence and existing hypotheses for these global 

Pleistocene 5^^C fluctuations are evaluated and it is suggested that the fluctuations resulted 

from concomitant changes in the burial fluxes of organic and inorganic carbon due to 

changes in bottom water ventilation. It was found that periods of decreasing 6^^C values 

are characterised by low preservation of organic matter and increased calcium carbonate 

dissolution. The simple box model, presented in Chapter 3, that was developed to assess 

the impact of global 5'^C changes in the global carbon cycle over Pleistocene time-scales, 

indicated that to satisfy the long-term 'stability' of the Pleistocene lysocline, the ratio 

between the amounts of change in the organic and inorganic carbon burial fluxes must 

have been tightly constrained to a 1:1 ratio. It is further suggested that the mid-Pleistocene 

climate transition, whose timing is similar to the first fluctuation (Mid-Pleistocene 

Carbon isotope Fluctuation, or MPCF), was not associated with a fundamental change in 

p C 0 2 . 

The GISP2 fine-tuned time-strati graphic framework developed in Chapter 5 

provided important constraints on individual emplacement times of almost all turbidite 

beds recovered in the studied cores (Chapter 6). Turbidite emplacement to the Balearic 

Abyssal Plain occurred regularly (on average one turbidite every one to two thousand 

years), without major temporal gaps. Highest turbidite frequencies occurred during periods 

of maximum sea level/climate change. Turbidite beds from the last glacial period (Marine 

Isotope Stages 2-4) were much thicker than turbidite beds from interglacial periods 

(Marine Isotope Stages 1 and 5), which suggests that the glacial advective sediment flux to 

the Balearic Abyssal Plain was significantly enhanced (Chapter 6). Sediment supply to the 

continental margins and to the Balearic Abyssal Plain is estimated to have been at least 

doubled during the Last Glacial Maximum, due to increased riverine sediment fluxes as a 

result of colder and drier environmental conditions and possibly lower sea level. Turbidite 
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frequencies were also enhanced during Marine Isotope Stage 1, which is explained b y 

deforestation and subsequent increase in erosion during this period. Several periods were 

identified during which hemipelagic sedimentation dominated. Almost all of these periods 

coincided with times of minor sea level/climate fluctuations, whereas intervals with 

frequent turbidite deposition generally occur during periods of more dynamic sea 

level/climate change. 

It is shown that turbidite deposition on the Balearic Abyssal Plain, during the last 

130.000 years, was not confined to certain time intervals. The temporally well-constrained 

data, developed during this study, do not support the hypothesis that the advective 

sediment flux to the basin is only high during glacials - this view is too simple and does 

not stand up to detailed testing. Basin-wide filling of the BAP by turbidites was especially 

rapid during the last deglaciation and the Last Glacial Maximum. However, sediment 

accumulation was also increased during MIS 4, 78/80 ka and 105-115 ka. 

7.2 SUGGESTED FUTURE WORK 

7.2.1 Turbidite sedimentation 

It would be interesting to compare the temporal pattern of turbidite emplacement 

on the Balearic Abyssal Plain with other abyssal plains over the last 130,000 years, and see 

whether there are any variations in this pattern. Perhaps there are latitudinal variations that 

might be related to climatic variations or it might be possible that abyssal plains from open 

oceanic conditions show different patterns compared with a semi-enclosed basin like the 

Mediterranean. At the present time, however, most other turbidite-stratigraphic studies are 

mainly based on seismic data analyses that lack high-resolution dating. As a consequence, 

a comparison between results of the present study and other studies is limited. It is 

therefore suggested to develop similar temporally well-constrained data sets for other 

regions, where core material is already available, for example like the Madeira Abyssal 

Plain. 
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The results of this study span the last glacial/interglacial cycle. In order to find out 

about the pattern of turbidite deposition in older sequences, additional cores would b e 

needed that go further back in time. 

If more information were available on turbidite provenance, it would be possible to 

create a more detailed reconstruction of filling of the Balearic Abyssal Plain. To achieve 

this, it may be useful to compare clay mineralogy between the various source areas. 

Additionally it would be useful to have more information on turbidite mud chemistry. 

Elemental analyses could be performed by simultaneous inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) and by XRF analysis. 

7.2.2 Hemipelagic sedimentation 

In order to find out more about hemipelagic mud elemental chemistry, and possible 

changes with depth/time it would be of interest to run XRF analysis. XRF analysis could 

give information on the relative amount of iron present in samples, which could reflect 

dust input. Si/Al and Ti/Al ratios might provide important constraints on the provenance of 

the lithological components of this terrestrial input. 

Glacial (MIS 2) values at the site of core LCOl are on average 0.5%c higher 

than at the site of LC04, suggesting that the Last Glacial Maximum temperatures at the site 

of LCOl were up to 2°C lower than at the site of LC04 (Figure 5.5). The Holocene 

values at both sites, on the other hand, are similar (Figure 5.5). Hence, the glacial 

temperature contrast between the sites of LCOl and LC04 may have been some 2°C 

stronger than today. Oxygen isotope measurements should also be performed for the other 

two cores, LC02 and LC06, in order to establish this effect for the whole basin. These 

results might provide important clues on past ocean and atmospheric circulation in the 

western Mediterranean Sea. 

7.2.3 Pleistocene long-term carbon isotope fluctuations 

Changes in bottom water ventilation have been proposed to drive the long-term 

global carbon isotope fluctuations. What are however the mechanisms that drive global 
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bottom water ventilation? In order to answer that question more information is needed 

concerning the speed, direction and intensity of ocean circulation on a global scale. 

Although scientist have a fairly good idea what is going on the present day, past ocean 

circulation reconstructions are not as well understood. Both carbon isotope fluctuations 

occur during periods of eccentricity and insolation minima. How, and in what manner, do 

the ocean and atmosphere function and interact during these times? Temperature estimates 

of the surface oceans (bases on relative abundances of planktonic foraminifera species and 

alkenones) for several key cores might give important clues on the climatic conditions 

during these times. The carbon isotope records that were used in this study were from both 

planktonic and benthic foraminifera. In order to study the possibility of changes in 

productivity it is vital to have carbon isotope records f rom both planktonic and benthic 

foraminifera from the same cores from the same depth intervals. 

The box-model used in the present study lacks a mechanistic basis. In a follow-up 

study it would be useful to add carbonate chemistry to the model , to allow feedback among 

fluxes. 
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