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Abstract 

 
The Mediterranean region is located on a climatic boundary between arid North Africa and 
temperate Europe and lies proximal to the North Atlantic. As such, the region is thought to have 
been highly sensitive to past climate changes, and is predicted to be acutely sensitive to future 
changes. The impact of both glacial/interglacial and stadial/interstadial climate shifts have been 
identified within long pollen records of the eastern Mediterranean and western Mediterranean 
marine sequences. However, our understanding of the impact of these changes within terrestrial 
settings is relatively poor with little understanding of either the scale or rapidity of response.  

This thesis presents sedimentological, geochemical, micromorphological and isotopic data from 
three previously unidentified loess-palaeosol sequences within southern Spain; covering MIS 5, 
MIS 2 and MIS 1. Bulk sedimentological data from each site is presented within a chronological 
framework provided by OSL dating. Additionally, results from micromorphological analysis of 
sediments and oxygen and carbon isotopic composition of secondary carbonates are presented 
for each site. 

The thesis provides discussion of: 

1. The description and recognition of loess within southern Spain, using bulk 
sedimentological properties, mineralogy (XRD) and isotopic composition (Sr/Nd).  

2. Geomorphic response of the landscape to both Milankovitch and sub-Milankovitch 
timescales. 

3. The use of oxygen and carbon isotopic composition of secondary carbonates to identify 
shifting temperatures and/or aridity through loess deposition and alteration. 

Shifts in depositional environments and geomorphic processes recorded at each site identifies 
that the landsystem of southern Spain is highly responsive and capable of large scale changes on 
Milankovitch and sub-Milankovitch timescales. Contrary to current understanding loess in 
southern Spain is not exclusively a glacial phenomenon, nor is its provenance as straightforward 
as previously suggested. As such, existing literature regarding atmospheric processes and loess 
transport in the region during the last glacial appear over simplified. 

 

  

1



 

Acknowledgements 
First and foremost, I wish to thank my supervisors Dr I. Candy and Dr S. Armitage for their 
endless encouragement, support and patience over the last four years.  Thank you to all of the 
staff of the CQR for their discussions and useful insights, and for making the department such a 
great place to be.  

I would like to thank Dr C. Manning and Prof M. Thirlwall (RHUL) for their assistance with sample 
preparation and analysis of strontium and neodymium isotopes and am particularly grateful to Dr 
C. Manning for guidance in data analysis. Thanks also to Dr D. Alderton (RHUL) for providing 
XRD analysis data and guidance of data analysis. A huge thanks is due to the RHUL geography 
laboratory and support staff Dr Adrian Palmer, Iñaki Valcarcel, Robyn Christie, Jenny Kynaston 
and Elaine Turton for all of their assistance over the last four years. In particular I’d like to thank 
Adrian for his assistance with all things sedimentological and micromorphological and Iñaki for all 
of his help during sample preparation. 

Thanks to all of the CQR PhD students for making my time at RHUL so enjoyable; and a special 
thanks to Gareth Tye, Jenni Sherriff, Mark Hardiman, Chris Satow, Ruth Sowa and Caroline Juby 
for all of their support and making the past four years so enjoyable! I’d also like to thank Clare 
Daly and Mark Hardiman for being the best field assistants I could ever have hoped for, and for 
never moaning (even when I was being a slave driver!). This thesis is dedicated to my family and 
to Gareth Tye for their endless support and for always believing in me. Thank you.   

 

 

2



Contents 

List of contents 
Abstract                  1 
Acknowledgements                 2 
List of contents                  3 
List of figures                10 
List of tables                16 
Appendix 368                
 
Chapter 1 Introduction  
1.1 Rationale 18 
1.2 Scientific context 18 

1.2.1 Mediterranean Quaternary climates 18 
1.2.2 Loess-palaeosol sequences as records of Quaternary climate 23 

1.3 Aims and objectives 25 
1.3.1 Aims 25 
1.3.2 Objectives 25 

1.4 Introduction to study sites 28 
1.4.1 Local climate 30 
1.4.2 Vegetation 32 
1.4.3 Modern climatic controls 32 

1.5 Thesis structure 33 
  
Chapter 2 Late Quaternary Mediterranean climate 34 
2.1 Quaternary climate characteristics 35 
2.2 Stage 5 38 

2.2.1 Greenland 38 
2.2.2 North Atlantic 40 
2.2.3 Mediterranean Sea 43 
2.2.4 Mediterranean vegetational response 44 

2.2.5 Summary 46 
2.3 Last glacial 48 

2.3.1 Greenland and North Atlantic 48 
2.3.2 Mid-latitudes – terrestrial evidence 50 
2.3.3 Mediterranean Sea 53 
2.3.4 Mediterranean Vegetation response 57 
2.3.5 Summary 61 

2.4 Mediterranean geomorphic response during the last climate cycle (MIS 5-2) 63 
2.4.1 Background 63 
2.4.2 Stage 5 64 
2.4.3 Last glacial 66 
2.4.4 Summary 70 

2.5 Holocene: 71 
2.5.1 High latitude records of Holocene climate 71 
2.5.2 Mediterranean records of Holocene 74 

2.5.2.1 Mediterranean Sea 74 
2.5.2.2 Mediterranean terrestrial climate records 75 

2.5.3 Mediterranean geomorphic response through the Holocene 77 
2.5.4 Summary 78 

  
  

3



Contents 

Chapter 3 Loess as a palaeoenvironmental archive 
3.1 Defining loess 80 
3.2 The origin of loess 81 
3.3 Distribution 83 

3.3.1 The Mediterranean 84 
3.4 Analysis of loess 90 

3.4.1 Chronology 90 
3.4.2 Sedimentary characteristics  92 
3.4.3 Biological proxies 94 

3.5 Palaeosol evidence  95 
3.5.1 Magnetic susceptibility 95 
3.5.2 Carbonate content 96 
3.5.3 Micromorphology 97 

3.6 Isotopic composition of soil carbonates 98 
3.7 Interpreting loess palaeosols in the Mediterranean 99 
  

Chapter 4 Composition of secondary carbonates  
4.1 Formation of carbonates within loess-palaeosol sequences 100 

4.1.1 Basic chemistry  100 
4.1.2 Formation 101 
4.1.3 Morphology 102 

4.1.3.1 Earthworm granules  102 
4.1.3.2 Root pseudomorphs 103 
4.1.3.3 Needle fibre calcite 103 
4.1.3.4 Hypocoatings 103 
4.1.3.5 Nodules  105 

4.1.4 Vertical distribution 105 
4.2 Carbon isotopes 107 
4.3 Oxygen isotopes 109 

4.3.1. Oxygen isotopic composition of precipitation 109 
4.3.1.1 Temperature and latitude 109 
4.3.1.2 Rain out/continental effect 110 
4.3.1.3 Altitudinal effect 111 
4.3.1.4 Amount effect and seasonality 112 

4.3.2 Composition of soil carbonates 113 
4.3.2.1 Fractionation during precipitation of calcite 114 
4.3.2.2 Evaporation 114 

4.4 Applications in loess research 115 
4.4.1 Carbon Isotopes 115 
4.4.2 Oxygen Isotopes 115 

  
Chapter 5 Methodology  
5.1 Site selection 117 
5.2 Field techniques 119 

5.2.1 Logging 119 
5.2.2 Bulk sampling 119 
5.2.3 Thin section sampling 119 
5.2.4 OSL sampling 119 

5.3 Technique rationale – reconstructing depositional environment  119 
5.3.1 Particle size 120 
5.3.2 Calcium carbonate 120 

4



Contents 

5.3.3 Magnetic susceptibility 120 
5.3.4 Organic carbon 120 
5.3.5 Micromorphology 121 
5.3.6 Isotopic composition of pedogenic carbonates 121 

5.4 Technique rationale – Identifying loess  121 
5.4.1 Particle size  123 
5.4.2 Calcium carbonate 123 
5.4.3 Mineralogy (XRD) 124 
5.4.4 SEM grain surface textures  124 
5.4.5. Sr-Nd isotopic composition 124 

5.4.5.1 Rationale 124 
5.4.5.2 Controls on isotopic composition 125 

5.4 Methods of analysis 126 
5.4.1 Particle size, calcium carbonate content, magnetic susceptibility and organic 
carbon 

127 

5.4.2 Micromorphology 127 
5.4.3 Isotopic composition of pedogenic carbonates 127 
5.4.4 Mineralogy, SEM and strontium-neodymium isotope ratios 129 

5.5 Chronology 130 
5.5.1 U-series 130 

5.6 OSL sample preparation 131 
5.6.1 Sample preparation and pre-treatment 131 
5.6.2 Water content 131 

5.6.2.1 Estimating past water content  131 
5.6.3 Grain size 133 
5.6.4 Dosimetry 133 

5.6.4.1 Cosmic ray radiation 134 
5.6.4.2 Surrounding sediment dosimetry 134 
5.6.4.3 Total dose rate 134 

5.7 OSL - measurement  134 
5.7.1 Reader specification 134 
5.7.2 SAR protocol 135 

5.7.2.1 Recycling ratio (RR1) 135 
5.7.2.2 IR depletion ratio (RR2) 135 
7.2.2.3 Recuperation 136 

5.7.3 SAR test behaviour 136 
5.7.3.1 Pre-treatment test 136 
5.7.3.2 Pre-heat and dose recovery test 137 
5.7.3.3 Malaha SAR procedure 138 
5.7.3.5 Chimeneas SAR procedure 138 
5.7.3.6 Maro SAR procedure 141 

  
Chapter 6 Defining loess in Southern Spain  
6.1 Introduction 143 
6.2 Sampling strategy 143 
6.3 Sedimentological characteristics 146 

6.3.1 La Malaha 147 
6.3.2 Chimeneas 147 
6.3.3 Maro 147 
6.3.4 Summary 147 

6.4 Mineralogy 151 
6.4.1 La Malaha 151 

5



Contents 

6.4.2 Chimeneas 151 
6.4.3 Maro 151 
6.4.4 Summary 151 

6.5 Grain textures 154 
6.5.1 La Malaha  154 
6.5.2 Chimeneas 154 
6.5.3 Maro 157 
6.5.4 Summary 157 

6.6 Sr-Nd isotopic composition 157 
6.6.1 La Malaha  158 
6.6.2 Chimeneas 158 
6.6.3 Maro 159 
6.6.4 Summary 161 

6.7 The identification and nature of loess in southern Spain 163 
  
Chapter 7 La Malaha  
7.1 Site introduction 164 
7.2. Field descriptions and sampling 167 
7.3 Results 170 

7.3.1 Particle size analysis 170 
7.3.2 Calcium carbonate content 172 
7.3.3 Magnetic susceptibility measurements 174 
7.3.4 Organic carbon content 175 

7.4 Micromorphology 175 
7.4.1 Groundmass and Skeleton grains 175 
7.4.2 Concentration/depletion features 177 
7.4.3 Vertical distribution 184 

7.4.3.1 Unit 1 184 
7.4.3.2 Unit 2 184 

7.5 Isotopic geochemistry of pedogenic carbonates 187 
7.6 Site chronology 187 
7.7 Sedimentological Interpretation 188 

7.7.1 Unit 1 sedimentology 188 
7.7.2 Unit 1 micromorphology 191 
7.7.3 Unit 2 sedimentology 194 
7.7.4 Unit 2 micromorphology 196 

7.8 Palaeoenvironmental interpretation 197 
7.8.1 Pedo-sedimentary reconstruction 197 
7.8.2 Palaeoenvironmental significance 200 

  
Chapter 8 Chimeneas  
8.1 Site introduction  202 
8.2 Field observations 206 

8.2.1 Eastern valley sediments: Field descriptions 206 
8.2.2 Western valley sediments: Field descriptions 206 

8.3 Composite log 210 
8.3.1 Detailed sedimentology 210 
8.3.2 Constructing the composite log 212 

8.3 Sampling 213 
8.4 Sedimentology 213 

8.4.1 Particle size analysis 213 

6



Contents 

8.4.2 Calcium carbonate content 216 
8.4.3 Magnetic susceptibility 217 
8.4.4 Organic carbon content 218 
8.4.5 Sedimentological interpretation 218 

8.5 Micromorphology 219 
8.5.1 Groundmass and Skeleton grains 219 
8.5.2 Concentration/depletion features 219 
8.5.3 Distribution of micromorphological features 221 

8.6 δ18O and δ13C composition of carbonates 226 
8.6.1 Results 226 
8.6.2 Covariance 226 
8.6.3 Interpretation of isotopic composition of pedogenic carbonates 226 

8.7 OSL site chronology 231 
8.8 Pedo-sedimentary depositional models 235 
8.9 Palaeoenvironmental significance 238 
  
Chapter 9 – Maro  
9.1 Site introduction 242 

9.1.1 Location 242 
9.1.2 Geological setting 242 

9.2 Section 3 results 245 
9.2.1 Section 3 Field logging 246 
9.2.2 Section 3 sampling  247 
9.2.3 Section 3 interpretation  249 

9.3 Section 1 249 
9.3.1 Section 1 Field descriptions  250 
9.3.2 Interpretation of field observations – section 1 252 
9.3.3 Section 1 sampling 254 

9.3.3.1 Bulk sampling 256 
9.3.3.2. Micromorphology sampling 256 
9.3.3.3 OSL sampling 256 
9.3.3.4 U-series sampling 256 

9.3.4 Particle size analysis 256 
9.3.5 Calcium carbonate content 259 
9.3.6 Magnetic Susceptibility 259 
9.3.7 Organic carbon 260 

9.4 Section 2 260 
9.4.1 Section 2 Field descriptions  261 
9.4.2 Interpretation of field observations – section 2 261 
9.4.3 Section 2 sampling 264 

9.4.3.1 Bulk sampling 264 
9.4.3.2. Micromorphology sampling 264 
9.4.3.3 OSL sampling 265 

9.4.4 Particle size analysis 265 
9.4.5 Calcium carbonate content 268 
9.4.6 Magnetic Susceptibility 268 
9.4.7 Organic carbon 268 

9.5 Sedimentological interpretation of sections 1 and 2 269 
9.5.1 Section 1 Unit 1 269 
9.5.2 Section 1 Unit 2 269 
9.5.3 Section 1 Unit 3, Section 2, Unit 1  269 
9.5.4 Section 1 Unit 4, Section 2 Unit 2 270 

7



Contents 

9.6 Micromorphology of sections 1 and 2 271 
9.6.1 Groundmass and Skeleton grains 271 
9.6.2 Concentration/depletion features 272 
9.6.3 Distribution of micromorphological features – Section 1 274 
9.6.4 Distribution of micromorphological features – Section 2 276 

9.7 δ18O and δ13C composition of carbonates 278 
9.7.1 Results 278 
9.7.2 Co-variance 278 
9.7.3 Tufa values 279 
9.7.4 Section 1 – pedogenic carbonates 280 
9.7.5 Section 2 – pedogenic carbonates 283 

9.8 Chronology 285 
9.8.1 OSL dating of sections 1-3 285 
9.8.2 U-series dating of section 1 289 

9.9 Pedo-sedimentary depositional models 290 
9.9.1 Section 1 290 
9.9.2 Section 2 290 

9.10 Palaeoenvironmental significance 293 
  
Chapter 10 Discussion: Isotopic composition of Mediterranean 
meteoric carbonates 

 

10.1 Introduction 298 
10.2 Controls on isotopic composition of soil carbonates 299 

10.2.1 Carbon isotopes 299 
10.2.2 Oxygen isotopes 299 
10.2.3 Mediterranean soil carbonates 300 

10.3 Maro 301 
10.4 Chimeneas  302 

10.4.1 δ13C composition of soil carbonates 303 
10.4.2 δ18O composition of soil carbonates 303 

10.5 Composition of precipitation 304 
10.6 Site specific conditions 306 

10.6.1 Precipitation amount and regime 306 
10.6.2 Temperature and Altitude 307 
10.6.3 Control on the δ18O signal at Chimeneas 308 

10.7 Significance 309 
  
Chapter 11- Geomorphic response of landscapes in southern 
Spain to rapid climate events 

 

11.1 Introduction 311 
11.2 Western Mediterranean geomorphic response 312 
11.3 Stage 5 – Evidence from Maro 313 
11.4 The last glacial – Evidence from Chimeneas 318 
11.5 The Holocene – Evidence from La Malaha 319 
11.6 Mediterranean loess as a geomorphic indicator 321 
  
Chapter 12 – Loess deposition in southern Spain: Implications 
for understanding palaeoenvironments 

 

12.1 Summary of palaeoclimatic interpretations 326 
12.1.1 Chimeneas 326 

8



Contents 

12.1.2 Maro  327 
12.1.3 La Malaha 328 
12.1.4 Summary 328 

12.2 Dust flux in the Mediterranean 329 
12.2.2 Late Quaternary dust flux 330 
12.2.3 Significance of the timing of loess accumulation in southern Spain 334 

12.3 Unresolved issues 335 
  
Chapter 13 - Conclusions 337 

  

  
 

  

9



Contents 

List of Figures 

Chapter 1: Introduction  
1.1. Compilation of global records of late Quaternary climate change   20 
1.2. The relationship between vegetation, precipitation and sediment availability in 

the western Mediterranean 22 
1.3. Comparison of: a) proposed atmospheric conditions resulting in enhanced 

aeolian transport of clays and silt from North Africa during stadial events and b) 
atmospheric conditions during the positive phase of the NAO cycle  22 

1.4. Milankovitch and sub-Milankovitch climate changes recorded in loess-palaeosol 
sequences 24 

1.5. Map showing the location of the study sections 27 
1.6. Climatic map of Spain 29 
1.7. Controls on Mediterranean vegetation types 31 
1.8. Location of the Mediterranean region in relation to large-scale atmospheric 

circulation (A) and positive and negative phases of the North Atlantic oscillation 
(B)  32 

   
Chapter 2: Late Quaternary Mediterranean climate  
2.1. Map showing location of key sequences discussed in chapter 34 
2.2. Compilation of Milankovitch forcing cycles, LR04 marine benthic stack and 

EPICA deuterium record over the last 800ky 36 
2.3. Compilation of climate records for MIS 5-1 from MD95-2043, EPICA, MD95-

2042 and the LR04 stack 37 
2.4. Comparison of insolation curves for 21st June at 65°N for MIS 11, 5 and 1, with 

A) insolation peaks aligned, B) preceding minima aligned, C) first insolation peak 
aligned. Showing that MIS 5 is not a strong analogue for the Holocene 39 

2.5. Location of marine cores discussed by McManus et al. (1994, 2002), Oppo and 
Lehman (1995) and Oppo et al. (2006) and including the location of some key 
Mediterranean sequences 41 

2.6. Map showing location of key sites within the Mediterranean 43 
2.7. Compilation of Mediterranean climate records, plotted according to age model 

for each record 45 
2.8. Mediterranean records of vegetation and climate response during the evolution 

of MIS 5 47 
2.9. Schematic showing the general structure of a Bond cycle. Adapted from Alley et 

al. 1999 50 
2.10. Map showing locations of key Mediterranean sites 51 
2.11. Comparison of Greenland, North Atlantic and Mediterranean sea records 

through the last glacial cycle 55 
2.12. Showing the different processes affecting the Mediterranean region during the 

different phases associated with the last glacial period 57 
2.13. Map showing location of key Mediterranean sites 57 
2.14. Comparison of NGRIP, Atlantic and Alborean sea proxies and Mediterranean 

pollen records. 59 
2.15. The Quaternary sequence from the Louros valley, Greece, demonstrating a 

typical older to younger fill succession sequence  64 
2.16. Composite of Mediterranean fluvial changes during the last 130ka. 68 
2.17. GRIP chronology with European stage correlation compared with the loess 

stratigraphy of the Granada Basin 69 
2.18. Compilation of key records of Holocene climate changes, plotted against 

insolation 73 

10



Contents 

2.19. Map of key Mediterranean Holocene records 74 
2.20. Compilation of North Atlantic records of Holocene climate, compared to Iberian 

records of terrestrial response 78 
   
Chapter 3: Loess as a palaeoenvironmental archive  
3.1. The production mechanisms of silt sized particles 81 
3.2. World loess and loess-like sediment distribution map 83 
3.3. Map showing distribution of loess in Europe 84 
3.4. Map showing distribution of loess around the Mediterranean 85 
3.5. Upper: Proxy data from MD95-2043. Lower: Suggested atmospheric conditions 

during glacial stadial/interstadial events 89 
3.6. Sr vs. Nd plot used to demonstrate Asian origin of dust in Greenland ice cores 93 
3.7. Schematic model showing the development of a loess-palaeosol sequence in 

response to changing dominance of sediment input and pedogenic processes  98 
   
Chapter 4: Stable isotopic composition of soil carbonates  
4.1. Pedogenic carbonate morphology examples from micro and macro scale 

photographs 104 
4.2. Distribution of carbonate pedo-features through loess-palaeosol sequence from 

Kärlich 106 
4.3. Fractionation of stable carbon isotopes by C3 and C4 photosynthetic pathways 108 
4.4. Relationship between mean annual temperature and 18O of precipitation 

(SMOW) 110 
4.5. Schematic demonstrating the effects of rain out and increasing contintentality on 

the δ18O of precipitation 111 
4.6. Relationship between δ18O and altitude 111 
4.7. The amount effect as the dominant control on δ18O of precipitation 112 
4.8. Relationship between seasonality and δ18O of precipitation 113 
4.9. Relationship between δ18O of modern soil carbonates and δ18O of precipitation 114 
   
Chapter 5: Methodology  
5.1. Location of sites listed in Günster et al. (2001) and those included within this 

study 118 
5.2. Relationship between 87Sr86/Sr and 143Nd/1444Nd in Mid Oceanic Ridge 

Basalts, Oceanic Island Basalt and Continental crust 125 
5.3 Effect on Sr composition of acid leaching 126 
5.4 Procedure followed for PSA and Walkley-Black, magnetic susceptibility and 

calcium carbonate subsampling 128 
5.5 OSL sample preparation 132 
5.6 SAR protocol 137 
5.7 Dose recovery and preheat behaviour for MAL 1 139 
5.8 Dose recovery and preheat plateau test results for Chimeneas  140 
5.9 OSL behaviour for Maro samples 142 
   
Chapter 6: Defining loess in southern Spain  
6.1. Site logs and photographs showing sampling locations for sedimentological, 

mineralogical and geochemical data presented throughout chapter   145 
6.2.  Examples of sampling of modern analogue sediments.  146 
6.3. Particle size composition data for each location showing modern river and slope 

sediments, palaeofluvial (overbank) sediments and loess(ic) sediments. 149 
6.4. Plots showing median grain size (μm), Calcium carbonate and total magnetic 

susceptibility (low frequency – lf) 150 

11



Contents 

6.5. Summary plots showing composition of sediments. A) Semi-quantitative 
composition based upon XRD analysis, B) Semi-quantitative estimate of clay 
composition 153 

6.6. SEM images of typical grains from loess-like sediments and modern river 
sediments from each site. Left: chemically separated quartz (<30μm) from all 
sites. Right: bulk, un-pretreated sediments (<2mm). 155 

6.7.  SEM images of individual grains, representative of typical grains found in each 
deposit. Grains from both modern river and loess type sediment bodies. 
Chemically treated (<30μm) and bulk sediments (<2mm). 156 

6.8. Sr Nd isotope composition of sediments (<30μm) from each site location. A) all 
sites, B) Malaha, C) Chimeneas, D) Maro. N.B. Nd errors large due to system 
error 160 

6.9. Comparison of Sr and Nd composition of sediments from Maro, Malaha and 
Chimeneas with potential regional sources 162 

   
Chapter 7: La Malaha  
7.1. Map showing the location of the La Malaha exposure, with key towns and loess 

sites for reference.  165 
7.2. Geological map of the region around La Malaha 166 
7.3. Photograph showing the exposure at La Malaha. Showing the situation of the 

studied section and the underlying and overlying sediments 167 
7.4. Field log of La Malaha with descriptions of noted sedimentological changes.  168 
7.5. Carbonate within a gravel bed of unit 1 and less common carbonates within a 

fine-grained bed of unit 1 at La Malaha. 168 
7.6. La Malaha sampling locations  169 
7.7. Bulk sedimentological analysis data from La Malaha against stratigraphy 171 
7.8. Average % weigh of each size fraction from PSA, for all bulk samples belonging 

to the three sediment types present at La Malaha 172 
7.9. Calcium carbonate content plotted against various grain size parameters 173 
7.10. Images of typical groundmass of each thin section 176 
7.11. Photomicrographs of key features within MAL 6 178 
7.12. Photomicrographs of features within MAL 5 179 
7.13. Photomicrographs of features within MAL 4  180 
7.14. Photomicrographs of features within MAL 3 181 
7.15. Photomicrographs of features within MAL 2 182 
7.16. Photomicrographs of features within MAL 1 183 
7.17. Compilation of visual estimates of micromorphological features from thin 

sections taken at La Malaha 186 
7.18. The sensitivity corrected dose response curves for a single aliquot of Mal 1 and 

Mal 2 188 
7.19. De distributions shown as probability density functions and with individual De 

values shown with error bars in order of increasing value 188 
7.20. Compilation of sedimentological data for La Malaha with OSL age estimates 189 
7.21. Vertical distribution of micromorphological features and OSL age estimates 192 
7.22. Photomicrographs from surface crust and braided river ponding environment 

analogues and examples from La Malaha thin sections 193 
7.23. Comparison of magnetic susceptibility values from La Malaha with those 

compiled by Dearing (1999) 196 
7.24. Pedo-sedimentary model of formation for sediment sequence recorded at La 

Malaha 199 
7.25. Compilation of regional aridity signals through the Holocene 201 
   

12



Contents 

Chapter 8: Chimeneas  
8.1. Map showing the location of the Chimeneas sections 203 
8.2. Geological map of the region around Chimeneas  204 
8.3. Satellite image of Chimeneas, with sediment exposures labelled  205 
8.4. Schematic of eastern valley section compiled through sediment logs 207 
8.5. Western valley exposures, showing schematic of exposure, panoramic 

photograph and sediment logs 208 
8.6. Schematic of the road cutting on the western side of the valley at Chimeneas. 

Diagram shows correlation of the logs, log location and position on a series of 
photographs 209 

8.7. Schematic diagram showing how valley and road cutting sediments relate to 
each other 210 

8.8. Sediment descriptions from logs 5-9, western exposures 211 
8.9. Sediment logs 6-9, showing linking beds 212 
8.10. Bulk sedimentological data results from the analysis of sediments included 

within the composite log constructed for Chimeneas 214 
8.11. A. Etched groundmass from base of sequence, B. Authigenic micritic nodule, C. 

Dense micritic hypocoating disrupted by gypsum infill, D. Micritic hypocoating 
and microspar void lining preserved in void free of gypsum, E. Gypsum 
saturated groundmass, close to isle fabric distribution from base of sequence, F. 
Interlocking gypsum filling voids from upper sediments, G. Micritic nodule split 
by displacive gypsum growth, H. Preservation of cellular organic material, I. 
Disrupted surface crust, J. Textural concentrations of laminated clayey silts and 
sands produced by flow.  222 

8.12. Abundance of micomorphological features plotted by depth 224 
8.13. A. δ13C vs. δ18O for all samples. B. δ13C vs. δ18O plotted according to 

stratigraphic association 228 
8.14. Composition of pedogenic carbonates plotted against depth 230 
8.15. Typical growth curves produced from a single aliquot for each OSL sample 233 
8.16. De distributions shown as probability density functions, individual De values 

shown with error bars in order of increasing value  234 
8.17. Pedosedimentary model of formation of the sediment sequence at Chimeneas 236 
8.18. Comparison of Chimeneas sediment and isotope record with regional vegetation 

and sea surface temperature records (MD95-2043) and δ18Ovalues from 
Greenland 240 

   
Chapter 9: Maro  
9.1. Map showing the location of the site at Maro 243 
9.2. Geological map of the region around Maro 244 
9.3. Schematic showing height above sea level of sections 1-3, indicating 

approximate distance from 0m levelling point 245 
9.4. Photograph of active tufa formation from around springlines and contained 

drainage pipes. Photograph taken by author, geological hammer ~30 cm. 246 
9.5. Photograph (taken by author) of cemented outcrop. Log 2 is located on the 

south face pictured, Log 1 is located on the west face. 247 
9.6. Field logging of section 3 at Maro 248 
9.7.  Photograph (taken from Google street view) of section 1 within the valley. The 

section consists of the buff coloured sediments facing the camera, behind the 
post to the left of centre 249 

9.8. Photograph of section 1, with section schematic showing unit division, and 
sediment logs 250 

9.9. Unit descriptions for the sediments of section 1 251 

13



Contents 

9.10. Construction of the composite sediment log for section 1 253 
9.11. Photograph of oncoids removed from unit 3 254 
9.12. Schematic of section 1 indicating sampling locations for bulk samples, 

micromorphology samples (Kubiena tins) and OSL samples 255 
9.13.  Average  % weight composition of each unit from section 1 257 
9.14. Bulk sedimentology results against section 1 composite log 258 
9.15. Photograph of section 2 within the valley. The section consists of the buff 

coloured sediments in the centre of the photograph 260 
9.16. Photograph of section 2 with section schematic showing sediment logs and 

sampling locations 262 
9.17. Photograph of Maro section 2 labeled with unit numbers  263 
9.18 Proposed correlation of sediment from Maro sections 1 and 2 263 
9.19. Section 2 composite log and sample locations 264 
9.20. Average textural composition of each unit of section 2, Maro. Equivalent data for 

correlated units in section 1 are given (faded) for comparison 266 
9.21. Bulk sedimentological data for Maro section 2 267 
9.22. A. Picture of typical groundmass and void structures, B. Undifferentiated and 

crystallitic b-fabric, C. Organic staining of a void network, D. Calcitic 
preservation of organic structure, with associated hypocoating and microspar 
void lining, E. Densely cemented, small micritic hypocoating of vesicle void with 
microspar void lining, F. Complex of hypocoatings and void linings, G. Weakly to 
moderately cemented micritic nodule with diffuse boundary to groundmass, H. 
Incorporated tufa fragment showing layered calcite growth and distinct boundary 
with groundmass, I. Iron segregation, J. Iron segregation in groundmass 273 

9.23. Distribution of micromorphological characteristics through section 1, Maro 275 
9.24. Distribution of micromorphological features through section 2, Maro 277 
9.25. Isotopic composition of carbonates sampled from Maro 279 
9.26. Breakdown of covariance within isotopic compositions of carbonates from 

different sources 279 
9.27. Isotopic composition of carbonates from section 1 plotted against depth, bulk 

carbonate content and distribution of micromorphological calcitic pedofeatures 282 
9.28. Isotopic composition of carbonates from section 2 plotted against depth, bulk 

carbonate content and distribution of micromorphological calcitic pedofeatures 284 
9.29. Typical growth curves produced from a single aliquot for each OSL sample 287 
9.30. De distributions shown as probability density functions, individual De values 

shown with error bars in order of increasing value 288 
9.31. Age estimates plotted against stratigraphy for sections 1-3 289 
9.32. Pedo-sedimentary model of deposition and alteration of sediments within section 

1 291 
9.33. Pedo-sedimentary model of deposition and alteration of sediments within section 

2 292 
9.34. Comparison of Maro section chronologies against records of stage 5 insolation, 

Mediterranean Sea records and western Mediterranean vegetation composition 294 
9.35. Compilation of palaeoclimatic data derived from the sediment sequences at 

Maro 297 
   
Chapter 10: The palaeoclimatic potential of the stable isotopic composition of soil 
carbonates in loess-palaeosol sequences  
10.1. Comparison of typical Mediterranean (evaporation driven) and temperate 

(temperature driven) region δ18O and δ13C values with those from Maro and 
Chimeneas 300 

10.2. Oxygen and carbon isotope values from section 1, Maro 301 

14



Contents 

10.3. Isotopic composition of soil carbonates from Chimeneas 302 
10.4. Taken from Harding et al. (2009) a) mean annual rainfall (mm), b) rainfall 

seasonality 310 
   
Chapter 11: Geomorphic response of landscapes in southern Spain to rapid 
climate events  
11.1. Comparison of landscape processes from Maro, Chimeneas and Malaha with 

previous regional geomorphic records and Mediterranean vegetation records 314 
11.2. Maro stratigraphy and palaeoenvironmental interpretation   316 
11.3. Comparison of Sr and Nd composition of sediments from Maro, Malaha and 

Chimeneas with potential regional sources 317 
11.4. Comparison of Chimeneas sediment and isotope records with regional 

vegetation and sea surface temperature records (MD95-2043) and δ18O from 
Greenland 320 

11.5. Timing of loess accumulation at Malaha compared to North Atlantic and Iberian 
records of Holocene climate and environment 322 

11.6. Model of climatic optimum conditions for loess accumulation within southern 
Spain 324 

   
Chapter 12: Loess deposition in southern Spain: Implications for understanding 
palaeoenvironments  
12.1. Atmospheric scenarios associated with transport of North African dust to 

southern Spain 329 
12.2. Alboran Sea records of dust flux during the last glacial  332 
12.3. Atmospheric models for enhanced North African dust deposition to the Alboran 

Sea during the last Glacial 333 
 

 

  

15



Contents 

List of Tables 

Chapter 1: Introduction  
1.1. Study site coordinates and elevations (m.a.s.l) 25 
1.2. Local weather data from closest monitoring stations; Malaga data for Maro and 

Granada data for Chimeneas and La Malaha 27 
   
Chapter 2: Late Quaternary Mediterranean climate  
2.1. Compilation of evidence of climate induced shifts in sediment deposition 65 
   
Chapter 5: Methodology  
5.1. Sediment samples selected for defining characteristics of different depositional 

settings 122 
5.2. Sample present day moisture content and saturated water content 133 
5.3. La Malaha SAR protocol 138 
5.4. Chimeneas SAR protocol 138 
5.5. Maro SAR protocol 141 
   
Chapter 6: Defining loess in southern Spain  
6.1. Sample data for modern analogue and palaeo sediments  144 
6.2. PSA, CaCO3 and magnetic susceptibility data for Malaha, Chimeneas and Maro  148 
6.3. Mineralogical composition of sediments from all site based on Rietveld 

Quantitative Analysis of wavelength data 152 
6.4. Sr Nd isotope values for each site 159 
   
Chapter 7: La Malaha  
7.1. Summary statistics for sedimentological variations present at La Malaha 170 
7.2. Summary of magnetic susceptibility measurements from the sediments at La 

Malaha 174 
7.3. Summary statistics for organic carbon content through La Malaha sediments 175 
7.4. Summary table of Malaha dating runs 187 
7.5. Summary of dosimetry and dating results 187 
7.6. Dearing’s (1999) interpretation guide for magnetic susceptibility measurements  190 
   
Chapter 8: Chimeneas  
8.1. Summary statistics of particle size data for all units within composite log 215 
8.2. Bulk sedimentological properties of all units from composite log  216 
8.3. Isotopic composition of pedogenic carbonates samples from Chimeneas 227 
8.4. Summary of isotopic composition of pedogenic carbonates from each sub-unit 227 
8.5. Run conditions for OSL samples from Chimeneas 231 
8.6. Summary of dosimetry and dating results for Chimeneas 232 
   
Chapter 9: Maro  
9.1. Summary of PSA results for each unit of section 1 257 
9.2.. Summary of bulk carbonate content of sediments in section 1, Maro 259 
9.3. Summary of magnetic susceptibility measurements through section 1 at Maro 259 
9.4.  Summary of organic carbon content of the four sediment units within section1, 

Maro 260 
9.5.  Summary of PSA data, section 2 Maro. Gravel data through unit 1 includes 

oncoids 265 
9.6. Summary of calcium carbonate content through section 1, Maro 268 
9.7. Summary of magnetic susceptibility values through section 2, Maro 268 

16



Contents 

9.8. Summary of organic carbon values through section 2, Maro 269 
9.9. Run conditions for OSL samples from sections 1-3, Maro 286 
9.10. Summary of dosimetry and dating results for samples from Maro sections 1-3 286 
   
Chapter 10: The palaeoclimatic potential of the stable isotopic composition of soil 
carbonates in loess-palaeosol sequences  
10.1. Chimeneas data from Granada data, Sorbas/Carboneras data from Almeria, 

Maro data from Malaga 306 
 

17



Chapter 1 - Introduction 

Chapter 1 – Introduction 

This introduction chapter provides the rationale and scientific context of the research undertaken. 
Brief summaries of the current understanding of Mediterranean Quaternary climates and the use 
of loess-palaeosol sequences within Quaternary research are presented, with full reviews 
presented in chapters 2, 3 and 4. The rationale and academic context provides the basis for the 
aims and objectives stated. The chapter concludes with an introduction to the three study sites 
including an introduction to the modern climate of the region. 

1.1 Rationale 

The IPCC has highlighted the Mediterranean as a region especially vulnerable to future climate 
changes; with the region predicted to warm at a rate greater than the global mean (Harding et al. 
2009) and for summer droughts to increase (Giorgi et al. 2001 (IPCC report)). The climatic 
sensitivity of the region is due to its geographic position on a climatic boundary between arid 
North Africa and temperate Europe and additionally, due to the regions proximity to the North 
Atlantic (Giorgi and Lionello 2008). Positioned as it is at the transition between temperate and 
arid climates and close to the North Atlantic, considered to be a communicator of climate change, 
the region is thought to have been particularly sensitive to past climate changes. Understanding 
communication of climatic changes to the region, and within the region itself and the impact of 
such changes upon land-systems could help further understanding of how the region will respond 
to future climate shifts (Fletcher and Zielhofer 2011).  

At present, there is a lack of understanding of western Mediterranean terrestrial response to 
Quaternary climate changes. This is due to the paucity of long terrestrial sequences in the 
western Mediterranean. Currently, understanding of Mediterranean Quaternary climates is based 
upon the marine sequences in the western Mediterranean and the long terrestrial records of the 
central and eastern Mediterranean. This thesis seeks to examine the potential for using loess 
sequences in southern Spain as a record of western Mediterranean response to late Quaternary 
climate changes.  

1.2 Scientific context 

1.2.1 Mediterranean Quaternary climates 

Quaternary climates are characterised by orbitally driven (Milankovitch) variations between glacial 
and interglacial periods (Berger et al. 2007). The chronology of these variations is derived from 
isotopic shifts recorded within continuous marine sequences and ice core records (e.g. 
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Shackleton 1967, Imbrie et al. 1984, Jouzel et al. 2007 and Rasmussen et al., 2008) with the 
different climatic periods assigned a Marine Isotope Stage (MIS) or Oxygen Isotope Stage (OIS) 
number. Superimposed upon these large scale climate changes paced according to Milankovitch 
forcing (chapter 2) are rapid, quasi-periodic relatively low amplitude events; such as the 
Dansgaard-Oeschger cycles of the last glacial (Bond et al. 1997). This thesis focusses on the late 
Quaternary, a period covering the previous Interglacial (MIS 5e), the last Glacial (MIS 4-2) and 
the current Interglacial (MIS 1) (figure 1.1).  

Through correlation of Mediterranean marine sequences with those located within the North 
Atlantic it is suggested that the Mediterranean region shows a clear climatic response to both 
glacial/interglacial changes and rapid climate events recorded within the North Atlantic and 
Greenland (e.g. Shackleton et al. 2000, Martrat et al. 2004). Through the analysis of terrestrial 
pollen contained within western Mediterranean and North Atlantic Iberian peninsula marine cores 
it has been possible to assess the timing and style of vegetation response to the climatic and 
oceanographic changes recorded by the marine sequences (e.g.MD95-2042 Shackleton et al. 
2000, MD95-243 Sánchez Goñi et al. 2002). The pattern of response is also recorded within the 
long, terrestrial sequences from the central and eastern Mediterranean (e.g. Monticchio, Allen et 

al. 1999 and Ioannina and Tenaghi Phillipon, Tzedakis et al. 2001). These records indicate that in 
the Mediterranean Interglacial episodes are associated with forested conditions and glacial 
stages associated with large declines in forest cover and the dominance of steppic taxa (Tzedakis 
2009) (figure 1.1). From these records it is also evident that Mediterranean vegetation responded 
to sub-Milankovitch climate variations with steppic taxa associated with stadial (cold) conditions 
and increases in forest cover associated with interstadial (warm) conditions (for discussion see 
Allen et al. 1999 and Fletcher and Sánchez Goñi 2008). 

It is suggested that available moisture is the key control on Mediterranean vegetation (Tzedakis 
2003) and therefore the pattern of warm interglacial forests suggests humid conditions and cold, 
glacial steppe associated with aridity (Tzedakis 2009). Prentice et al. (1992) has suggested that 
glacial steppic conditions are related to a change in effective precipitation. Through construction 
of a water balance model Prentice et al. (1992) was able to reconstruct effective precipitation 
levels based upon the vegetation record at Tenaghi Phillipon, where effective precipitation 
describes the precipitation contribution to soil moisture i.e. precipitation not lost via 
evapotranspiration or as surface run-off. Prentice et al. (1992) suggest that steppic taxa indicative 
of arid conditions are reflecting increased seasonality of the rainfall season, with a shorter wet 
winter period and longer summer droughts. 
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Terrestrial evidence of western Mediterranean response to Quaternary climate change is based 
primarily on the interpretation of pollen from marine cores located off the Iberian coast. There 
have, however, been attempts to reconstruct geomorphic response from terrestrial sediment 
sequences. Through the analysis of western Mediterranean fluvial sequences Macklin et al. 
(2002) have suggested glacial and stadial events are associated with alluviation events 
suggesting increased sediment availability during these events. This view is supported by Rose et 

al. (1999) who highlight landscape instability during glacial and stadial events, countered by soil 
development associated with stable land systems during interglacial periods expressed in 
sediment sequences on Mallorca. As such, it is suggested that there is a geomorphic response 
associated with both Milankovitch and sub-Milankovitch climate changes within the western 
Mediterranean, in response to both changing precipitation regimes and vegetation dynamics 
(figure 1.2). However, the regional assessment of terrestrial response undertaken by Macklin et 

al. (2002) is based upon fragmentary fluvial sequences, where sub-stage and sub-Milankovitch 
correlations are based upon age estimates with large uncertainties, often larger than the duration 
of the correlated event. In addition to difficulties associated with constraining the timing of fluvial 
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change, Candy et al. (2004a) highlight the issues of identifying climate change as the primary 
driver of response within a tectonically active area such as southern Spain. 

As a semi-arid region southern Spain is particularly sensitive to climate changes as shifts in the 
precipitation regime can easily affect vegetation composition and therefore sediment mobilisation 
(Fletcher et al. 2012). However, despite clear indications that Quaternary climate changes drove 
significant changes in sediment availability and landscape stability (Macklin et al. 2002, Rose et 

al. 1999), the region may have additionally been affected by sediment mobilisation from the 
nearby semi-arid region of North Africa. 

It is suggested that marine cores from within the Alboran sea record an increase in the input of 
North African dust during stadial events of the last glacial (e.g. Moreno et al. 2002, 2004 (MD95-
2043), Bout-Roumazeilles et al. 2007 (ODP976)). Peaks in North African dust contribution are 
identified on the basis of increased input of silt sized material and peaks in silica vs. potassium, 
where silica is regarded as a proxy for North African derived sediments (Moreno et al. 2002) or 
increased occurrence of palygorskite clay, a clay destroyed by fluvial transport (Bout-
Roumazeilles et al. 2007). It has been suggested that stadial conditions were associated with a 
long lived positive NAO type atmospheric system (Moreno et al. 2002, 2004, Bout-Roumazeilles 
et al. 2007) (figure 1.3). This assertion is based on the modern day relationship between 
atmospheric pressure systems and short lived dust events (e.g. Moulin et al. 1997), where  
positive North Atlantic Oscillation (NAO) phases are shown to correlate with increased transport 
of North African dust to the Mediterranean. 
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It has been suggested (Rose et al. 1999) that the western Mediterranean may have experienced 
periods of far travelled loess accumulation during the late Quaternary. As one of the major 
contributors to global dust flux (McGee et al. 2010), North Africa is an obvious potential source. 
Despite the large apparent dust inputs to the Alboran sea during the last glacial, to date, no far 
travelled loess has been identified within southern Spain (e.g. Günster et al. 2001) and no other 
Mediterranean loess deposits have been identified as North African in origin. 

1.2.2 Loess-palaeosol sequences as records of Quaternary climate 

The thick loess-palaeosol sequences of Northern Europe, Eastern Europe and China are 
frequently used as multi-proxy records of terrestrial response to Quaternary climate changes (e.g. 
Kukla 1987, Markovíc et al. 2011).  Although these regions have accumulated some of the most 
extensive, thick deposits of loess, the occurrence of loess is not restricted to these locations (for 
example; Coude-Gaussen 1991).  

Loess-palaeosol sequences are frequently described in terms of glacial loess accumulation and 
interglacial pedogenic alteration (Muhs and Bettis 2003) and on this basis are correlated to 
Milankovitch timescales (figure 1.4a). This Milankovitch driven accumulation and alteration 
provides the basis for regional correlation of loess deposits and correlation with global records of 
Quaternary climate (figure 1.4a, b). However, it has recently been demonstrated that loess 
accumulation and alteration is a highly dynamic system capable of responding to and recording 
sub-Milankovitch climate events (figure 1.4c, Moine et al. 2008). 

In addition to the ability of loess to record climate change on different timescales, it is also a 
readily dateable deposit (Roberts 2008) via OSL methods and contains a variety of sediment 
proxies (chapters 3, 4, 5) enabling multi-proxy analysis to be undertaken. Therefore, loess offers 
the potential to produce multiple lines of evidence for palaeoclimate change within an 
independently dated timescale. Furthermore these deposits are capable of recording both 
Milankovitch and sub-Milankovitch events. Loess is frequently reported within the Mediterranean 
region (e.g. Coude-Gaussen 1991, Günster et al. 2001, Garcia et al. 2011), to date however, very 
little work has been undertaken on the reported sequences. This thesis will examine the potential 
for using loess-palaeosol sequences within southern Spain as records of terrestrial response to 
Milankovitch and sub-Milankovitch climate events. 
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1.3 Aims and objectives 

1.3.1 Aims 

This thesis aims to examine the potential of using loess-palaeosol sequences within southern 
Spain to reconstruct landscape response to late Quaternary climate change. The work 
undertaken will also address a series of subsidiary aims listed below; 

1. Provide the first quantitative characterisation of loess deposits in southern Spain.  

2. Identify the timing of loess accumulation in the western Mediterranean. 

3. Attempt to provenance each deposit to at least a local or non-local level. 

4. Derive palaeoclimatic and geomorphic information from each deposit through the multi-proxy 
analysis of the sediments in order to reconstruct accumulation and alteration models. 

5. Examine the potential of combining micromorphological and stable isotopic geochemistry 
analyses on loess-palaeosol sequences. 

1.3.2 Objectives 

For each study site, sediments will be analysed in terms of particle size, carbonate content, and 
magnetic susceptibility in order to produce a quantitative assessment of the sedimentary 
characteristics of each loess deposit. In addition, semi-quantitative bulk mineralogy (XRD) will be 
undertaken alongside geochemical analysis of Sr/Nd isotope content to enable comparison with 
local sediments and data relating to potential remote dust sources. This study will provide the first 
quantitative assessment of the properties and composition of loess in southern Spain, enabling it 
to be compared with loess elsewhere in the Mediterranean and beyond. 

Through independent dating (OSL and where possible U-series) of each loess sequence, site 
chronologies will be produced. This will not only constrain the timing of loess accumulation in the 
region but enable the correlation of the sequences to MIS or sub-stage level and aid comparisons 
with global and regional climate records. It may therefore be possible to identify different periods 
of loess accumulation and identify the climatic context of accumulation episodes.  

The geomorphic response of the landscape to both Milankovitch and sub-Milankovitch climate 
forcing will be established by combining results from multiple lines of evidence ( sediment 
descriptions (e.g. texture, colour and structure), particle size analysis (PSA), magnetic 
susceptibility, calcium carbonate content and thin section micromorphology). This will make it 
possible to discriminate between periods of accumulation and alteration of the sediment profiles. 
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Given current understanding of landscape response to climate change in the region, it is 
hypothesised that loess accumulation occurs during cold, arid climates, which are characterised 
by landscape instability, low vegetation cover and high sediment availability (Prentice et al. 1992, 
Allen et al. 1999, Macklin et al. 2002, Fletcher and Sánchez Goñi 2008, Tzedakis 2009). 
Conversely, during warm/wet periods, correlated with high vegetation levels, and landscape 
stability (Rose et al. 1999, Tzedakis 2009), it is proposed that loess accumulation ceases, and 
post-depositional pedogenic alteration of the loess occurs. 

Pedo-sedimentary reconstructions based upon micromorphological investigation of loess-
palaeosol sequences have been used extensively in the analysis of thick loess sequences (e.g. 
Kemp 1999). However, the technique is also used in order to support analysis of the isotopic 
composition of pedogenic carbonates found within loess sequences. It has been demonstrated 
that the oxygen and carbon isotopic composition of soil carbonates can be used to reconstruct 
vegetation (e.g. Wang and Greenberg 2006), temperature (e.g. Cerling 1984, Cerling and Quade 
1993, Gallant et al. in prep) and aridity (Candy et al. 2012), accompanying micromorphological 
analysis is generally presented as a means of demonstrating the authigenic, unaltered nature of 
the carbonates analysed (e.g. Łącka et al. 2009). Therefore, through the production of a pedo-
sedimentary model of evolution for each deposit, together with a record of the isotopic 
composition of pedogenic carbonates, it will be possible to assess the value of using the two 
techniques together and their potential to further the understanding of loess-palaeosol 
sequences. 

1.4 Introduction to study sites 

Günster et al. (2001) have produced the most recent review of loess deposits within southern 
Spain (figure 1.5). Attempts were made to locate each deposit listed by Günster et al. (2001). 
However, a lack of detail contained within the review meant that it was not possible to identify 
each loess accumulation mentioned in the text. Sites from Günster et al. (2001) that were located 
appeared to lack both the silt dominant grain size and cohesive nature that typifies loess 
accumulations (e.g. Pesci 1990, chapter 3). Through this investigative fieldwork however, three 
deposits were identified which appeared to fulfil the necessary criteria, these were; La Malaha, 
Chimeneas and Maro (figure 1.5). La Malaha and Chimeneas are located within the Granada 
basin and Maro is located on the coast. 

Table 1.1 Study site coordinates and elevations (m a.s.l.) 
Site GPS coordinates Elevation 
La Malaha +37° 5' 23.78", -3° 42' 42.19" ~690 m 
Chimeneas +37° 7' 48.04", -3° 49' 43.18" ~730 m 
Maro +36° 45' 7.41", -3° 48' 48.73" ~ 30 m 
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1.4.1 Local climate 

As shown in figure 1.6 southern Spain contains a variety of climatic zones related to the varied 
topography of the region. The modern climate of all three study sites is characterised as 
temperate, with minimum winter temperatures from 0-18 ˚C accompanied by warm or dry 
summers (figure 1.2). Meteorological data (1971-2000) from the closest weather station to each 
site is listed in table 1.2, with Granada being the closest available data to La Malaha and 
Chimeneas and Malaga being closest to Maro. 

This data indicates that the modern climate of each site is subject to highly seasonal rainfall 
regimes, with precipitation concentrated in winter, a characteristic that is typical of Mediterranean 
climates (Harding et al. 2009). The data from the Granada basin indicates that the area receives 
a much lower rainfall total than the coast and is subject to larger seasonal temperature variations. 

Table 1.2 Local weather data from closest monitoring stations; Malaga data for Maro and 
Granada data for Chimeneas and La Malaha. Data presented is from 1971-2000, taken from 
Agencia Estatal de Meteorologia. 

Location: Granada base area ( 37° 8' 10'' N, 3° 38' 0''W)  

 Temperature (˚C)  

Period Average Average 
maximum 

Average 
minimum 

Precipitation 
(mm) 

Mean annual 15.2 21.7 8.7 361(total) 
30.08 (mean) 

Coldest month 
(January) 

6.8 12.2 1.3 44 

Warmest month 
(July) 

25.3 33.5 17.1 3 

Location:              Malaga airport (36° 40' 37'' N, 4° 29' 26''W) 

 Temperature (˚C)  

Period Average Average 
maximum 

Average 
minimum 

Precipitation 
(mm) 

Mean annual 18 22.9 13.1 524(total) 
43.83 (mean) 

Coldest month 
(January) 

11.9 16.6 7.3 81 

Warmest month 
(July) 

24.8 29.9 19.7 2 
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1.4.2 Vegetation 

Mediterranean biomes are defined by their climate, typified by long, dry, warm summers and 
short, wet winters (Medaíl 2008, Allen 2009). The regions climate is divided, on the basis of mean 
annual precipitation (figure 1.7b), from per humid through to per arid reflected by deciduous forest 
through to Saharan type vegetation communities (Medaíl 2008). The relationship between 
precipitation and vegetation is subdivided into eight main bioclimatic zones of the Mediterranean 
(figure 1.7a). These zones are divided on the basis of the relationship between temperature and 
precipitation (given as a factor of latitude and altitude) (Allen 2009).  

The Mediterranean region, as a tectonically active zone, is composed of basin and range 
topography composed of a wide range of lithologies and therefore varying soils. This complex 
landscape results in a heterogeneous vegetation cover related to the varied climatic and 
lithogenic conditions (Allen 2009, Tzedakis 2009).  

The climate of each site (table 1.2, figure 1.6, 1.7) indicates that each location would be suitable 
to support the development of Mediterranean forest vegetation (Sánchez Goñi et al. 2008). 
However, at all sites the surrounding land has been extensively cleared for agricultural purposes.  

1.4.3 Modern climatic controls 

The modern climate of the Mediterranean is controlled by the shifting dominance of regional 
climate systems, with systems of North African origin dominating in summer and temperate, 
westerlies dominated systems of northern Europe emplaced during winter (Rohling et al. 2009). 
The region experiences a shift from hot, dry conditions during the summer when sub-tropical high 
pressure systems dominate, to a mild and wet winter when the sub-tropical high moves 
southward and the region becomes affected by westerlies (Harding et al. 2009, Nicholson 2011) 
(figure 1.7a). 
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These climatic controls are then influenced by a number of factors which modify Mediterranean 
climate on a seasonal to decadal scale (Harding et al. 2009). The NAO (figure 1.8) is a storm 
track system controlled by the strength of opposing pressure systems which are centred over 
Iceland and the Azores (Meyers and Pagani 2006). In a positive NAO cycle the gradient between 
the arctic (Icelandic) and sub-tropic (Azores) pressure systems is most pronounced, resulting in 
the westerlies system being displaced and positioned over Northern Europe (figure 1.7b) (Meyers 
and Pagani 2006, Harding 2009). This results in increased levels of precipitation over Northern 
Europe and drier conditions within the Mediterranean. Conversely, during negative NAO cycles, 
when the pressure gradient between the arctic and sub-arctic is reduced, westerlies are 
positioned over southern Europe, resulting in increased precipitation over the Mediterranean 
(Harding 2009, Moreno et al. 2004). The NAO cycle is suggested to influence European climates 
in ~25 year cycles (Meyers and Pagani 2006); although some authors have suggested that 
sustained NAO type systems may have occurred during previous climate periods (e.g. Moreno et 

al. 2004, Bout-Roumazeilles et al. 2007). 
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1.5 Thesis structure 

This thesis is divided into thirteen chapters. Chapter 2 provides a review of late Quaternary 
climate in order to place both the geomorphic and vegetational changes of the western 
Mediterranean within a climatic context. Chapter 3 provides a review of loess in the 
Mediterranean and the use of loess-palaeosol sequences as palaeoenvironmental records. 
Chapter 4 outlines the background and potential of using the stable isotopic composition of soil 
carbonates from loess-palaeosol sequences as palaeoclimatic indicators. Chapter 5 provides a 
brief explanation of the methods used in this study and an explanation of the OSL dating 
procedure. Chapter 6 presents a comparison of the sedimentological, morphological and 
geochemical characteristics of loess sediments from each study site with those of local fluvial and 
slope system sediments, providing an outline of the origin and nature of the loess sediments at 
each location. Chapters 7, 8 and 9 provide the sedimentological, micromorphological, 
geochronological and stable isotope composition results from La Malaha, Chimeneas and Maro 
(respectively). For each site results obtained from each analysis are presented, a 
palaeoenvironmental significance is suggested and a pedo-sedimentary model of deposition and 
alteration is discussed. In Chapter 10 the stable isotopic composition of soil carbonates from 
Chimeneas and Maro are discussed in terms of the current understanding of the controls on the 
isotopic composition of Mediterranean soil carbonates. Chapter 11 summarises the results 
presented in this thesis. Evidence of the timing and nature of loess deposition in southern Spain 
gained within this study is discussed within the context of regional palaeoenvironmental studies 
and a geomorphic model of loess deposition is proposed. Chapter 12 discussed the significance 
of the findings of this thesis in relation to current understanding of late Quaternary dust flux within 
the western Mediterranean. The main conclusions of this study are presented in Chapter 13. 
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Chapter 2 - Late Quaternary Mediterranean climate 

This chapter aims to introduce Quaternary climate cycles, with a focus on the period from the last 
interglacial through to the present interglacial. It will introduce the main climate records 
associated with key localities for each period (figure 2.1), with an ultimate focus on placing 
Mediterranean climate changes within a global context. This will provide both a climatic and 
geomorphic context to the sediments studied in this thesis, on both a global and a regional scale. 

The Mediterranean is located on the boundary between arid North Africa and temperate Europe, 
making the Mediterranean sensitive to changes within either region (e.g. Giorgi and Lionello 
2008). Additionally, the Mediterranean Sea is fed by North Atlantic waters, allowing for the 
communication of high-latitude climate signals into the Mediterranean Basin. Such changes in 
Mediterranean Sea waters impact upon the regional climate, which is further modified by North 
Atlantic control on the atmospheric systems that affect the Mediterranean region. 

 

Figure 2.1 Map showing location of key sequences discussed in chapter. N.B. location of 
Antarctic ice cores are omitted for clarity. 

This chapter will discuss the evidence for the impact of Milankovitch and sub-Milankovitch scale 
climate changes within Mediterranean records (figure 2.1). Such climatic events can be clearly 
linked with changes in vegetation composition throughout the region, which can be tied in to the 
landsystem response of the region. 
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2.1 Quaternary climate characteristics 

Milankovitch theory explains the variability of the Earth’s rotation around the sun which controls 
the distribution of solar radiation (insolation). Milankovitch described three components of the 
Earth’s orbit (eccentricity, obliquity and precession); each component works on a different 
timescale (100 ka, 41 ka and 21 ka respectively) (figure 2.2).The total amount of radiation 
received by the Earth does not change with orbital parameters; however, the seasonal and 
hemispheric distribution of radiation is affected. It is thought that the total radiation received within 
the northern Hemisphere summer is key to driving glacial-interglacial cycles (For a review of 
current understanding of Milankovitch theory see Berger et al. 2007).   

Maslin et al. (2001) argue that it is the strong feedback processes related to the survial and 
subsequent growth of Northern Hemisphere glaciers during periods of reduced Northern 
Hemisphere summer insolation (such as increased albedo and reduced North Atlantic deep water 
(NADW) formation) that result in orbital parameters being translated into glacial-interglacial 
cycles. Seidov and Maslin (2001) and Maslin et al. (2001) highlight the importance of the oceans, 
arguing that they are the key to long-term climate cycles, through communication of high-latitude 
events by oceanic heat transfer processes.  

Additionally, feedback processes involving greenhouse gases are thought to be responsible for 
the amplification of changes in orbital parameters (Petit et al. 1999). The Antarctic temperature 
and atmospheric gas record shows strong correlation (Petit et al. 1999), indicating a close 
relationship between the two systems. It is thought that through the high greenhouse gas levels 
witnessed during interglacials, and the low greenhouse gas  levels seen in glacial periods (Petit et 

al. 1999), that gases are likely to contribute to the amplification of orbitally induced climate 
changes. Many hypotheses exist surrounding the sources and sinks of atmospheric gases; 
however, it is thought likely that oceanic processes and terrestrial storage (vegetation) are key 
(e.g. Köhler et al. 2005). 

Not all of the Earth’s climate cycles appear to correlate with Milankovitch timescales. Evidence 
from Greenland ice cores and the North Atlantic marine cores were key in the identification of 
rapid climate cycles (e.g. Bond et al. 1992, 1993, Dansgaard et al. 1993). Such cycles are termed 
sub-Milankovitch cycles as they occur on timescales too short to be explained by orbital 
parameters; they include Dansgaard-Oeschger (D-O) cycles and Heinrich events (HEs) occurring 
on ~1500 year and 7200 ± 2400 year cycles respectively (Maslin et al. 2001 and references 
therein).  
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This work will focus on the last climatic cycle; covering the last interglacial through to the current 
interglacial and the glacial stage between (see figure 2.3). Although the Eemian (last interglacial) 
is not thought of as a strong analogue for the Holocene (current stage) due to differences in 
orbital parameters (Loutre and Berger 2003), sediments of Eemian age are more widely 
preserved than those of older interglacials and as such provide an opportunity to understand 
Earth’s climate and land-systems during an interglacial period. 

The last glacial allows us to understand both the transition into and out of a glacial stage and 
additionally allows the study of Earth systems under a less stable climate regime. Although the 
rapid climate transitions that occur during this interval are not an analogue for future climate 
changes, they do allow an assessment of how land-systems respond to rapid climate changes 
such as those that might be invoked by human induced modification of climate. Through 
comparison of global climate records (e.g. ice cores, benthic stacks) with those reflecting regional 
or local signals (e.g. marine, lacustrine, terrestrial sediments) it is possible to identify the general 
structure of this climatic cycle; importantly, it also highlights regional and local scale responses.  

2.2 Stage 5 

Stage 5 contains MIS 5e, which is the last interglacial period prior to the Holocene (MIS 1). As the 
most recent interglacial in the geological past, terrestrial deposits of this age are, generally, the 
most widespread and best preserved of any interglacial sediments. Despite significant differences 
in orbital parameters between MIS 5e and MIS 1 (Loutre and Berger 2003) (figure 2.4), and 
therefore significant differences in the forcing mechanisms responsible for the duration, climate 
and stability of the two periods, terrestrial sediments from MIS 5e enable us to assess terrestrial 
systems operating during an interglacial, prior to human interference. Additionally, many 
chronological techniques are applicable to sediments of MIS 5e age, and, as such, interpretations 
of terrestrial systems and their response to climate forcing can be explored within chronological 
constraints. 

2.2.1 Greenland 

As shown in figures 2.2 and 2.3, over glacial/interglacial timescales Antarctic and Arctic climate 
follows the same trends. However, over sub-Milankovitch timescales the two hemispheres are 
thought to be out of phase (e.g. Blunier and Brook 2001), it is hypothesised that this is due to 
oceanic heat transfer (e.g. Seidov and Maslin 2001). Therefore, northern hemisphere climate 
signals are more appropriate when discussing Mediterranean climate systems.  
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Currently, however, there is no reliable, complete record of MIS 5 climate from Greenland (Dye 3, 
Renland, Camp Century, GISP 2, GRIP and NGRIP) (Grootes et al. 1993, Johnsen et al. 2001, 
Suwa et al. 2006, Chappellaz et al. 1997 and Svensson et al. 2011), due to basal disturbance of 
the cores and/or basal melting (NGRIP). Svensson et al. (2011) report that the NGRIP record can 
be annually resolved to the base, at ~123 ka, as the dust input appears undisturbed. However, 
Svensson et al. (2011) highlight that other proxies contained within the core have been affected 
by significant diffusion and post-depositional alteration. The NEEM ice core record potentially will 
resolve the absence of a complete MIS 5 Greenland record (Buchardt and Dahl-Jensen 2008). 

The Greenland δ18O record (MIS 1-5) can be seen in figure 2.3, which demonstrates that on 
glacial/interglacial timescales, the climate of both Polar Regions follows a similar structure. 

2.2.2 North Atlantic 

As demonstrated by figure 2.3 variations in δ18O within the North Atlantic broadly follow the same 
pattern exhibited by other regional and global climate records (figure 2.2 shows ODP 980 δ18O 
benthic record). However, δ18O of benthic foraminifera is controlled by global ice volume (see 
Shackleton 1967) and should, therefore, follow climatic changes seen within both Polar Regions 
and mid-latitudes. This close association of proxies within the marine cores and ice cores is often 
used as a means of correlation between records and a tool for extending marine core 
chronologies where direct dating techniques are no longer applicable.  

Marine cores often contain a wealth of proxy records, which, through comparison with δ18O data, 
allow marine system (and sometimes terrestrial) response to be assessed relative to the timing 
and scale of apparent ice volume changes. δ18O benthic records are used as a 
chronostratigraphic anchor for the records, δ13C of benthic foraminifera provides a proxy for 
changes in circulation strength and shifts in pachyderma assemblages are used to indicate 
changing sea surface temperatures (McManus et al. 2002).The compilation of multiple marine 
records within the North Atlantic gives a comprehensive review of the region’s behaviour during 
stage 5 (McManus et al 1994, 2002, Oppo and Lehman 1995 and Oppo et al. (2006) (see figures 
2.5 and 2.6).  

The δ18O record from these marine cores indicates that the North Atlantic records shifts within 
global ice volume in agreement with temperature changes seen within Antarctic and Arctic ice 
cores. With low ice volumes and relative stability through the last interglacial (MIS 5e), increases 
in ice volume at the times of stadials (MIS 5d, 5b) and a reduction in ice volume during 
interstadial events MIS 5c and 5a (McManus et al. 1994, 2002, Oppo et al. 2006). 
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Figure 2.5 Location of marine cores discussed by McManus et al. (1994, 2002), Oppo and 
Lehman (1995) and Oppo et al. (2006) and including the location of some key Mediterranean 
sequences. The grey shading represents the position of the polar water boundaries during 
different climate periods, suggested by McManus et al. (1994) and Oppo and Lehman (1995). 

This general climatic pattern is corroborated by the Sea Surface Temperature (SST) estimates for 
core ODP-980 (Oppo et al. 2006) gained from planktonic foraminiferal assemblages using the 
modern analogue technique. The SST record from ODP 980 indicates a warming of ~10 ˚C 
associated with the transition from MIS 6 to MIS 5e, minimal temperature fluctuations during the 
interglacial and then a reduction in SST of ~4 ˚C into the following stadial (5d), followed by 
fluctuations of 1-2 ˚C during the stadial/interstadial events of stage 5.  

North Atlantic cores contain bands of coarse grained clastic material inferred to be ice rafted 
debris (IRD) resulting from significant iceberg discharge into the ocean. The transition from MIS 6 
into MIS 5e was marked by a pronounced IRD event, termed Heinrich Event 11 (H11) (Oppo et 

al. 2006, McManus et al. 2004), IRD input is negligible through stage 5, except within the stadials 
of 5d and 5b (McManus et al 1994, Oppo et al. 2006). IRD input events are associated with an 
increase in N. pachyderma (a polar foraminifera) which indicates a southward migration of polar 
waters. These events are referred to as Cold events (C) within the North Atlantic records, the first 
major cold event within stage 5 is C24 which occurs within 5d (Oppo et al. 2006). Oppo et al. 
(2006) highlight the existence of cold events (C25-27) during 5e, however, such events are not 
associated with marked increases in N. pachyderma or IRD and as such appear to be recorded 
by only minor changes in SST. 
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Within the North Atlantic records, SSTs remain high after the insolation maxima (~125 ka). 
McManus et al. (2002) argue that the absence of polar foraminifera, relatively high SSTs and 
absence of IRD post peak interglacial conditions (prior to C24) indicate regional warmth during a 
period of reduced insolation and ice growth. McManus et al. (2002) argue that elevated δ13C 
values during this period of prolonged warmth are indicative of a reinvigoration of the 
Thermohaline Circulation (THC). With enhanced NADW formation due to increased salinity of 
waters resulting from glacial growth, leading to enhanced THC. Such a reinvigoration would result 
in enhanced oceanic ‘heat piracy’ from the southern oceans, resulting in prolonged warmth in the 
North Atlantic. McManus et al. (2002) state that such a response is unlikely to cause prolonged 
interglacial warmth on a global scale, but regionally, may result in prolonged warmth, beyond that 
suggested by the timing of the insolation maximum. 

Oppo et al. (2006) identify that each cooling event was coincident with a low δ13C (benthic 
foraminifera) excursion. Oppo et al. (2006) suggest that this is consistent with a reduced 
meridional overturning circulation (MOC) supplying less heat to the region and affecting surface 
climate. However, within their record, the phasing of IRD/N. pachyderma shifts and those of δ13C 
do not follow a consistent pattern. At times δ13C leads (consistent with an MOC invoked surface 
climate change), but during other cold events δ13C lags. This shift in phasing may indicate that at 
times surface climate is driven by changes in MOC and at times MOC is driven by terrestrial 
processes, e.g. increased iceberg discharge reducing NADW and impacting MOC. However, this 
work indicates that the North Atlantic cold events are associated with significant shifts in oceanic 
circulation; such changes impact upon Seas fed by the North Atlantic and, additionally, alters 
atmospheric circulation impacting weather systems. 

Marine core MD95-2042 is located off the south-western coast of Portugal. The core’s location 
offers the opportunity to assess communication of climate events through the North Atlantic 
region, and, importantly, to an area which influences both the Mediterranean Sea and the western 
Mediterranean land masses. By analysing terrestrial pollen from the same archive as benthic 
δ18O and SST records are constructed it is possible to assess the phase relationship between 
ocean and land systems without chronological uncertainties, assuming no lag in either proxy 
(Tzedakis 2003).  

Shackleton et al. (2000) were able to demonstrate the synchronous nature of oceanic changes 
witnessed within core MD95-2043 with those seen in higher latitude North Atlantic cores and 
Greenland ice cores. Shackleton et al. (2000) state that the timing, amplitude and structure of 
climatic events witnessed in MD95-2042 is the same as those seen in high-latitude climate 
records. This close correlation, in terms of both timing and structure of climatic changes, was 
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used by Shackleton et al. (2000) as evidence to support the rapid communication of high latitude 
climate signals to the western Mediterranean.  

Shackleton et al. (2000, 2003) were able to demonstrate that the vegetation response lagged that 
of the oceans. The proposed timing of MIS 5e based upon the benthic record was 132-115 ka, 
but interglacial forest conditions were not reached until 126 ka and remained until 110 ka. The 
timing of terrestrial response is closely linked to peak SST estimates from both MD95-2042 
(Shackleton et al. 2003) and ODP 977A (Pérez-Folgado et al. 2004, Martrat et al. 2004). 
However, forested conditions prevailed after SSTs were declining (Tzedakis 2003). Tzedakis 
(2003) suggests that the decline in tree populations at 110 ka was linked to the timing of a 
significant North Atlantic cold event (C24), which marked the onset of significant ice rafting 
resulting in disruption of the THC and a shift in the Mediterranean precipitation regime. 

2.2.3 Mediterranean Sea 

The impact of North Atlantic and Greenland climate changes on the Mediterranean region is 
discussed with reference to specific regional records shown in figure 2.6. 

 

Figure 2.6 Map showing location of Mediterranean sites discussed in chapter. 

ODP 977A is located within the Alboran Sea and covers the last 150 ka. The age model for the 
core is constructed from 14C dating, together with correlation of δ18O benthic variations with δ18O 
variations in Greenland cores and SPECMAP (Pérez-Folgado et al. 2004). The timing of events 
during stage 5 within ODP 977A are; 5e 130-~117 ka, 5d ~117-104 ka, 5c ~104-93 ka, 5b ~93-80 
ka, 5a ~80-72 ka. The timing of stage 5 events within the western Mediterranean Sea appears 
closely related to the timing of events within the North Atlantic and within the Antarctic (Oppo et al 

2006, McManus et al. 2002, Shackleton et al. 2000, Jouzel et al. 2007) (figure 2.3). However, this 
may be a product of the tuning used to construct the chronology of the marine cores. As the 
marine records are insolation tuned, it is impossible to assess leads and lags between the 
different marine basins. ODP-977A does however show that the Mediterranean Sea experienced 
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the same number of stage 5 sub-stages as recorded in high-latitude climate records and, 
additionally, that these sub-stages appear to be of similar amplitude.  

Two SST reconstructions exist for ODP 977A: one is constructed from alkenones (Martrat et al. 
2004) and one constructed using modern analogue temperature relationships of planktonic 
foraminifera (Pérez-Folgado et al. 2004). Alkenone (UK37) SST reconstructions are based upon 
the relationship between temperature and production rate of alkenones by Coccolithophores 
(Müller et al. 1997). It has become a widely used technique for generating SST estimates from 
Quaternary marine sediments. Despite uncertainties over species dependence and preservation, 
it is generally considered to produce reliable SST estimates in most instances (Pelejero and 
Grimalt 1997). Both estimates show peak 5e SSTs to be ~20˚C, slightly higher than peak 
Holocene values, however, there is substantial variation between estimates for the SSTs of the 
sub-stages of 5 (figure 2.7). The alkenone record of Martrat et al. (2004) perhaps appears more 
consistent with the δ18O record from ODP 977A, but alkenone SST estimates suggest sustained 
warmth through the interstadials 5c and 5a. 

Pérez-Folgado (2004) identified the occurrence of organic rich layers within ODP 977A, they 
suggest that these are equivalent to sapropel formation which can be seen in the eastern 
Mediterranean (e.g. Rossignol-Strick et al. 1982, Bethoux and Pierre 1999). Organic rich layers 
are present during 5e, 5c and 5a, they are thought to occur during times of reduced salinity and 
increased sea surface productivity, and as such organic rich layers indicate warm, wet conditions 
(Pérez-Folgado 2004, Bardaji et al. 2009). 

2.2.4 Mediterranean vegetational response 

Key Mediterranean vegetation records can be seen in figures 2.7 and 2.8, showing Western 
Mediterranean records (MD95-2042) through to eastern Mediterranean records (Ioannina, 
Tenaghi Phillipon). Records are typically discussed in terms of % arboreal pollen, which gives an 
assessment of the shift in dominance of forest vs. steppic conditions. An alternative is to express 
this in % Mediterranean taxa, allowing assessment of variation away from typical (modern) 
vegetation. Within the Mediterranean, it is effective precipitation that is the key climatic control of 
vegetation communities (Tzedakis 2003). Such shifts in vegetation and inferred effective 
precipitation allow for inferences regarding landscape stability and sediment availability to be 
made. As discussed in chapter 1 there is a direct relationship between vegetation cover, soil 
cover, precipitation regime and landscape stability (Thornes et al. 2009). Periods of high 
vegetation cover, high soil cover and a moderate to high effective moisture regime are associated 
with low rates of sediment erosion and landscape stability.   
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Tzedakis (2009) outlines typical Mediterranean vegetation succession, following the scheme of 
van der Hammen et al. (1971); where glacial steppe is succeeded by sclerophyllous (e.g. pine) 
woodland, then a shift to deciduous mixed oak forest. However, Tzedakis (2009) highlights 
regional variation within this proposed typical sequence, arguing for regional variability due to the 
heterogenetic nature of Mediterranean landscapes resulting in diverse biomes.  

As the chronology of each record is age modelled, and some tuned, it is difficult to assess the 
existence of leads/lags within records, or to investigate the existence of a west-east gradient 
associated with stronger North Atlantic influence. Instead, it is perhaps more valid to focus on 
large scale features within the records. As such the following discussion of Mediterranean 
vegetational response will focus on the structure of response. 

There is a shared structure of vegetation response across the Mediterranean during the climatic 
evolution of stage 5, where the timing of response is tied to key climate events. The 5e pollen 
records of the Mediterranean show that peak forest conditions were reached ~126 ka (figures 2.8, 
2.9), as discussed previously for MD95-2042. This pattern of expansion is linked closely with 
peak insolation (Tzedakis 2005) (figure 2.7). It is argued that this relationship between insolation 
and vegetation dominates the nature of interglacial successions in the Mediterranean, with 
Mediterranean and sclerophyll, drought resistant, type forests dominating the periods of peak 
insolation, followed by a transition to more deciduous forests following the insolation maxima 
(Tzedakis 2003, 2009). Tree populations within the Mediterranean remained high until ~110 ka, 
where ice growth within the North Atlantic was sufficient to produce major ice rafting events, in 
this case C24 (figure 2.8). Such events interrupt the THC, resulting in a major shift in atmospheric 
systems. In this instance, Tzedakis (2003) suggests that C24 was sufficient to invoke 
atmospheric changes resulting in reduced moisture availability within the Mediterranean, leading 
to a reduction in tree cover. 

Figure 2.8 highlights some differences in the style and timing of changes within vegetation 
communities across the Mediterranean region. In particular, the timing of arboreal reductions 
within the record from Grande Pile appears different from the records closer to the Mediterranean 
Sea. It has been suggested that a North-South gradient of response exists throughout stage 5, 
affecting vegetation composition and also the timing of vegetation changes (Sánchez Goñi et al. 
2000, 2005). It could be that as the most northern and least typically Mediterranean location, the 
timing of changes at Grande Pile are linked to Northern European changes. However, Tzedakis 
(2003) suggests that lags between Mediterranean and Northern European response are unlikely 
to be of significant scale, particularly when considering the errors associated with the age models 
of such records. 
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Overall, the vegetation records suggest that vegetation associated with the warm stages of 5 (5e, 
5c, 5a) prevailed for longer than warmth recorded by the ocean records. As Mediterranean 
vegetation is related to moisture availability as opposed to temperature (Tzedakis 2003), it 
appears that only once large scale changes in atmospheric conditions occurred in response to 
sustained ice growth, tree populations decline substantially. 

 

47



Chapter 2 – Late Quaternary Mediterranean climate 

2.2.5 Summary 

Shackleton et al. (2000) were able to demonstrate the near synchronous nature of changes 
observed within the North Atlantic and Greenland ice core records. Communication of the North 
Atlantic signal to the Mediterranean Sea has resulted in the Mediterranean structure of climate 
throughout stage 5 being closely linked to the North Atlantic and Greenland. Despite some 
criticism of the alignment of such records (e.g. Blaauw et al. 2008), analysis of terrestrial pollen 
within marine records has demonstrated synchroneity between terrestrial and marine changes in 
Iberia (e.g. Shackleton et al. 2000, Sánchez Goñi  et al. 2008).  

Vegetation records from across the Mediterranean basin indicate the dominance of 
Mediterranean forest conditions prevailing during the last interglacial, and returning to near 
interglacial levels during interstadials 5c and 5a. The dominance of a North Atlantic/Greenland 
signal within Mediterranean vegetation records can be seen through tree decline which appear to 
be related to North Atlantic cold events. The rapid response of vegetation within the 
Mediterranean to both Milankovitch (interglacial, stadial, interstadial) events during stage 5 and 
sub-Milankovitch events (North Atlantic cold events) demonstrates the importance of placing 
Mediterranean Quaternary climate shifts within a North Atlantic framework. Additionally, through 
changes in vegetation thought to primarily reflect shifts in moisture availability, it demonstrates 
the importance of high latitude changes in controlling the moisture regime of the Mediterranean. 

The last interglacial of the Mediterranean was a period characterised by warm, stable, forested 
conditions. During the transition to full glacial conditions (MIS 4), the region underwent transition 
from stadial to interstadial climates, apparently in phase with changes in insolation. Within the 
vegetational records of the Mediterranean, it appears that there is something of a west-east 
gradient of response. Where, during interstadials (5c, 5a), vegetation communities in the east 
recover to close to interglacial maximum values and remain relatively stable, in the west there is 
some recovery of vegetation but the recovery is a less consistent feature. Differences in the 
amplitude of vegetation recovery associated with interstadial climates through the Mediterranean 
could reflect regional differences in the amplitude of climatic changes, or it could relate to local 
ecological thresholds (Tzedakis et al. 2004).  

2.3 Last glacial 

2.3.1 Greenland and North Atlantic 

During the last glaciation there is particularly strong evidence to support the existence of sub-
Milankovitch events. Dansgaard-Oeschger cycles (D-O) are the dominant climate signal (Alley et 

al. 1999) throughout the last glacial, occurring as quasi-periodic warming/cooling events. The 

48



Chapter 2 – Late Quaternary Mediterranean climate 

term describes the series of interstadials and stadials beginning during the stepwise cooling 
transition of MIS 5a – MIS 4 (Bond et al. 1993). 

These events were first identified by Dansgaard et al. (1993) within the δ18O record of the 
Greenland ice cores. Dansgaard-Oeschger events are characterised by asymmetrical warming 
and cooling (see figure 2.9); rapid warming into peak interstadial conditions (of 3-5˚C/century) 
followed by slower cooling which occurs in two steps before peak stadial conditions are achieved 
(gradual cooling of ~5-10 ˚C over ~600-200 years followed by a rapid decline of ~5-10˚C 
maintained for a further 300-700 years) (Labeyrie et al. 2007). Each successive D-O event fails to 
reach the peak interstadial warmth achieved by the previous event, resulting in a stepwise 
cooling. This cooling trend is then punctuated by a dramatic cooling event associated with iceberg 
discharge, referred to as an HE (Maslin et al. 2001).  

HEs were first recognised by their namesake in 1988 who identified IRD deposits within North 
Atlantic cores, occurring roughly every 11 ka during the last glacial. The deposits were interpreted 
as representing periodic glacial surge events, containing sediments predominantly derived from 
the Laurentide ice sheet. The North Atlantic marine cores revealed that each HE was preceded 
by oceanic cooling (Bond et al. 1992), indicating that the cause of the events was not solely ice 
dynamics, but possibly prompted by climatic cooling (Alley et al. 1999). It may be that HEs occur 
in response to D-O stadials, but only when ice has had enough time to build up and lead to 
instabilities, these instabilities then resulting in iceberg discharge, with further cooling following 
(Alley et al  1999). 

Bond et al. (1993) correlated North Atlantic deep ocean cores with Greenland ice cores and 
identified a common pattern of climate change within both records. Bond et al. (1993) correlated 
D-O events within both records and noticed that the events could be grouped into 3 or 4 D-O 
events terminated by a deep stadial associated with a HE. This millennial scale climate cycle is 
referred to as a Bond cycle (see figure 2.9). 

It is important to remember that the evidence from Greenland and the North Atlantic should be 
considered as evidence of local/regional phenomena. Studies from the mid 1990s onwards 
sought to investigate whether the effects of D-O or HEs were present in other areas and to 
identify any leads/lags that may be present in order to try to help understand the forcing factors 
involved with these processes.  

 

49



Chapter 2 – Late Quaternary Mediterranean climate 

 

Figure 2.9 Schematic showing the general structure of a Bond cycle. Adapted from Alley et al. 
1999.  

2.3.2 Mid-latitudes – terrestrial evidence 

Evidence of rapid climate events from within the North Atlantic marine records and Greenland ice 
cores do not demonstrate how climate within other regions may be changing, and more 
importantly what this might mean in terms of a terrestrial system response to such changes. In 
fact, the presence of D-O and HE signatures within terrestrial sequences is much less clear. 

Speleothems from Europe offer a high resolution record of terrestrial climate; the records can be 
placed within tight chronological frameworks through Uranium Thorium (U/Th) dating. U/Th dating 
has minimal errors, meaning that shifts seen within those records can be constrained on sub-
Milankovitch timescales through the last glacial. Genty et al. (2005) reported a speleothem record 
located in South-western France (Villars cave) covering 83 to 32 ka. Genty et al. (2005) suggest 
that the carbon isotopic shifts seen within the record are synchronous with those occurring in the 
δ18O records of Greenland. Such carbon isotopic shifts within the Speleothem record are, in this 
instance, thought to reflect changes in the proportional input of atmospheric CO2.  
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Figure 2.10 Map showing locations of Mediterranean sites discussed 

During periods of reduced vegetation cover there is a greater atmospheric component to the δ13C 
record of the speleothem, and so δ13C increases. The record of Genty et al. (2005) indicates that 
vegetation was responding rapidly with the sub-Milankovitch oscillations of the last glacial. Such 
changes in vegetation structure require rapid changes in moisture and/or temperature, and so the 
record of Villars Cave reported by Genty et al. (2005) demonstrates rapid climatic and ecological 
response to last glacial sub-Milankovitch events. However, this site is located within 200km of the 
Atlantic Ocean and so the record could reflect the maritime type climate of the area, with 
terrestrial fluctuations potentially tied to the oceanographic changes witnessed within North 
Atlantic marine cores, and may not necessarily be representative of mid-latitude climate shifts. 

A further insight into mid-latitude continental climates comes from a speleothem within Austria, 
removed from maritime climatic influence. Spötl and Mangini (2002) reported the findings of a 
speleothem covering the period 57 to 46 ka located within Austria (Kleegruben cave). The δ18O 
record of the speleothem reflects the δ18O of precipitation, where the isotopic composition of 
precipitation is closely related to mean annual temperature (chapter 4). Spötl and Mangini (2002) 
demonstrate through the δ18O record of the speleothem that the region is warming and cooling 
rapidly in response to the sub-Milankovitch oscillations witnessed within Greenland records. This 
demonstrates that areas away from direct modification by North Atlantic processes are still 
dominated by climatic oscillations witnessed within the high latitudes; therefore the sub-
Milankovitch oscillations of the last glacial appear to be more than just localised occurrences.  
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Terrestrial response studies are not limited to the analysis of speleothem data. During the last 
glacial period much of continental Europe that remained ice free was subject to loessic deposition 
(Moine et al.2008). Moine et al. (2008) and Vandenberghe et al. (1998) present last glacial 
European loess sequences, which they argue demonstrate terrestrial response to sub-
Milankovitch events. Moine et al. (2008) undertook a multiproxy study of a loess section within the 
Rhine valley region of Germany (Nussloch) focussing on molluscan assemblages. The section 
studied is believed to date from 34 to 20 ka and contains alternating loessic and palaeosol 
sediments. Moine et al. (2008) argue that sediment properties (grain size, pedogenic alteration) 
and molluscan assemblages appear to vary on D-O type timescales, demonstrating sub-
Milankovitch variations within Europe during the last glacial.  

Vandenberghe et al. (1998) argue that the loess section at Kesselt demonstrates changes in wind 
strength through the last glacial, with deposition of coarser silts during stadials in response to 
stronger winds and reduced vegetation. Warmer and more humid climates are indicated by 
multiple soil horizons which they correlate to interstadial events, indicating increased moisture, 
vegetation cover and land surface stability. 

Both Moine et al. (2008) and Vandenberghe et al. (1998) have demonstrated variability through 
European last glacial loess sequences. The occurrence of multiple soil horizons through the last 
glacial, is perhaps the best evidence of sub-Milankovitch oscillations, and clearly demonstrates 
rapid landsystem response to a changing climate. However, the dating of both sequences is 
problematic and in the case of Vandenberghe et al. (1998), outdated (chapter 5). Such issues are 
often ‘overcome’ by tuning to Greenland records, as carried out by Moine et al. (2008). By 
correlating their record with D-O occurrences in Greenland (dust variations are thought to be 
synchronous with δ18O changes in the ice cores) they have assumed synchrony of events and 
assumed the cause of grain size variations within the loess record to be the same factor 
controlling Greenland air temperatures. This methodology introduces a certain circularity to their 
argument. They have correlated their record with the dust record of Greenland which also follows 
the D-O cycles and therefore presents the same overall trend as the Greenland δ18O record; they 
then use this correlation to state that the Nussloch molluscan abundance peaks occur at the 
same time as peaks within the δ18O Greenland record. 

The methodology employed by Moine et al. means that they are unable to make any inferences 
about synchroneity between the two regions (although it is unlikely they would have been able to 
if they had relied on a radiometrically dated chronology due to associated uncertainties), and so 
although the proxies indicate that this site has been subject to frequent climatic shifts during the 
last glacial, it is not at present clear whether these are synchronous with those experienced within 

52



Chapter 2 – Late Quaternary Mediterranean climate 

and around Greenland. However, such studies do illustrate the potential for Northern European 
loess sections for recording rapid and short lived climatic shifts.  

Combining the speleothem records with that of the European loess sequences indicates that the 
terrestrial environment of Northern Europe is responding to sub-Milankovitch oscillations present 
through the last glacial. The speleothem records indicate that both vegetation and mean annual 
temperature are responding in a near synchronous manner to D-O cycles and HEs. The loess 
sequences indicate that there is an associated geomorphic response across Europe, with 
episodes of soil formation associated with interstadials, and increased sediment mobilisation 
during stadials. However, the chronological uncertainties associated with the loess studies means 
that it is not possible to discuss synchroneity, or whether such changes occur in association with 
all D-O cycles or only the most pronounced. 

2.3.3 Mediterranean Sea 

As discussed previously for MIS 5, the Mediterranean Sea receives North Atlantic waters, and 
often there appears to be a close relationship between Mediterranean climate changes and those 
occurring within the North Atlantic region. This section will discuss this relationship through the 
fluctuating climate of the last glacial. 

Marine cores located off the coast of Portugal are key for identifying the potential for the high 
latitude signals of D-O cycles and HEs being transmitted to the mid-latitudes, and into an area 
with a direct impact upon both the Mediterranean Sea and the terrestrial climate of the Western 
Mediterranean. Figure 2.11 shows the close relationship between the records of Greenland and 
MD95-2042, indicating the rapid transmission of events from the high to the mid-latitudes. It is 
difficult to discuss synchroneity, due to differences in the composition of the age models of the 
two records. 

Shackleton et al. 2000 highlight that the benthic δ18O record is responding rapidly to changes in 
ice volume in Greenland, with ice sheet growth stadials and ice reduction during interstadials. 
This close relationship was used to construct the age model for the marine core, by assuming 
near synchroneity of changes. The occurrence of HEs within the core is marked by the input of 
IRD and arrival of N. pachyderma, such events are marked also by decreases in SSTs and 
additionally with reduced deep water ventilation (δ13C benthic); such a response was discussed 
previously for the high latitude North Atlantic. 

This pattern of response was highlighted by Abreu et al. (2003) from a marine core (MD95-2040) 
located slightly north of MD95-2042. In addition to the response to HEs both marine records also 
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record millennial scale variability in association with D-O events; however, such response is on a 
muted scale compared to the stadials associated with HEs. The mid-latitude North Atlantic 
appears to warm and cool in response to each D-O event, following the pattern and style of 
warming and cooling witnessed within the Greenland cores. The response of the Mediterranean 
Sea to last glacial climate events is often discussed alongside apparent impacts upon local 
vegetation; this will be discussed in section 2.3.4.  

The Alboran Sea, located at the western edge of the Mediterranean basin, receives inflow in the 
form of North Atlantic surface waters (Fletcher and Sánchez Goñi 2008). As noted, the 
temperature of the surface waters of the North Atlantic has been shown to vary in accordance to 
D-O and HE timescales. As such, the characteristics of North Atlantic waters feeding in to the 
Alboran Sea would also vary, therefore an Alboran Sea change should be expected. Change in 
the Alboran Sea could therefore be simply down to changing North Atlantic inflow conditions, or, 
additionally, through climatic forcing directly affecting the region.  

Changes in SST, inferred from shifts in alkenone chemistry, of the Alboran Sea during HEs 
appear to be similar to those reported for the North Atlantic (Cacho et al. 1999). However the 
response to D-O stadials not associated with HEs appears muted, with shifts of only 1-3˚C 
recorded. 

It is not just the surface water temperature that is changing within the Alboran Sea, Cacho et al. 
(2000, 2006) inferred changes of deep water formation (δ13C benthic), temperature and 
circulation associated with the sub-Milankovitch cycles evident within the last glacial. Records 
suggest that Mediterranean THC was increased during stadials and relatively reduced during 
interstadials, opposite to the situation presented within the North Atlantic. Cacho et al. (2006) 
have suggested that the mechanisms responsible for increased Mediterranean THC during 
stadials are increased regional evaporation (aridity) and increased westerly wind strength over 
the Gulf of Lions (figure 2.10).  

The mechanisms suggested by Cacho et al. (2006) have previously been identified as 
responsible for increases in THC witnessed within the Mediterranean Sea over the last century. It 
is suggested that over the last century it is possible to demonstrate a correlation between 
westerly wind strength and deep water formation within the Gulf of Lions, ultimately driving 
Mediterranean THC (e.g. Millot 1990, Cacho et al. 2000). However, the Mediterranean Sea and 
climatic conditions during stadials are significantly different from present day conditions.  The 
mechanism of increased deep water formation suggested by Cacho et al. (2006) appears to 
contradict the theory of Moreno et al. (2002), which states that there is a reduction in westerly 
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winds during stadial episodes (figure 2.12). It is possible that the modern relationship between 
westerly wind strength and deep water formation may not have existed during a period where 
Mediterranean Sea conditions were significantly different to the present day, such as the last 
glacial. 

 

The deep water temperature (DWT) record of the western Mediterranean also indicates that the 
cooling maxima in this region were not synchronous with those of the North Atlantic. These 
observed differences imply that the two regions were at times decoupled exhibiting different 
responses (amplitudes) to the sub-Milankovitch cycles; however, no mechanism has so far been 
suggested.  

Frigola et al. (2008) presented work based on a marine core from within the Balearic Sea and 
report a similar pattern of variability as reported by Cacho et al. (2000, 2006). Frigola et al. (2008) 
state that during stadials associated with HEs Western Mediterranean Deep Water (WMDW) 
formation is reduced relative to that during D-O stadials. They argue that this is due to freshening 
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of surface waters caused by the inflow of North Atlantic waters associated with HE iceberg 
discharges. 

As the Mediterranean has increased THC during stadials, it follows that the Mediterranean 
outflow water (MOW) would have increased salinity during these times, and as such would be a 
source of salinity for the North Atlantic and a possible trigger for increasing/reinstating North 
Atlantic overturning (see Cacho et al. 2006 and references therein). 

It is important to note however, that the age model constructed for the Cacho et al. (1999, 2000, 
2006) core (MD952043) is not purely based upon radiometric dating. The core has two age 
models assigned to it, one constructed using 14C dates along with 18O correlation with North 
Atlantic records and the other consists of correlating Alboran SSTs with the 18O GISP2 record 
from Greenland. The two age models appear to be in good agreement with each other, however 
they assume continuous rates of sedimentation between dated/correlated points and also 
assume synchrony of events thus removing the potential to recognise any important leads/lags. 

It has been suggested by Moreno et al. (2002) that the same core provides evidence for 
increased aeolian transport (through analysis of % silt) during times of D-O stadials, which 
correlates well with the Greenland dust record. Moreno et al. suggest that this is indicative of high 
latitude northwesterlies and low latitude Saharan winds displaying a similar variation during the 
last glacial. They suggest that this pattern of wind variability is linked to atmospheric pressure 
gradients. During cold stadials North Atlantic SSTs are reduced, driven by THC overturn 
slowdown and decreased northward marine heat transport, which Moreno et al. (2002, 2004, 
2005) argue would result in displacement of northwesterly winds. Displacement of northwesterlies 
in combination with reduced Mediterranean SST would result in increased aridity for the region 
and increased Saharan dust transport (see figure 2.12). 

Regardless of the mechanism(s) of forcing, it appears that the Mediterranean Sea is responding 
to the same climatic events that are witnessed within the Greenland and North Atlantic records.  
Despite major uncertainties existing around the communication mechanism of these events, and 
therefore uncertainty as to whether or not these mechanisms would impact upon terrestrial 
climates independently, the fact that there are significant changes within the Mediterranean sea 
should impact upon terrestrial climates within the surrounding land masses.  

It has been illustrated that the increased aridity of the Western Mediterranean as indicated by 
marine proxies correlated to stadial events during the last glacial can also be identified within 
terrestrial pollen records (Sánchez Goñi et al. 2000, Fletcher and Sánchez Goñi 2008). However, 
as these studies are based upon sediment from the same marine core as discussed above for 
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Cacho et al. (1999, 2000, 2006) and Moreno et al. (2002, 2004, 2005) this work will be 
considered further when discussing terrestrial response to climate events. 

 

Figure 2.12 Showing the different processes affecting the Mediterranean region during the 
different phases associated with the last glacial period. Black dot shows location of marine core 
MD95-2043. Schematic adapted from Moreno et al. (2005).  

2.3.4 Mediterranean Vegetation response 

 

Figure 2.13 Map showing location of Mediterranean sites discussed 

The long terrestrial sequences used for palynological reconstructions of Mediterranean response 
to climate events through the last glacial are located within the central and eastern 
Mediterranean. Lago Grande di Monticchio (Italy, figure 2.13) is a varved lacustrine sequence 
containing a number of tephra horizons; as such the chronology of the site is well constrained 
making it a key record of rapid climate changes in the eastern Mediterranean. This enables the 
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rapid, sub-Milankovitch events of the last glacial and the timings of such events to be constrained 
with minimal age uncertainties. Allen et al. (1999) argue that the expression of North Atlantic type 
events during the last glacial within the Mediterranean marine cores is recorded within the 
vegetational successions of Monticchio. Allen et al. (1999) state that rapid vegetation changes 
which occurred near synchronously with those of the North Atlantic support a close coupling of 
the regions during this period. The pollen assemblage at Monticchio was converted to represent 
biomes, and this sequence of biome shifts has been used to demonstrate the close coupling of 
the record with those of the high latitudes. Within the Monticchio sequence, there are shifts 
towards steppic biomes during stadials and wooded biomes during interstadials, with evidence for 
the amplitude of vegetation response being similar to those discussed for the Alboran Sea 
records. 

Tzedakis et al. (2004) and Tzedakis (2009) highlight that within the Mediterranean vegetation 
records it can be difficult to assess the amplitude of climatic changes due to the diverse ecology 
of the region with the Mediterranean consisting of a mosaic of niches. Therefore, Tzedakis et al. 

(2004) argue that it is likely that variations in regional vegetation response reflect the ecological 
position of the site. This means that a site located on the edge of the ecological niche will be 
‘pushed’ into a large change in vegetation structure by relatively minor climatic changes; therefore 
the amplitude of climate change may not necessarily be reflected in the amplitude of vegetational 
change. Tzedakis et al. (2004) argue that this is the case for the discrepancy in amplitude 
changes seen at Tenaghi and Ioannina (Greece, figure 2.13), where vegetational response is not 
always a reflection of the strength (amplitude) of the climatic fluctuation. Tzedakis et al. (2004) 
state that at Ioannina it is possible to pick out an amplitude-driven response to D-O stadials vs. 
HEs, but at Tenaghi the vegetation response appears to be of the same magnitude during both 
HE and D-O stadial events.  

Tenaghi Phillipon shows drastic tree population reductions in association with both HE and D-O 
stadial events, which, if interpreted in isolation, would suggest that both events were regionally 
expressed by the same level of reduction in moisture availability. However, when compared with 
other regional records, such as Ioannina (Tzedakis et al. 2004, Tzedakis 2009), where HE and D-
O stadials are represented by different levels of tree population contraction, it becomes clear that 
the amplitude of response seen in records is related to the ecological position of the vegetation 
community, rather than driven simply by the climatic conditions. 
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The events witnessed within the eastern Mediterranean appear to correlate well with the event 
stratigraphy of the last glacial witnessed within Mediterranean and North Atlantic marine cores 
(figure 2.14). It might, therefore, be reasonable to assume that rapid and large scale changes 
occurring within the western Mediterranean Sea would impact upon the vegetation of the 
surrounding region. Unfortunately, however, there is a lack of long, continuous terrestrial records 
of the last glacial within the western Mediterranean. The use of terrestrial pollen records from 
within marine cores is employed within the western Mediterranean to attempt to understand the 
regional response to last glacial events. Such a strategy prevents chronological uncertainties 
from masking leads/lags, enabling direct comparison of vegetational response relative to the 
timing of marine changes (figure 2.14). 
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Pollen from marine records from the Portuguese coast and within the Alboran Sea have been 
used to highlight the rapidity of vegetational response to D-O events (Roucoux et al. 2001, 
Sánchez Goñi et al. 2000, 2001, 2008, Combourieu Nebout et al. 2002). Such records show 
repeated expansion and contraction of Iberian tree populations on sub-Milankovitch timescales, 
with a close correlation between arboreal pollen and the timing of D-O events. The records are 
characterised by steppic vegetation during stadial events and arboreal pollen dominating 
interstadial events (Sánchez Goñi et al. 2000). Sánchez Goñi  et al. (2000, 2009) state that within 
the Portuguese margin records, the scale of changes seen in pollen shifts do not correspond to 
the scale of change witnessed within the oceanic proxies (e.g. SSTs reconstructions). However, 
within Alboran records there is an apparently proportional response of vegetation to the 
magnitude of events; with HE stadials showing the most pronounced arboreal contractions and 
non HE D-O stadials showing a relatively muted contraction (Fletcher and Sánchez Goñi  2008). 

Whilst this pattern of response is easily recognised through terrestrial proxies within marine cores 
and the long records of the eastern Mediterranean, it can be difficult to distinguish the same 
pattern of events within the terrestrial records of Iberia (González-Sampériz  et al. 2010). It has, 
however, been suggested that there is evidence of Heinrich impacts within northern Iberian lake 
records (Moreno et al. 2012); through evidence of increased aridity and low lake levels during 
HEs. There remains a lack of viable sources of information from terrestrial records of southern 
Iberia. The one known long terrestrial sequence located within southern Spain, Padul, has been 
studied on a number of occasions (Florschütz et al. 1971, Pons and Reille 1988, Ortiz et al. 
2004). Fletcher and Sánchez Goñi (2008) highlight similarities between the pollen assemblage of 
Padul and MD95-2043 during the last 28 ka with Padul recording shifts towards steppic 
conditions during HEs. Padul, however, is a difficult record to interpret as (1) the chronology is 
based primarily upon 14C dates from the 1980s (Pons and Reille, 1988), (2) the resolution of the 
sequence at Padul is particularly poor (~30 ky/8 m) and (3) there are a number of possible 
hiatuses in the sequence. Recently, Ortiz et al. (2004) have re-cored Padul and have constructed 
an n-alkane record from the Holocene through to 1 Ma dated using U/Th ages from peat. 
However, fluctuations recorded within the N-alkane record appear minimal, and do not appear to 
correspond well with the scale of fluctuations recorded within the pollen zones reported by 
Florschütz et al.(1971) and Pons and Reille (1988). The relatively weak chronological controls on 
the records derived from the site limit the usefulness in recognising ecological response to 
climate forcing in this region. Despite the palynological difficulties introduced from working within 
a topographically diverse, and therefore ecologically diverse region, such as the landscape 
around Granada, the formation of a reliable age model for this site would prove invaluable due to 
the lack of other long terrestrial sequences within the western Mediterranean. 
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Due to the lack of long terrestrial records within southern Iberia, work has tended to focus on 
fragmentary records. The work of Carrión et al. (1999, 2001) and Finlayson et al. (2008) within 
the region has tended to focus on pollen records within cave sites, which are recognised as less 
than ideal due to problems associated with pollen preservation, transportation and reworking as 
well as with site stratigraphy (Carrión et al.1999). Finlayson et al.(2008) present evidence based 
upon bioclimatic reconstructions from bird species assemblage data and pollen collected at 
Gorham’s cave, Gibraltar, which indicates relatively mild conditions present in the region during 
the last glacial including the LGM. Finlayson et al. (2008) conclude that during stadials in the 
Gorham’s cave record, vegetation shifts from Thermo to Meso-Mediterranean occur, indicating a 
slight reduction in annual temperatures. This, Finlayson et al. (2008) argue, indicates that the 
work of Sánchez Goñi and others suggesting increasing aridity associated with stadials, is 
perhaps oversimplified. Finlayson et al. (2008) argue that aridification within pollen sequences 
probably represents both aridity in the region and increased North African winds, but also argue 
that the topographic variations of the region are too great to characterise the response of the 
region to stadial/interstadial transitions as one of aridity/humidity. 

The work of Carrión et al. (1999, 2001) has focussed not just on cave records but also upon 
palynological records within coprolites. Carrión et al.(2001) argue that these fragmentary records 
support the idea of Southern Spain being a mosaic of environments during the last glacial, with 
evidence for aridification during stadials (increased steppe vegetation) and humidification during 
interstadials (increased tree pollen). However, Carrión and Finlayson are strongly opposed to the 
view of d’Errico and Sánchez Goñi (2003) that, during times of stadials, trees were absent (or 
very close to absent) from the region. Carrión et al. (1999, 2001) and Finlayson et al. (2008) 
argue for the persistence of trees in the region throughout the last glacial, with populations 
exhibiting slight expansion and contraction with climate, not disappearing. 

The focus on cave sites and coprolites is a result of the lack of long and suitable terrestrial 
records; however, the environments are far from ideal for the preservation, collection and 
interpretation of pollen records. The dating (or archaeological affiliation used to date the site) and 
stratigraphy of the sites studied by Carrión et al. (1999, 2001) and Finlayson et al. (2008) are 
often far from simple. 

2.3.5 Summary 

Through the last glacial period the northern high-latitudes were subject to rapid, climatic 
oscillations referred to as Dansgaard-Oeschger cycles, punctuated by extreme cold events 
known as HEs. These sub-Milankovitch cycles are clear within Greenland ice core records and 
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through North Atlantic marine records. In addition, there is a growing body of evidence supporting 
their communication to terrestrial systems, including those of the Mediterranean. 

Due to the link between the Mediterranean Sea and the North Atlantic, there is a clear 
relationship between the two systems, with the Mediterranean exhibiting similar phasing of 
temperature oscillations through the last glacial. The marine record of the Mediterranean has 
been used to infer terrestrial conditions of the surrounding land masses. Within the Mediterranean 
Sea there is evidence supporting aridity through the stadial events (increased THC, increased 
dust supply) and relative humidity through interstadials. Such cooling and aridity of the 
Mediterranean in response to stadials is thought to be related to the position of westerlies during 
these periods, where changes in North Atlantic circulation and pressure gradients result in the 
displacement of the main westerly system over Northern Europe. Such displacement is thought to 
be similar to a positive NAO type system, which in studies of modern meteorological systems 
results in a reduction of precipitation over the Mediterranean, with a particular impact on winter 
rainfall. Such a decline in rainfall during the peak growing season of Mediterranean vegetation is 
likely to be the mechanism primarily responsible for driving rapid regional vegetational responses 
to last glacial D-O events. Additionally, an enhanced pressure gradient over the North Atlantic 
during stadials is thought to enable intensification of Saharan winds, resulting in increased dust 
transportation to the region during such events (Moreno et al. 2005). A link between positive NAO 
states and modern dust exportation from North Africa has been established (Moulin et al. 1997). 
Therefore, if a sustained NAO shift occurs during glacial periods, it follows that mobilisation of 
North African dust would be enhanced. 

Vegetation records demonstrate the argued near synchronous response of the terrestrial system 
to the rapid changes witnessed within the Mediterranean Sea records. Regionally, there are 
forest declines associated with stadials, in particular HEs, again supporting regional aridity 
through last glacial cold events. The strength of the vegetational record has added weight to the 
dismissal of the idea of Mediterranean pluvial periods during the last glacial (section 2.4). 
Throughout the last glacial, reduced forest conditions relative to interglacial levels persisted, with 
sharp transitions to steppic dominated conditions during stadial events. Such transitions would 
invoke drastic changes within the landscape, in terms of stability, sediment supply and alter 
dominant processes.  
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2.4 Mediterranean geomorphic response during the last climate cycle (MIS 5-2) 

2.4.1 Background 

Within the Mediterranean river system geomorphology often represents one of the best available 
terrestrial records by which terrestrial response to climate changes can be unpicked. As 
highlighted by Macklin and Woodward (2009), the climatic changes observed during the last 130 
ka had a major impact on river behaviour; with direct changes in climatic conditions (e.g. weather 
systems) altering river hydrology and catchments (vegetation and surface sediment changes), 
affecting sediment supply and flow regime.  

As previously discussed, the vegetation shifts seen within the Mediterranean region to changes in 
climate over the past 130 ka predominantly involve shifts between forested and steppic conditions 
(excluding the Holocene, section 2.5) (e.g. Tzedakis 2009). Such dramatic changes in vegetation 
cover, occurring even in response to the rapid sub-Milankovitch oscillations of the last glacial (e.g. 
Allen et al. 1999, Sánchez Goñi et al. 2008, Tzedakis 2009), result in a large change in sediment 
availability (e.g. Thornes et al. 2009); where reduced soil formation and increased bare ground 
during steppic periods results in increased potential for sediment removal and transport. As such 
the response of Mediterranean river systems to a climatic shift is often considered in terms of the 
timing of alluviation events, linked to periods of reduced vegetation cover and increased sediment 
supply (Fuller et al. 1998); therefore, the timing of alluviation or incision events (if tectonics can be 
excluded or accounted for) allow catchment response to climate change to be inferred (e.g. 
Macklin et al. 2002).  

The classical theory proposed by Vita-Finzi (1969) identified an ‘Older’ and a ‘Younger’ alluvial fill 
within the Mediterranean valley systems (figure 2.15). Vita-Finzi (1969) proposed a last glacial 
age for the ‘Older’ fill sediments based primarily upon archaeological associations, and despite 
differences in the composition of the ‘younger’ fills he assigned their occurrence to a cold climate 
event within the Holocene. However, the lack of human influence ascribed to the formation of 
younger fill sediments by Vita-Finzi was criticised widely (see Macklin and Woodward 2009). In 
addition many authors simplified the discussion of Vita Finzi (1969). Macklin and Woodward 
(2009) state that Vita Finzi (1969) acknowledges the presence of multiple alluvial terraces 
associated with both the younger and older fill sediments; however, high-resolution studies, 
particularly those able to produce strong chronological controls, were not possible at the time. It is 
this lack of chronological constraint that limited geomorphological understanding of alluviation 
events. As dating techniques have developed, so our ability to constrain alluviation events has 
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improved and enabled a more detailed understanding of their timing and environmental 
significance (e.g. Bailey et al. 1990, Rose et al. 1999, Macklin et al. 2002, Candy et al. 2004a). 

 

Figure 2.15 Taken from Macklin and Woodward (2009). a) From Higgs and Vita-Finzi (1966) the 
Quaternary sequence from the Louros valley, Greece, demonstrating a typical older to younger fill 
succession sequence. b) The model of alluviation events put forward by Vita-Finzi (1969) 

2.4.2 Stage 5 

As discussed in sections 2.2.4 and 2.2.5 evidence of terrestrial climate derived from vegetation 
records and marine proxies during stage 5 indicates warm, wet conditions through the interglacial 
and interstadials and colder, drier conditions through the stadial events. This view is supported by 
the oxygen and carbon isotopic composition of the speleothem record of Soreq Cave (figures 2.8, 
2.9). Here a strong decoupling of δ18O and δ13C occurs during periods of enhanced temperature 
and water availability. At Soreq, the δ18O signal is thought to be responding to both precipitation 
levels and temperature (Bar-Matthews et al. 1997). Therefore, δ18O at Soreq is driven by a 
combination of the ‘amount effect’ and the temperature dependence of calcite precipitation 
(chapter 4), resulting in depleted δ18O values during enhanced temperatures and precipitation 
(Bar-Matthews et al. 1997). During these warm, moist periods the δ13C signal becomes less 

64



Chapter 2 – Late Quaternary Mediterranean climate 

negative due to the increased incorporation of isotopically light bedrock as a result of enhanced 
weathering (Bar-Matthews et al. 2000).  

Soreq provides evidence for enhanced weathering during 5e and during 5c and 5a (Bar-Matthews 
et al. 2000). Traditionally, the development of red ‘terra rossa’ soils, characterised by their strong 
red colouration, clay illuviation and carbonate redistribution (Yaalon 1997, Federoff 1997), is 
assigned to the stability and warmth of stage 5e (e.g. Yaalon 1997). However, the Soreq cave 
record suggests that the conditions for terra rosa soil formation may be present during the 
interstadials of stage 5. Soreq provides a record of the eastern Mediterranean and so 
consideration of records surrounding southern Iberia will provide better constraint of conditions for 
comparison.  

Along with soil development, tufa formation also provides evidence for pronounced landscape 
stability during MIS 5e and earlier interglacials (e.g. Martín-Algarra et al. 2003, Pedley 2009, 
Domínguez-Villar et al. 2011). It is thought that tufa formation is restricted to interglacial or 
interstadial periods where vegetation (particularly forests) levels are high. This is suggested 
because an increase in vegetation cover will: (1) limit sediment supply to waters and (2) fix 
sufficient soil CO2 to drive supersaturation of soil fed waters (Goudie et al. 1993, Pedley 2009, 
Domínguez-Villar et al. 2011). The evidence presented by Mediterranean vegetation records 
through the last ~130 ka (figure 2.7) highlight the transition from extensive wooded conditions of 
interglacials to steppic conditions associated with glacial and stadial periods. During these 
transitions, the reduction in forest conditions is thought to be sufficient for tufa formation to cease. 
Therefore, tufa records provide evidence of warm, moist climates, within a stable land system 
(e.g. Goudie et al. 1993). 

Rose et al. (1999) produced, to date, one of the best chronologically constrained records of 
Western Mediterranean landscape response to the climatic evolution of stage 5 (figure 2.13, table 
2.1), through the compilation and analysis (sedimentology, stable isotopes and OSL dating) of 
multiple sediment exposures on Mallorca. Rose et al. (1999) found that warm sub-stages (5e, 5c, 
5a) were characterized by general land surface stability, with soil development and minimal river 
activity. The study was able to constrain the development of the red soil to stage 5e, indicating 
extensive and prolonged landscape stability in order to enable such a soil to develop (e.g. Yaalon 
1997). Sedimentological and morphological (electron microscopy of calcite cements) evidence 
supported the development of soils during the interstadials of stage 5. However, Rose et al. 
(1999) state that soil development during these periods was limited, arguing that landscapes 
were less stable during these periods. In the case of 5c, Rose et al. (1999) argue that the 
composition of the sediments provides evidence for loess deposition during this time, with 
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sediment supply at high enough levels to reduce soil formation. Rose et al.(1999) argue that 
despite evidence for increased moisture availability during these periods (5e, 5c, 5a), river activity 
was minimal due to the effects of increased vegetation and soil cover stabilising ground and 
preventing sediment input and bank erosion.  

Table 2.1 From Rose et al. (1999); compilation of evidence of climate induced shifts in sediment 
deposition. 

 

During the cold climate events of stage 5, Rose et al. (1999) identified increased river activity, 
with erosional and depositional episodes recorded. They believe that, despite reduced moisture 
availability during these stages, this increased river activity was a function of reduced vegetation 
cover allowing for increased surface runoff and increased sediment supply to the river systems. 

The work of Macklin et al. (2002) appears to provide support for the scheme of landscape 
evolution through stage 5 proposed by Rose et al. (1999); of landscape stability during warm 
stages and river activity during cold events. However, the high uncertainties associated with ages 
of fluvial sediments make it difficult to derive strong conclusions regarding the timing of fluvial 
incision of depositional events during stage 5 (Macklin et al. 2002). Therefore, this study will be 
discussed in further detail within section 2.4.3, where chronological uncertainties are less 
problematic. 

2.4.3 Last glacial 

As recorded by the vegetation records of the last glacial through the Mediterranean (figure 2.14) 
the last glacial was a period marked by reduced tree cover, with glacial interstadial values 
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generally being comparable to values during the decline of stage 5a. As discussed in section 2.3, 
the last glacial was a period punctuated by millennial scale fluctuations between stadial and 
interstadial events; such events are well represented within numerous Mediterranean records 
(section 2.3.4), with pronounced reductions in % tree cover associated with stadial events. 
Reductions in tree cover associated with the arid stadial events indicate a dramatic change in 
landsystem resulting in: 1. increased bare ground cover, 2. reduced soil formation, and 3. 
increased sediment availability.  

Macklin et al. (2002) compiled a review of Mediterranean river systems (figures 2.14, 2.17) and 
associated alluviation or valley fill events. Chronological controls on the timing of alluviation and 
incision events are derived from U-series and OSL age estimates, Macklin et al. (2002) argue that 
the focus within the review has been upon rivers whose Pleistocene evolution is well researched. 
The authors correlate periods of alluviation with HEs; however, no single river system studied 
provides evidence for response to all six HEs. 

This study is particularly useful at highlighting river response in the Mediterranean on sub-
Milankovitch timescales, since within each river system there are too many geomorphic changes 
occurring over the last 130 ka to be explained by Milankovitch forcing alone. However, although 
at the time of publication this study presented a collection of ‘well dated’ records, the 
chronological techniques used (particularly luminescence techniques) have improved 
considerably and would allow for both more accurate and more precise dating to be undertaken. 
The errors associated with the timing of the alluviation events, even within the last glacial, are 
often far larger than the duration of the climatic event that the alluviation episode is being 
correlated with. Therefore, although it is clear that fluvial systems within the Mediterranean are 
responding to shorter climatic cycles, it is not clear what the relationship is between the events 
witnessed within Greenland and the North Atlantic and Mediterranean rivers. 

Recently, Candy et al. (2004a) have identified complications with the interpretation by Macklin et 

al. (2002) of the Rio Aguas sequence. Candy et al. (2004a) were able to demonstrate that the 
formation of the terrace coincident with the timing of the Younger Dryas (H0) event, resulted from 
internal karstic system processes, as opposed to climatically induced hydrological changes. 
Whilst the formation of the H0 terrace of the River Aguas resulted from non-climatic changes, 
Candy et al. (2004a) do assign other terrace formation events to climatic changes. The U-series 
chronology of Candy et al. (2004a) therefore demonstrates complications within the work of 
Macklin et al. (2002) and suggests that stronger chronological constraints on fluvial records may 
be needed to fully understand sub-Milankovitch response of Mediterranean rivers.  
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Figure 2.16 Composite of Mediterranean fluvial changes during the last 130 ka, from Macklin et 
al. (2002). 

A less utilised, but arguably as useful record for interpreting Mediterranean landscape response 
to Quaternary climate changes is through the analysis of loess records, which offer the 
opportunity to build chronologically constrained, multi-proxy records (chapter 4). The loess 
preserved within Southern Spain is restricted compared to the loess fields of Northern Europe 
and China. Günster et al. (2001) attempted to correlate loess sections within the Granada basin 
in order to build a composite regional loess stratigraphy. Günster et al. (2001) present a 
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composite stratigraphy starting from last interglacial soil formation and covering the entire last 
glacial. However, as with the work of Padul (Pons and Reille 1988), Günster et al. (2001) 
correlate changes in loess deposition to the European Würmian stratigraphy, in which only a few 
of the Greenland stadials/interstadials are recognised (figure 2.17). As discussed previously 
(section 2.3), recent palynological evidence from within the Mediterranean has indicated a much 
more complex terrestrial history. This could cause major problems with the loess-palaeosol 
stratigraphy proposed by Günster et al. (2001), as correlation is based upon relative stratigraphic 
position alone. If the region’s climate is fluctuating on a Greenland D-O timescale then correlation 
with Northern European stratigraphy is incorrect as the European stratigraphy does not contain 
evidence of all of the D-O stadial-interstadial transitions. 

 

Figure 2.17 GRIP chronology with European stage correlation (adapted from Lowe and Walker 
1997) compared with the loess stratigraphy of the Granada Basin proposed by Günster et al. 
(2001). 

The basis of the Günster et al. (2001) study is the recognition of Eemian type soils at the base of 
each sediment exposure. This is argued to anchor the loess-palaeosol sequences within the last 
glacial. However, as demonstrated by Rose et al. (1999), the region has been subjected to loess 
deposition within stage 5, and as such the assumption of Günster et al. (2001) of loess being a 
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purely glacial phenomenon may not be appropriate within a Mediterranean context. Another 
problem with the Günster et al. (2001) stratigraphy is that the correlations between sections are 
based upon bulk sedimentological properties, soil characteristics and relative stratigraphic 
position; palaeosols thought to be characterised by similar properties being correlated as the 
same interstadial soil within the constraints of the European Würmian stratigraphy. Since no 
radiometric dating was performed on the sections studied by Günster et al. (2001), their 
interpretations are open to re-evaluation in the light of new chronological data. 

A reassessment of the loess-palaeosols within the Granada basin based upon sedimentology, 
micromorphology and stable isotopic evidence combined with geochronology is necessary for 
investigating the assumptions made by Günster et al. A reassessment of the sections, including 
the development of a robust chronology; could provide evidence of sub-Milankovitch forcing on 
Greenland timescales, with the potential to correlate with the Iberian marine cores. 

2.4.4 Summary 

Patterns of geomorphic response of the Mediterranean through the climate changes of the last 
~125 ka appear to suggest that widespread landscape stability occurred during times of 
interglacial warmth, whilst extensive modification of land-systems occurred under glacial climates. 
However, investigation of the terrestrial records indicates a more complex relationship, involving 
large scale landscape changes occurring on both Milankovitch and sub-Milankovitch timescales. 

Through MIS 5e regional stability is reported coinciding with the period of extensive interglacial 
forest coverage, with evidence for extensive well developed soil formation, tufa precipitation and 
stability within river systems. As shown in the vegetation records of the region, there is a 
suggestion that near full interglacial vegetation recovers during the following stage 5 interstadials 
(5c, 5a). This appears to be corroborated by the geomorphological evidence belonging to these 
climate episodes, with a return to tufa precipitation, soil formation and river stability (e.g. Rose et 

al. 1999, Martín-Algarra et al. 2003, Domínguez-Villar et al. 2011). The stadial episodes of stage 
5 (5d, 5b) appear to reflect the reduction in forest conditions and the shift towards steppic 
vegetation recorded for the region; where increased mobilisation of sediments and a reduction in 
vegetation stabilising landscapes is reflected by regional alluviation episodes and increased 
fluvial deposition.  

The climate of the last glacial within the western Mediterranean is characterised by rapid climate 
events, probably correlated to the D-O cycles of the North Atlantic region. Such cycles within the 
Mediterranean are expressed as cold, arid stadials with a near total loss of forest vegetation, and 
more humid interstadials associated with increasing forest conditions. Within the western 
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Mediterranean the geomorphic response to the stadial environments appears to be recorded as 
increased fluvial deposition events, with regional alluviation events corresponding to stadial 
events. Despite evidence suggesting much drier conditions, it appears that the landscape 
instability produced through the substantial loss in vegetation cover produces significant sediment 
mobilisation to affect river sedimentation. There is also regional evidence for loess accumulation 
during stadial episodes, with suggestions of both locally derived and far travelled loess 
provenance (chapter 3), again supporting the idea of widespread steppic vegetation conditions, 
where sediment mobilisation rates are high. 

The interstadial events of the last glacial are marked by reduced fluvial deposition and, 
potentially, through the establishment of weakly developed soil horizons within loess deposits. 
However, evidence for the degree of soil development indicates that such episodes are short-
lived and less pronounced than the interstadials associated with Milankovitch timescales seen in 
stage 5. 

The existing evidence for geomorphic response to climate fluctuations through the past 125 ka 
indicate that the region is highly sensitive, showing pronounced landsystem shifts associated with 
climate shifts on both Milankovitch and sub-Milankovitch timescales. It seems likely that the 
amplitude of vegetation shifts seen within the region, associated with the pronounced shifts in 
effective precipitation through the period in question, is a key driver for such geomorphic shifts. 

2.5 Holocene 

2.5.1 High latitude records of Holocene climate 

The Holocene begins after the Younger Dryas cooling event ~11.7 ka according to the GICC05 
timescale (e.g. Vinther et al. 2006), with the Holocene thermal maximum beginning at around      
9 ka (Vinther et al. 2009). Although the timing of peak Holocene conditions varies significantly 
between Greenland Ice Sheet records, it is thought that GRIP and NGRIP provide reliable 
records of Holocene climates (Vinther et al. 2009).  

Within North Atlantic records, SST reconstructions place the timing of peak interglacial warmth 
slightly earlier, at ~10.2 ka (Mayewski et al. 2004) (figure 2.19). Despite discrepancies over 
timing, which, in part, may be linked to differences in core chronologies, polar ice core records 
and North Atlantic records show closely correlating climate evolution through the Holocene. Since 
the thermal maximum, there has been a general trend towards cooler temperatures within mid to 
high latitudes, associated with the decreasing insolation levels (figure 2.18). Records indicate that 
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Holocene climate has so far been relatively stable when compared to other climatic periods of the 
last 125 ka. 

Although muted in comparison to other parts of the Quaternary, Holocene records from 
Greenland and the North Atlantic do contain evidence for pervasive climate cycles and rapid 
cooling events. There is an apparent pacing of events within the Holocene operating at 2800-
2000 and 1500 yr intervals (Mayewski et al. 2004 and references therein), there is strong 
evidence for these low amplitude oscillations within Greenland ice cores (O’Brien et al. 1995, 
Vintner et al. 2006) and north Atlantic marine cores (Bond et al. 1997). 

Mayewski et al. (2004) introduce the term ‘Rapid Climate Change’ to describe climatic shifts 
within the Holocene where geographically broad records document the change. Through the 
compilation of ~50 palaeoclimate records with a broad geographical distribution and comprising 
of varying proxy records, Mayewski et al. (2004) identified that most Holocene rapid climate 
events were characterised by cooling in the high latitudes and tropical aridity.  However, the event 
occurring at ~9-8 ka (which contains the 8.2 ka event) was characterised by cool polar conditions 
and wetter tropics (Mayewski et al. 2004, Fletcher and Zielhofer 2011). 

It is thought that this change in characteristic relates to the mechanisms responsible for the 
climate events; Mayewski et al. (2004) state that although the mechanisms responsible for rapid 
climate changes within the Holocene remain unknown, there appears to be a relationship 
between the events and solar variability. However, they argue that the ~8-9 ka event occurred 
during a time when ice sheet dynamics, similar to those through the last glacial, remained in 
place, and therefore the bipolar mechanisms responsible for rapid changes through the last 
glacial could be the cause for this event. 

The global review by Mayewski et al. (2004), however, contains only one Mediterranean record, 
and does not necessarily provide a good insight into the climate of the region or the 
environmental or geomorphological responses (Fletcher and Zielhofer 2011). 
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2.5.2 Mediterranean records of Holocene 

This section will discuss the Holocene climate of the Mediterranean with reference to the events 
discussed for the North Atlantic, Greenland and northern Europe. This discussion will focus on 
the sites shown in figure 2.19. 

 

Figure 2.19 Map of Mediterranean Holocene records discussed 

2.5.2.1 Mediterranean Sea 

As shown in figure 2.18, the Mediterranean Sea appears to be experiencing the same climate 
variability through the Holocene as recorded within North Atlantic sediments. This is shown by 
reductions in Alboran SSTs broadly correlating with the Holocene rapid climate events noted by 
Mayewski et al. (2004) (shown in grey bars figure 2.18). However, there do appear to be 
significant differences within regional records of Holocene Mediterranean Sea conditions. 

Cacho et al. (2001) produced a transect from the North Atlantic (Gulf of Cadiz), western 
Mediterranean Sea (Alboran) and central Mediterranean Sea (Tyrrhenian); within these records 
Cacho et al. (2001) argue for a discrepancy in the timing of peak interglacial conditions, arguing 
that the North Atlantic experiences peak interglacial warmth first, followed by the western 
Mediterranean and central Mediterranean Seas respectively. Cacho et al. (2001) report that the 
arrival of maximum Holocene SSTs was at 11.5-10.2 ka BP, 10-9 ka BP and 8.9-8.4 ka BP within 
the Gulf of Cadiz, Alboran Sea and Tyrrhenian Sea, respectively. Despite differences in the 
arrival of peak interglacial warmth, the records go on to show a general trend towards cooling 
after peak conditions, punctuated by events which appear to correlate broadly with the rapid 
climate events noted by Mayewski et al. (2004).  

Cacho et al. (2001) argue that the apparent west-east gradient associated with the onset of peak 
Holocene conditions indicates the importance of North Atlantic inflow waters in communicating 
northern hemisphere climates. However, Cacho et al. (2001) also highlight the role of the 
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Mediterranean basin in modifying North Atlantic signals, noting that the Tyrrhenian Sea record 
demonstrates an amplified response to Holocene rapid climate events when compared with more 
westerly records. This, Cacho et al. (2001) argue, indicates a Mediterranean basin-induced 
amplification, possibly induced by increased winds. Such an amplified easterly response appears 
to be corroborated by the foraminiferal record of Rohling et al. (2002) (figure 2.18). 

Previous discussion of the last glacial climate within the Mediterranean basin detailed the 
evidence for a period exhibiting greater aridity than presently experienced within the 
Mediterranean. Oceanic records indicate that during the early Holocene, through the thermal 
maximum, the region experienced a positive water balance (Thunnel and Williams 1989). 
Thunnel and Williams (1989) examined the oxygen isotopic composition of foraminifera from 
eastern and western Mediterranean Sea cores, and through corrections for shifting temperatures 
and ice volumes were able to extract a record of salinity (due to differential dissolution of 18O in 
varying salinities). The salinity record of Thunnel and Williams (1989) has been interpreted as a 
record of effective moisture availability, with periods of high rainfall correlated with low salinity and 
high aridity with increasing salinity levels. Salinity level reconstruction of Thunnel and Williams 
(1989) is interpreted as showing that the mid-Holocene (~8 ka) as a period of significantly 
enhanced water availability compared to the late Holocene, although all Holocene values indicate 
higher levels of moisture availability when compared to the last glacial (Thunnel and Williams 
1989). 

2.5.2.2 Mediterranean terrestrial climate records 

Through the compilation of Holocene pollen records within Europe, Davis et al. (2003) produced 
regional Holocene reconstructions, using key species as indicators of temperature and/or 
precipitation regimes. Reconstructions of southern European climate suggested an absence of a 
mid-Holocene thermal maximum (Davis et al. 2003), indicating that conditions through the 
Holocene were slightly cooler than at present, contrary to the evidence based on SST 
reconstructions. Davis et al. (2003) suggest that southern European temperatures peaked during 
the early Holocene (~10 ka) but then dropped sharply, around ~8.2 ka, and recovered steadily to 
present day levels. Davis et al. (2003) argue that this temperature regime was accompanied by 
regional drying through the Holocene. 

Evidence from the eastern Mediterranean supports the idea of increasing aridity through the 
Holocene after the early Holocene climatic optimum. The record of δ18O and δ13C variations 
through Soreq Cave speleothems (Bar-Matthews and Ayalon 2011), indicates there is a general 
trend towards increasing δ18O values from the Holocene climatic optimum through to the late 
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Holocene. As 18O is negatively correlated to precipitation levels, the record at Soreq indicates 
progressive drying post Holocene climatic optimum (Bar-Matthews and Ayalon 2011). However, 
unlike the record compiled by Davis et al. (2003) which suggests a very minor, or absent 
expression of Holocene rapid climate events post 8.2 ka; Soreq indicates that rapid climate 
events during the Holocene are expressed within Mediterranean records. The record indicates 
that these rapid climate events can be correlated with wetter conditions in the Mediterranean; this 
is supported by increased δ13C values, indicating increased weathering under moister conditions 
(Bar-Matthews and Ayalon 2011). 

It is possible that the record of Davis et al. (2003) may not clearly express Mediterranean 
response to Holocene rapid climate events, as through the correlation of records it may be 
possible that the evidence has become obscured by issues associated with resolution and/or 
chronology. Therefore, the regional pollen record contained within core MD95-2043 may be quite 
useful as it enables direct comparison with the marine proxy records, suggested by Davis et al. 
(2003) to be opposed to terrestrial climate evidence. 

Fletcher and Sánchez Goñi (2008) state that the regional record obtained from MD95-2043 
indicates that the early to mid-Holocene (11.7-5.4 ka) is associated with forested conditions, 
indicating relatively moist conditions, followed by a shift towards increasing steppic vegetation 
(5.4 ka onwards), supporting the suggestion of Holocene aridification. The findings of Fletcher 
and Sánchez Goñi (2008)  are comparable with the findings of Jalut et al. (2000) and Magny et al. 
(2002), who compiled terrestrial pollen records through the western Mediterranean and suggest a 
mid-Holocene transition to warmer drier conditions. The concept of Holocene aridity is supported 
through the compilation of southern Spanish pollen records, which record a shift to xerophytic 
(dry adapted) vegetation around 5.4 ka (Carrión et al. 2010).  

However, the Mediterranean region experienced extensive anthropogenic alteration through the 
Holocene. It is argued, (Magny et al. 2002, Jalut et al. 2000, Fletcher and Zielhofer 2011, 
Pantaleon-Cano et al. 2003) that there is no evidence within western Mediterranean pollen 
records that humans were responsible for the shift to steppic taxa, and it must, therefore, be 
climatically induced. Pantaleon-Cano et al. (2003) and Carrión et al. (2010) suggest that 
significant human modification of Iberian vegetation occurs ~2 ka. 

Within the MD95-2043 record, Fletcher and Zielhofer (2011) suggest that periods of aridification 
(through forest decline) correlated with SST reductions can be seen to correlate with the 
Holocene rapid climate events. This is contrary to evidence from Soreq, which suggests that the 
eastern Mediterranean experiences wetter phases associated with rapid Holocene events.   
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Comparison of the pollen record with lake level records of Iberia (figure 2.20) indicate that often 
Holocene rapid climate events are associated with desiccation events, although these are not 
regionally synchronous (Fletcher and Zielhofer 2011); this pattern of response is also proposed 
by Magny et al. (2002).  

2.5.3 Mediterranean geomorphic response through the Holocene 

The onset of the Holocene marks the transition from the rapid climate instabilities, which 
characterise the last glacial period, to a stable climate marked by low-amplitude climate 
fluctuations. This return to warm, stable, forested conditions is marked by the return to tufa 
precipitation within southern Spain and an associated return to soil development and landscape 
stabilisation (Pedley 2009, Martín-Algarra et al. 2003, Domínguez-Villar et al. 2011). 

The model proposed by Vita-Finzi (1969) suggested that river systems of the Mediterranean 
experienced one episode of alluviation occurring towards the end of Roman occupation (Macklin 
and Woodward 2009), termed the ‘Younger fill’ (figure 2.15). Vita-Finzi (1969) argued that this 
alluviation event occurred due to increased flooding and erosion in response to a cooler, wetter 
climate. However, with increased geomorphic understanding of the Mediterranean, and improved 
chronological techniques, it became evident that Vita-Finzi’s model was an oversimplification 
(Macklin and Woodward 2009).  

Compilation of alluviation events and flood event histories (figure 2.20), 14C dated using AMS 
techniques, is beginning to unravel the differing impact of climate and human influences on 
Holocene Mediterranean rivers. There is evidence to support human induced changes in fluvial 
systems, particularly for the latter part of the Holocene, surrounding the Medieval and modern 
civilisations (Benito et al. 2008). However, it is suggested that such studies still suffer from 
chronological issues which make distinctions between human and climate influences difficult 
(Mackling and Woodward 2009). Through a probability based assessment of 14C ages of flood 
deposits within Spanish river systems, Thorndycraft and Benito (2006) have attempted to produce 
more robust event stratigraphies. Thorndycraft and Benito (2006) suggest that through the late 
Holocene flood events can be largely correlated with episodes of climatic cooling within the North 
Atlantic, whereas the mid-Holocene, a period of forested conditions (figure 2.19, Fletcher and 
Sánchez Goñi 2008), is represented by stable channel conditions. Within the late Holocene 
(<~2.5 ka), Thorndycraft and Benito (2006) argue that there remains evidence for increased 
flooding during cold North Atlantic episodes, but there is also evidence to human induced 
alluviation events (Benito et al. 2008). 
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Figure 2.20 Compilation of North Atlantic records of Holocene climate, compared to Iberian 
records of terrestrial response. North Atlantic Lithics (Bond et al. 1997) and SST (Mayewski et al. 
2004), MD95-2043 SST (Cacho et al. 2001, 2002) and pollen (Fletcher and Sánchez Goñi 2008), 
Spanish Fluvial activity (Thorndycraft and Benito 2006), Lake Siles (Spain) desiccation events 
and shift to xerophytic plants (Carrión 2002), Western Mediterranean aridification events from 
pollen records (Jalut et al. 2000). Grey bars indicate position of Holocene rapid climate events 
(Mayewski et al. 2004). 

2.5.4 Summary 

Climatic records of the Holocene from both the North Atlantic and the Mediterranean regions 
indicate that the period has experienced low frequency, sub-Milankovitch climate variability, 
potentially related to solar activity levels. Mediterranean Sea records and terrestrial pollen studies 
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indicate that through the Holocene the Mediterranean has experienced subtle cooling, post early 
Holocene optimum conditions, associated with increasing regional aridity. Through this general 
trend, the region appears to have been subjected to periodic aridification phases, which some 
authors have suggested are correlated to the Holocene rapid climate cooling events seen within 
North Atlantic records. 

Compilations of regional records of terrestrial response appear to support palynological 
interpretations of aridification phases, with some correlations apparent between steppic taxa 
increases and lake desiccation events (figure 2.20). However, evidence from Spanish river 
systems indicate that alluviation events, relating to aridity through increased sediment supply, 
provide a less clear correlation in terms of both Iberian and North Atlantic correlations. 

Importantly, both the palynological records and fluvial records of Iberia indicate that 
anthropogenic influence on climatic signals is minimal through the early and mid-Holocene. 
However, both records demonstrate that, through the late Holocene it becomes increasingly 
difficult to unravel climatic vs. human modification of ecosystems and geomorphic processes. 
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Chapter 3 – Loess as a palaeoclimatic archive 

This chapter aims to introduce the current understanding of loess-palaeosol sequences and their 
accumulation and potential for reconstructing Quaternary climate changes within the 
Mediterranean. A summary of our current ideas will be outlined through the discussion of: 

1. Current suggestions for defining aeolian silt deposits as loess 
2. Outline the mechanisms of silt formation within various climatic and environmental 

settings 
3. The distribution of loess deposits and the timing of their deposition 
4. The chronological, biological and sedimentary techniques commonly applied to the 

analysis of loess-palaeosol sequences 
5. The potential of the study of Mediterranean loess sequences for enhancing our 

understanding of terrestrial response to Quaternary climate changes 

3.1 Defining loess 

“Loess can be defined simply as a terrestrial clastic sediment, composed predominantly of silt-
size particles, which is formed essentially by the accumulation of wind-blown dust.” (Pye 1995 
page 653). 

As loess is deposited from suspension it most commonly occurs as a massive deposit, although it 
occasionally contains subtle bedding structures. It is the massive, well sorted nature of loess that 
makes it readily distinguishable from aeolian sands and fluvial sediments. Pecsi (1990) outlines 
10 criteria for the definition and recognition of loess deposits: (1) A homogenous, porous, well 
sorted, pale yellow deposit, composed primarily of silt (10-50 µm), (2) composed primarily of 
quartz (40-80%), feldspars, calcite and dolomite, (3) loess horizons are usually unstratified, but 
may contain pedogenic horizons, (4) clay and sand is a minor component (5-25%) with clay 
minerals illite and montmorillonite being dominant, (5) variable carbonate content (1-20%), (6) 
loess is permeable to water, although it may contain evidence of cementation between grains, (7) 
commonly forms steep, stable ‘loess walls’, (8) easily eroded by surface waters,(9) typically 
contains remnants of flora and fauna, (10) deposited wind-blown silts require transformation to 
loess via stabilisation by vegetation and/or some diagenesis. 

This has not been universally accepted, as the very nature of loess is dependent upon source 
region and transport pathways, which can lead to a significant degree of variation in the 
composition of loess deposits. This is highlighted in the work of Pye (1984) which outlines the 
varying characteristics of key loess deposits from different geographical locations.  
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Pye (1995) identifies three fundamental requirements for the formation of loess: (1) continual 
source of dust, (2) sufficient wind energy to enable the transportation of dust, and (3) a site 
suitable for accumulation, generally a vegetated depression and/or an area with sufficient rainfall 
to cause deposition. 

Silts which have accumulated via sub-aerial deposition are referred to as primary loess. However, 
as loess is an easily erodible, soft sediment, it can be reworked by slope or fluvial processes and 
is then referred to as secondary loess (Pye 1995). 

3.2 The origin of loess 

There are two modes of formation of the silt required for loess; these are glacial processes and 
desert processes, seen in figure 3.1. The majority of loess deposits are linked to glacial stages 
and glacial system landscapes. Initially, it was hypothesised that glacial abrasion resulted in the 
production of large amounts of silt-sized material which could then be deflated and accumulated 
elsewhere as loess. However, laboratory reconstructions of glacial grinding have produced 
contradictory evidence. Wright et al. (1998) indicated that on its own this mechanism may not 
produce significant silt sized material. However, Smalley et al. (2005) argue that when a repeat 
experiment was undertaken they were able to produce large amounts of silt by using quartz 
containing natural crystal defects. 

 

Figure 3.1 Adapted from Muhs and Bettis (2003) on the production mechanisms of silt sized 
particles. 

Additionally, it has been demonstrated that other glacial and non-glacial processes can be 
responsible for the production of large amounts of silt sized material (Wright 2001, Muhs and 
Bettis 2003, Iriondo and Kröhling 2007). Predominantly, the responsible mechanisms are 
believed to be physical weathering processes (frost shattering and salt weathering) (Pye and 
Sperling 1983), abrasion during fluvial transport (Wright et al.1998) and aeolian induced grain 
abrasion (Whalley et al. 1982). 
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In order for aeolian dust to become loess it must be deposited and accumulate on the land 
surface. Primary loess is formed through sub-aerial accumulation of silt. In order for loess to 
accumulate, Tsoar and Pye (1987) argue that there exists a critical rate of dust deposition of     
0.5 mm/a, below this rate all deposited dust is incorporated in the soil by bioturbation and rain 
action. Two primary factors are believed to be responsible for the deposition and accumulation of 
loess: rain and vegetation. The primary mechanism for removal of dust form the atmosphere is 
via rain out, which is a commonly observed phenomenon widely studied within the Mediterranean 
(e.g. Avila et al. 1996, Loÿe-Pilot and Martine 1996, Fiol et al. 2005) where dirty rain or red rain 
occurs. Dirty rain describes the phenomenon where, in the Mediterranean, Saharan dust 
outbreaks result in dust particles within the high atmosphere which act as nuclei for moisture 
formation, trapping the dust within resulting precipitation (Loÿe-Pilot et al. 1986). Dust deposition 
may also occur through ‘dry’ deposition in distal regions via loss of wind energy (Pye 1995). It is 
argued that Saharan dust may be a main constituent of Mediterranean red soils (Muhs et al. 
2010), where a moderate supply enables a recognisable contribution, but does not result in as 
thick an accumulation of dust as loess. 

Once dust is deposited onto the land surface it requires trapping in order to accumulate. 
Vegetation, primarily grasses and shrub type vegetation, is thought to be the primary trapping 
mechanism (e.g. Pye 1995, Tsoar and Pye 1987, Pye and Tsoar 1987, and references therein). 
Supply of dust is an important factor controlling loess formation; however, Tsoar and Pye (1987) 
argue that a dust trap is equally important. Tsoar and Pye (1987) argue that desert loess tends to 
be found on the semi-arid margins of desert regions where there is suitable and sufficient 
vegetation to trap silt.  

It is argued that the primary diagnostic characteristics of loess (cohesion and texture) may be the 
product of ‘loessification’ (Pecsi 1990, Iriondo and Kröhling 2007).  ‘Loessification’ describes the 
action of syn-depositional weathering (occurring at the time of deposition), and it is argued that it 
is this weathering and the resulting cemented nature of the loess through the precipitation of 
carbonates (primarily) that results in the characteristic appearance of many loess deposits 
(Iriondo and Krohling 2007). However, Pecsi (1990) does recognise that the process of 
‘loessification’ is not responsible for the formation of silt sized particles, and that the alteration of 
silt deposits by this process is not uniform, but is dependent upon aspects of climate and 
depositional rates. 

However, again, there is no consensus within the loess community, with some arguing that the 
process of loessification is key to the identification/definition of loess and others arguing for a 
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simpler ‘Pye type’ definition in which loess formation occurs through the aeolian deposition of silt 
(see Smalley et al. 2011). 

3.3 Distribution 

The global distribution of widely recognised loess deposits can be seen in figure 3.2 (Pecsi 1990). 
There is a clear link between the distribution of these major loess centres and the distribution of 
areas of high relief/and or LGM ice extent (Smalley and Vita-Finzi 1968, Smalley and Krinsley 
1978) thereby defining the majority of major, thick loess accumulations as cold climate processes 
(Smalley and Vita-Finzi 1968). Iriondo and Krohling (2007) assign the existence of the North 
American and North European loess to glacial processes and the Chinese and Central Asian 
deposits to cold climate weathering processes. 

 

Figure 3.2 World loess and loess like sediment distribution map taken from Pecsi 1990. Pecsi 
(1990) has allocated ‘loess like’ deposits to areas where they believe sufficient classification work 
has yet to be carried out.  

The distribution of loess within Northern Europe is shown in Figure 3.3 (Haase et al. 2007) and 
clearly shows that most European loesses are found within the flat, lowland regions of Northern 
Europe. 

However, as many of the major loess deposits of the world are thought to result from cold climate 
or glacial processes, this has sometimes affected the very definition of loess, with those deposits 
outside of cold climate systems being disregarded (e.g. Smalley and Vita-Finzi 1968) or 
misidentified and neglected in terms of study. For example, Smalley et al. (2005) suggest that 
most North African loess is produced by deflation from lacustrine basins due predominantly to 
grain size characteristics, and Chinese desert loess is produced from high mountain regions 
affected by glaciation. Smalley and Vita-Finzi (1968) argue that true loess, according to the 
original German definition of loess, must be glacial in origin. They therefore argue that desert 
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deposits are loess-like, but do not consider them true loess. This stance appears to have been 
disregarded by recent work, with the acceptance that loess of desert origin is able to satisfy 
numerous existing identification criteria regardless of the mode of production. Importantly, the 
alternative mechanisms of silt formation within different environments (glacial, peri-glacial, desert) 
result in significant differences in the composition and grain textures of the resulting 
accumulations (chapter 6).  

 

Figure 3.3 Map showing distribution of loess in Europe, collated from published data by Haase et 
al. (2007) 

3.3.1 The Mediterranean 

Compared to the northern European loess deposits, deposits within the Mediterranean region 
have received little attention.  Coude-Gaussen (1991) compiled a basic map outlining the 
existence of loess around the Mediterranean Sea, based upon the limited published studies (see 
figure 3.4).  

Coude-Gaussen (1991) argues that the loess within the northern Mediterranean exhibits grain 
size and mineralogical characteristics which indicate a local origin, suggesting that cryogenic 
processes during glacial periods are responsible for the formation of the silt and fine sand 
material (Bonifay 1965, Cremaschi et al. 1990).  
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Figure 3.4 Map showing distribution of loess around the Mediterranean. Compiled by Coude-
Gaussen (1991) based upon published studies. 

The northern and central Spanish loess deposits are characterised as reworked loess 
(secondary) and/or gypsic derived silts (Coude-Gaussen 1991) with similarities in composition to 
local materials (Garcia et al. 2011). Recently, there have been publications detailing the location 
of loess or loess like deposits from central Spain (Garcia et al. 2010, Garcia et al. 2011). As with 
other Northern Mediterranean loess deposits, the grain size and mineralogical assemblages 
present suggested a local origin, with deflated alluvial silts reasoned to be the most probable 
source (Garcia et al. 2011).  

Importantly, all of the Northern Mediterranean loess sequences so far reported share similar 
depositional histories, with limited loess preservation from MIS 6, soil development during stage 
5e, and a return to loess deposition during stages 4-2, with varying degrees and stages of 
pedogenic alteration occurring throughout this period (Coude-Gaussen 1991, Garcia et al.2010, 
2011, Bonifay 1965, Mücher et al. 1991, Günster et al. 2001). Generally, these deposits are not 
independently dated, but are assigned an age based on their relationship to soils of inferred 
Eemian age. Additionally, most of the deposits (except those reported by Rose et al. 1999), 
particularly those located in the Northern Mediterranean, are reported to be predominantly coarse 
grained silts (argued to support predominantly local provenance), typically secondary in nature 
and have been subject to only limited study (for example; Coude-Gaussen 1991, Cremaschi et al. 
1990, Bonifay 1965, Mücher et al. 1991). 

Although it is often considered that loess deposits may be extensive within North Africa, to date, 
the few publications dealing with loess south of the Mediterranean Sea tend to focus on the 
deposits of Tunisia. Coude-Gaussen (1987) provides a brief overview of what little is known about 
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the deposits of North Africa, and states a number of shared characteristics, shared sedimentary 
origin (desert loess), frequent reworking by slope or fluvial processes and a young (Upper 
Pleistocene) age. As the formation of silt sized material results from the ‘desert’ mode of 
formation (see figure 3.1), the timing of depositional events is not necessarily tied to glacial stage 
processes in the same way as Northern European sites.  

Coude-Gaussen (1987, 1991) argues that the most likely time of loess deposition within North 
Africa is during moderate pluvial (humid) events, where rainfall and vegetation are sufficient to 
trap atmospheric silt. However, Dearing et al. (2001) produced arguably the most detailed study 
of any North African loess sequence, including radiometric dating of the Matmata sequence in 
Tunisia. Dearing et al. (2001) argue that the timing of loess deposition is from ~240-~110 ka, 
correlating episodes of loess deposition with marine isotope glacial stages (MIS 6) and palaeosol 
development with marine isotope interglacial stages. However, the independent chronology built 
for this site is dependent upon the combination of a number of OSL/TL methods, with the older 
ages for the site being supplied by additive dose OSL and TL methods; both of these methods 
have been demonstrated to be problematic (Roberts 2008 and references therein), with OSL 
regenerative techniques being the standard, and preferred OSL dating method. The ages derived 
from the OSL regenerative ages for Matmata are significantly younger, and could suggest a last 
glacial age for the sequence (Dearing et al. 2001).  

Not all loess within Spain share the characteristics of the majority of Mediterranean loess 
deposits. Rose et al. (1999) identified the existence of loess on the Balearic Island of Mallorca. 
Based upon the complex mineralogy and fine texture of the deposits, the authors attribute the 
deposits to far-travelled atmospheric dust; however, no source region is suggested. Additionally, 
Rose et al. (1999) were able to place geochronological constraints upon the timing of loess 
accumulation on Mallorca, with deposition occurring within stage 5c as well as during the later 
glacial stage. Therefore, it is both the timing of deposition of loess on Mallorca prior to MIS 4 and 
far-travelled provenance distinguishes Mallorcan loess from other Mediterranean loess deposits.  

All previous studies have constrained timing by ascribing a last interglacial age to the main soil 
horizon or through geomorphological constraints. In addition to the deposits on Mallorca, a 
number of deposits in southern Spain have been identified (Günster et al. 2001) which are argued 
to be loess or loessic in nature. Günster et al. (2001) argue that these deposits are local in origin, 
being derived from weathering of local bedrock, although no data is put forward to support this 
conclusion. Günster et al. (2001) detail five, predominantly secondary (reworked) loess 
sequences which, through the identification of an Eemian soil at the base of each sequence, they 
attribute loess accumulation to the last glacial period. Within each of the sequences a number of 
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weak to moderate soil horizons are noted, which Günster et al. (2001) correlate with sub-orbital 
variation present within the last glacial period.  

The paper outlines substantial XRD, micromorphological and grain texture work, however, no 
result, summary or account of such analysis is presented in order to support the suggested 
interpretation of the sediments. As such, the work of Günster et al. (2001) fails to further 
understanding of the loess deposits that exist within the region. 

The existence of loess within Southern Spain and the Balearics, in addition to their distinctive 
characteristics (Rose et al. 1999), raises a number of key questions. Is there a transitional zone 
within the Mediterranean region, where the process of silt formation shifts between a North 
African (desert) model and a Northern European (glacial) model? To date, with the exception of 
Mallorcan loess, it is argued that the deposits of the northern Mediterranean are derived from 
local processes. However, it has been demonstrated that varying amounts of North African desert 
silt reaches the Mediterranean region (e.g. Loÿe-Pilot and Martin 1996, Prospero 1996, Goudie 
and Middleton 2001). Are there climatic periods within the Quaternary where this silt supply 
becomes a dominant geomorphological process? 

A number of studies have documented the existence of a North African dust component within 
soils (e.g. Muhs et al. 2010, Andreucci et al. in print), as a major component of Canarian loess 
(Suchodoletz et al. 2009) and a large body of work exists on modern dust transport to the 
Mediterranean (for example see Prospero 1996 and references therein). However, from such 
studies it is unclear whether climatic conditions have ever prevailed that would allow North 
African dust to be a dominant input to Southern Spain to the extent required to allow loess 
deposition to dominate.  

The physical geography of Iberia results in high levels of erosion, reducing the preservation 
potential of terrestrial deposits. Therefore, much of our understanding of the region is derived 
from local marine records, which in this region may offer the most complete sequences for 
interpreting terrestrial response to Quaternary climate changes. Marine core records from the 
Iberian Peninsula may offer clues about the shifting sediment supply from North Africa, which in 
turn may allow inferences to be made about conditions optimum for dust supply to Southern 
Spain. Figure 3.5 shows the results from Moreno et al. (2002) from MD95-2043 located off the 
southern coast of Spain within the Alboran sea.  

Moreno et al. (2002) have used a variety of proxy records in an attempt to assess North African 
dust flux to the Mediterranean basin during the last glacial. They suggest that through this period 
dust flux was driven by D-O climate cycles, with episodes of high dust deposition associated with 
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arid stadial periods (figure 3.5). Moreno et al. (2002) have identified this pattern of response 
principally from grain size and mineralogical data. End member modelling of the sediments within 
the core has enabled Moreno et al.(2002) to identify the existence of three grain size populations 
(EM1, 2, 3), on the basis of modern day grain size relationships, they assign EM3 to fine grained 
fluvial input, EM2 to coarse grained fluvial input and EM1 to North African aeolian input. 
Additionally, Moreno et al. (2002) have used the Si:K ratio as an indicator of shifting dominance of 
aeolian and fluvial inputs, respectively. Silica inputs have been assigned as indicators of North 
African aeolian origin on the basis of the mineralogical composition of modern dust sources in the 
region, indicated as being rich in quartz (Guieu and Thomas 1996), and Moreno et al. (2002) 
argue that the potassium signal is dominated by the fluvial transport of potassium rich clays (e.g. 
Illite). Variations in these proxy records are shown in figure 5.3, and there is a clear correlation 
between peaks in aeolian indicator proxies used by Moreno et al. (2002) in association with 
stadial events through the last glacial. This pattern of response has also been suggested to exist 
in the record of ODP977A, also located in the Alboran Sea (Bout-Roumazeilles et al. 2007, 2012). 
Bout-Roumazeilles et al. (2007, 2012) use clay mineralogy as a tracer of sediment inputs and 
source arguing that the presence of palygorskite can only be associated with aeolian transport 
from North African sources. The record of palygorskite occurrence also indicates peak aeolian 
inputs associated with the stadial events of the last glacial. 

Moreno et al. (2002, 2004, 2005) and Bout-Roumazeilles et al. (2007, 2012) have used this 
apparent relationship between stadial climates and increased dust flux to reconstruct variations in 
atmospheric circulation with stadial and interstadial climates (figure 5.3). It is suggested that a 
sustained, positive NAO type atmospheric scenario exists during stadial climates, produced by a 
strengthened climatic gradient between the Icelandic and Azores pressure centres. Thus, during 
a positive NAO circulation, the jet stream is displaced northwards resulting in sustained regional 
aridity during stadial climates.  
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There are however, a number of issues with these correlations. Firstly, Moreno et al. (2002) 
correlate peaks in aeolian indicators with peaks in steppic vegetation cover (from the same core) 
as indicating regional aridity. However, if the core is recording substantial shifts in sediment 
source, it follows that pollen supply must also be shifting, and as such, the pollen record could be 
showing a shift between Spanish and North African input dominance. It is stated that the 
occurrence of cedrus pollen is an indicator of North African origin (Fletcher and Sánchez Goñi 
2008, Carrion 2004); it follows that during times when cedrus is reaching the core location, other 
North African origin pollen would be reaching it too. It is therefore possible that the climatic record 
within the core is not one of Iberian aridity/humidity with stadials/interstadials, but rather one of 
shifting air masses or winds in response to the climate cycles of the last glacial. 

Secondly, the employment of an Si:K ratio to indicate aeolian input by Moreno et al. (2002) 
appears flawed. Moreno et al. (2002) cite Guieu and Thomas (1996) to back up their assertion 
that North African dust is rich in quartz. However, that study analysed in-situ sediment exposures 
which were a potential source of dust emission. Studies analysing the composition of North 
African dust through the Mediterranean indicate varying quartz content, with a substantial Illite 
component (e.g. Avila et al. 1996, Chester et al. 1984). This suggests that Moreno et al. (2002) 
are incorrect to assume that fluvial systems must supply the greatest potassium rich sediments to 
the core.  

Finally, the data of Moreno et al. (2002) is all proportional and so a change in one component will 
appear to drive a change in another. This could be particularly problematic when interpreting the 
shifting dominance of Si:K, and the inferred shift between high fluvial activity and high aeolian 
activity. It is possible, for example, that the source of quartz (Si) to the site is constant and one is 
actually recording a switching on and off of potassium rich source sediments, or vice versa. The 
record of MD95-2043 will be discussed in detail in chapter 12. 

3.4 Analysis of loess 

3.4.1 Chronology 

As loess is an extensive, and sometimes near-continuous terrestrial deposit, understanding and 
accurately assessing the timing of deposition and pedogenic alteration would enable a detailed 
understanding of terrestrial response to climate changes over wide geographical areas 
throughout the Quaternary. Roberts (2008) provides an overview of the application of 
luminescence within loess studies and discusses the impact recent advances in the technique 
have had upon previously published dates. 
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Much of the development within luminescence has been based upon experiments using loess 
deposits. Primarily this is due to the suitability of the material; luminescence deals primarily with 
quartz and feldspar which are both abundant within most loess deposits and because of the 
nature of deposition and transport of loess the luminescence signal is usually fully ‘zeroed’ prior 
to deposition. 

Luminescence signals are formed from the exposure of grains to ionising radiation (principally the 
decay of uranium, thorium and potassium in the sediment, and from cosmic radiation) in the 
environment. This signal builds up steadily over time following the deposition and subsequent 
burial of the grain, as long as the grain remains buried and is not bleached by re-exposure to 
sunlight, the luminescence charge will continue to build up with time. Measurement of the stored 
luminescence charge in the laboratory is then used to calculate the total amount of radiation the 
sediments had been exposed to since deposition termed equivalent dose (De), given in Grays 
(Gy). Dividing ‘equivalent dose’ (De) by the rate at which dose was delivered during burial, the so-
called ‘dose rate’ (Dr) (Gy/ky), gives the luminescence age estimate. Age (ky) = De/Dr 

TL dating was the first technique applied to loess in the 1980s (e.g. Wintle 1981). However, there 
has been a move away from TL dating within recent years due to a number of issues with the 
technique. The TL signal derives predominantly from feldspar, but also from quartz, with both 
minerals displaying varying behaviours in terms of emission, bleaching and signal stability. The 
relative contributions of the minerals were difficult to assess and made it difficult for standard 
techniques and behaviours to be produced and tested and therefore making ages difficult to 
compare and reproduce. Roberts (2008) highlights that TL dating requires long light-exposure 
times to remove unwanted signal and importantly, that an un-bleachable TL signal exists, leading 
to additive radiation levels and incorrect establishment of equivalent dose.  

Huntley et al. (1985) were the first to produce an OSL signal from quartz. However, TL remained 
the primary dating technique for loess until around 2000 when the SAR protocol was introduced 
(Murray and Wintle 2000). The SAR protocol is a single aliquot, regenerative dose technique 
meaning that establishment of the natural signal and subsequent laboratory induced signals are 
undertaken on a single sample (aliquot), allowing for multiple aliquots of each sample to be run 
using standardised criteria. The introduction of this technique resulted in a significant increase in 
the precision of ages produced (e.g. 5-10% errors) (Roberts 2008).  

The standardisation of the technique also facilitated laboratory comparisons to be made and 
allowed for correlation between ages and/or sites to be made with confidence. This therefore, 
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advanced loess studies, enabling high resolution studies to reconstruct deposition rates (e.g. 
Stevens et al. 2006, 2007, Lai et al. 2007) and therefore, small scale climatic features.  

3.4.2 Sedimentary characteristics  

Pye (1984) supplied basic sedimentary characteristics from literature detailing loess profiles 
within the USA, Europe, China, Asia, South America and New Zealand. Based on geographical 
location, Pye (1984) assigns each loess profile as either originating from glacial processes (e.g. 
Europe) or non-glacial process loess (e.g. South America). From this Pye was able to state that 
the typical composition of deposits recognised as loess are; 50-80% silt (4-63µm), up to 20% clay 
in unweathered loess and typically 10% sand (although this can be up to 40% of mass in loess 
classified as ‘sandy’). Pye states that the median grain size is typically in the range of 20-40µm, 
or 15-35µm in weathered loess, although obviously both of these ranges are dominated by 
influence of wind strength, provenance and proximity to source and degree of pedogenic 
alteration. Pedogenic alteration of loess produces a reduction in grain size, which is often used as 
a proxy to strengthen field observations of pedogenic horizons. 

Within the Chinese loess plateau grain size has been used as both a correlative tool (for 
example; Lu and Sun 2000, Vandenberghe et al. 1997, Nutgeren and Vandenberghe 2004) and 
as a palaeoclimatic indicator (for example; Porter and Zhisheng 1995, Xiao et al. 1995). However, 
the use of grain size as an indicator of atmospheric circulation (wind strength and aridity) is 
dependent upon an understanding of the provenance of material. Again, attempts have been 
made to model mixing populations of grains in order to unravel transport history (Prins et al. 
2007). Such an approach has not been applied extensively elsewhere, although Vandenberghe et 

al. (1998) do represent one example of its application in Europe. Vandenberghe et al. (1998) 
argue that there is a correlation between deposited grain size and climate, with finer grain sizes 
and lower sedimentation rates occurring during warmer periods.  

However, there are a number of problems with this approach, which are highlighted by this 
particular study. Firstly, often the chronologies for such sequences are not strong enough to 
make robust inferences regarding rates of deposition (see Stevens et al. 2006, 2007).  In 
particular, the study presented by Vandenberghe et al. (1998) is marred by serious chronological 
issues with the authors rejecting 14C dates they view as too young in favour of TL dates which 
support their palaeoclimatological interpretation of the grain size record. Additionally, if no 
independent record of provenance can be established, it is particularly difficult to draw strong 
conclusions regarding the relative importance of atmospheric circulation or climate as it is 
impossible to untangle such influences. 
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Recent work has introduced the use of mineralogy and isotopes as tracers of dust sources; again 
much of this work has focussed on the Chinese loess plateau (e.g. Stevens et al.2010, 2011, Sun 
2002), but there is also work relating to dust sources within the Mediterranean (e.g. Muhs et al. 
2010) which may be applicable to loess within the region.  

Strontium and Neodymium isotopes have been used as genetic fingerprints to identify source 
regions of loess (e.g. Smith et al. 2003, Jahn et al. 2001, Sun 2002). The Sr and Nd isotopic 
composition of mantle and crustal derived rocks is significantly different, allowing an isotopic 
distinction to be made between these rock types and, therefore, between the sediments derived 
from them (Grousset and Biscaye 2005).  Within bedrock it has been demonstrated that 
weathering of the rocks does not alter the Nd composition, although Sr can vary according to 
weathering history (e.g. Cole et al. 2009, Hemming 2007). Grousset et al. (1992, 1998) and 
Grousset and Biscaye (2005) have attempted to construct isotopic ‘fingerprints’ of sediments from 
within the North African dust supply regions and local bedrock. Such an isotopic database can be 
used to discriminate between source regions of sediment accumulations supplied by the region 
(Grousset et al. 1998 and refs therein). This has been used to trace dust storm events within the 
Mediterranean (e.g. Frost et al. 1986), the North Atlantic (e.g. Grousset et al. 1988) and beyond 
(e.g. Grousset et al. 1998, Grousset et al. 1992). Commonly, this technique is used to trace dust 
input into oceans and ice cores, but less frequently as a tracer of dust source for loess 
accumulation.  

 

Figure 3.6 Sr vs. Nd plot from Biscaye et al. (1997). Plot used to demonstrate Asian origin of dust 
in Greenland ice cores (x marks). 
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Often such work is accompanied by either XRD (X-ray diffraction) data giving ‘whole rock’ 
composition and/or trace mineral composition (for example see Smith et al. 2003). This allows a 
secondary line of evidence allowing correlations to be made between deposits and source 
regions. However, within the Mediterranean, this combination (and even the use of mineralogy 
alone) has been used primarily as a tracer for modern (e.g. Kubilay and Saydam 1995) and 
palaeo dust supply (e.g. Erel and Torrent 2010, Muhs et al. 2010, Frumkin and Stein 2004), but 
not as a tracer for the sustained dust source supply enabling loess to accumulate within the 
region. Both of the previous methods are based upon bulk analysis of sediments, which can, 
where a mixed provenance is present, identify the proportional input of sources and/or the source 
itself.  

Recently, Stevens et al. (2011, 2010) have suggested that the use of heavy minerals and in 
particular U-Pb dating of zircon grains may aid identification of individual source regions. 
Although a preliminary investigation of the technique, Stevens et al. (2010) were able to identify 
the multiple source regions giving rise to certain areas of the loess within the Chinese plateau 
and determine their fluctuating relative inputs allowing for palaeoclimatic interpretations to be 
made about the varying strengths of wind systems in the region. However, a major issue with the 
use of heavy minerals is that often identification is undertaken on minerals >63 µm, which results 
in the identification of sand sources, but not necessarily representative of the far-travelled aeolian 
silt. 

3.4.3 Biological proxies 

Biological proxies are relatively rare within loess deposits, as the porous and calcareous nature of 
the sediments is not well suited for preservation of many organic substances (Muhs 2007). 
However, molluscs are frequently found within loess deposits, and these have been used 
extensively to provide reconstruction of the local environment in order to derive climatic 
information. Molluscan records are constructed by sieving for a large number of individuals from 
specific horizons or depths of the profile; counts on individual species are then used to construct 
an assemblage (e.g. Rousseau and Kukla 1994, Moine et al. 2008). By combining the 
environmental conditions preferred by each species present within the population, and accounting 
for relative abundances, it is possible to infer the local vegetation community and, to some extent, 
moisture availability. Shifting vegetation and/or moisture availability can then be used to 
reconstruct shifts in climate (e.g. Rousseau et al. 2002). 

Examples of the utilisation of molluscan based reconstructions from loess profiles are primarily 
concerned with loess from the USA (e.g. Rousseau and Kukla 1994) and Europe (e.g. Moine et 
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al. 2008), relatively few studies focus on malacological assemblages from Chinese loess 
(Rousseau 2001).  Malacological assemblage studies of loess were initially focussed on defining 
the number of climatic cycles recorded within the sequence, through the recognition of interglacial 
and glacial stage assemblages. However, there is an increasing focus on high resolution 
molluscan loess studies, in order to identify rapid climate shifts (e.g. Dansgaard-Oeschger cycles) 
recorded within loess sequences and demonstrate the impact of such climate events on both the 
terrestrial system and ecological assemblages (e.g. Moine et al. 2008).  

Predominantly, however, molluscan records provide a localised reconstruction only, and it can be 
difficult to understand the regional applicability. Additionally, vegetation shifts, on the large scale, 
are often between shrubby grasslands during times of loess accumulation, towards increased 
tree or moisture requiring vegetation during times of palaeosol development; often such 
vegetational shifts can be inferred through understanding the processes required for loess 
accumulation and alteration. In addition to producing primarily broad climatic inferences (Ložek 
1990), the resolution of molluscan studies within loess sequences is low due to the volume of 
material required, as such, molluscan studies are arguably most useful as biostratigraphic 
markers (Rousseau 2001) enabling local to regional scale correlation 

3.5 Palaeosol evidence  

Palaeosols are often recognised during the field investigation of loess sequences, through a shift 
in sedimentary characteristics, such as grain size and colour. However, particularly when dealing 
with weak pedogenic horizons, it is necessary to provide evidence that such changes were 
induced by soil forming processes, as such it is rare that grain size alone is used as an indicator 
of pedogenesis. As such, a variety of techniques are commonly utilised to aid palaeosol 
identification, these techniques will be discussed below. 

3.5.1 Magnetic susceptibility 

Magnetic susceptibility has been used extensively on sequences from the Chinese loess plateau 
as both a tool for identifying palaeosol development (e.g. Zhou et al. 1990, Verosub et al. 1993), 
as a tool for correlation of sequences within the plateau (e.g. An et al. 1991), alignment to global 
climate signals (Kukla et al. 1988, Heller and Tung-Sheng 1982, Balsam et al. 2005) and as a tool 
for establishing chronology and sedimentation rates (e.g. Ding et al. 2002). 

However, the origin of the magnetic susceptibility (primarily thought to relate to the amount of 
ferromagnetic minerals present) signal within loess-palaeosols is not fully understood, and there 
are a number of different hypotheses suggested, which affect how the signal should be used and 
interpreted. Kukla et al. (1988) and Kukla and An (1989) proposed that the signal was related to 
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sediment supply, where a constant supply of ferromagnetic minerals was diluted by increased 
sediment supply during loess accumulation episodes. The favoured hypothesis was introduced by 
Verosub et al. (1993) which distinguished between lithogenic and authigenic magnetic minerals. 
Verosub et al. (1993) found that there was an increase in authigenically produced magnetic signal 
within palaeosols; this view was supported by interpretations of Zhou et al. (1990) and Maher 
(1998). However, Meng et al. (1997) have suggested that decomposition of vegetation also plays 
a significant role in the magnetic enrichment of palaeosol layers within the Chinese loess plateau. 

The prevailing hypothesis is that, during periods of soil formation, vegetation decomposition and 
pedogenic processes led to the enrichment of superparamagnetic minerals. These minerals give 
palaeosols an enhanced high frequency signal relative to lithogenic loess. As such, the frequency 
dependent signal should be used to express the shifts between sediments dominated by low (un-
altered) frequency magnetism and high (pedogenic) magnetism (Sun and Liu 2000). However, as 
the magnetic susceptibility signal is dependent upon the lithogenic component, areas with 
perhaps more complex depositional histories, may display more complex magnetic susceptibility 
signals (e.g. Schellenberger et al. 2003, Sun and Liu 2000). 

Outside of China, magnetic susceptibility is less commonly used as a tool for dating and/or 
correlation without additional independent age control (e.g. Rousseau et al. 1998) and is more 
commonly used alongside a wide range of sedimentological techniques to aid palaeoclimatic 
interpretation (e.g. Rousseau et al. 2002, Antoine et al. 1999). It is possible this might reflect the 
more complex provenance and depositional histories of loess outside the Chinese loess plateau. 

3.5.2 Carbonate content 

Carbonate content of loess sequences is used to suggest pedogenic alteration, typically thought 
to reflect a ‘top down’ model of modification (Jenny 1941). In this model, development of a stable 
land surface leads to leaching of carbonate from the upper horizons and redistribution to the 
lower horizons, with removal and subsequent accumulation being progressive as a feature of 
time, climate and parent material (Jenny 1941).  

Percentage carbonate content is typically used within loess-palaeosol sequences as a 
supplementary method of pedogenic horizon identification and classification (e.g. Chen et al. 
1997, Antoine et al. 1999). The morphology and distribution of carbonate features throughout 
loess sequences can be studied on a micro scale and has formed the basis of a wide range of 
micromorphological studies of loess-palaeosol sequences (e.g. Kemp 1995, 1999, 2001). 
Additionally, the typical ‘top down’ model (Jenny 1941) of soil development is not always 
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applicable within loess systems; this has been explored via the use of micromorphology (Kemp 
1995, 1999, 2001). 

Additionally, it has been demonstrated that the presence of secondary carbonate can dampen 
magnetic signals (Kemp et al. 2004), complicating the interpretation of pedogenic alteration 
through magnetic susceptibility records. This dampening effect is a result of the negative 
magnetism caused by materials such as carbonate, which are part of a group called diamagnetic 
minerals (see Dearing 1999 p. 6). The study presented by Kemp et al. (2004) demonstrates the 
necessity of producing multi proxy studies of loess-palaeosol sequences to fully determine 
depositional and alteration history. 

3.5.3 Micromorphology 

Kemp (1985a) has argued that micromorphology is a vital tool for the identification and 
examination of palaeosols. Loess researchers (Kemp 1995, 1999, 2001, Kemp and Derbyshire 
1998, Jacobs and Mason 2007) have suggested that the pedogenic alteration of loess may not be 
as simple as the top down model of pedogenesis (Jenny 1941) suited to describing the pedogenic 
alteration of other depositional systems. The traditional view of loess-palaeosol sequences is one 
of alternating sedimentation and alteration with cold and warm climates respectively. However, 
Kemp (1995) argues that pedogenic alteration of loess should be viewed as a continuum, with the 
balance between pedogenesis and sedimentation constantly shifting. This shifting balance is 
argued to result in two styles of pedogenic alteration; post-depositional (top-down) and syn-
depositional or accretionary pedogenesis (Kemp 1995, Kemp et al. 1995b). Such a 
micromorphological approach has become termed a pedo-sedimentary system (figure 3.7).  

Kemp et al. (1995) and Kemp (1995, 2001) have predominantly used micromorphology as a tool 
for recognition of weak pedogenesis within loess-palaeosol sequences. Typically, this has been 
through the identification of shifting concentrations of minor pedogenic features (typically calcitic), 
such features are generally not identifiable in the field. As such, this enabled Kemp (1995, 2001) 
to identify pedogenesis that occurred during deposition of the loess (syn/accretionary 
pedogenesis) in addition to pedogenesis occurring after deposition.  Therefore, if the style of 
pedogenic alteration is recognised, sedimentary and climatic inferences can be made from 
periods of accumulation (syn-depositional) as well as post-deposition alteration episodes. The 
ability to recognise weak pedogenic alteration through micromorphological analysis also enables 
the identification of short lived pedogenic episodes, such as those occurring during interstadial 
events. 
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Micromorphological analysis of loess-palaeosol sequences enables a pedo-sedimentary model to 
be constructed; this framework can then be used to aid interpretation of proxy records from the 
sequence, which can be of particular value in constraining the timing of precipitation of carbonate 
features. Additionally, micromorphological analysis can provide information on the types of 
carbonate features present, which aids material selection for isotopic analysis, and can provide a 
means of assessing diagenetic modification of material (Budd et al. 2002). 

 

Figure 3.7 Schematic model showing the development of a loess-palaeosol sequence in 
response to changing dominance of sediment input and pedogenic processes (Kemp 2001). 
Accretionary alteration of sediments associated with rapid accumulation and weak pedogenic 
alteration, alternate with periods of strong pedogenic alteration associated with reduced dust 
inputs and a stable land surface.  

3.6 Isotopic composition of soil carbonates 

Loess-palaeosol sequences typically contain secondary carbonates (Jiamao et al. 1997). The 
isotopic composition of such carbonates can be used as palaeoenvironmental proxies (e.g. 
Cerling and Quade 1999). In order that the isotopic composition of soil carbonates (such as those 
found within some loess-palaeosol sequences) can be considered as a proxy for past climate, 
certain criteria must be satisfied (Jiamao et al. 1997): Firstly, the signal is not inherited or 
influenced by the parent material, secondly, that the carbonates form in equilibrium with the soil 
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atmosphere and water; and finally, that no isotopic exchange has occurred since formation. 
Studies analysing the composition of soil carbonates formed on varying parent material 
demonstrated that the isotopic composition of the soil carbonates was related to the soil 
environment, and not the composition of the parent material (Quade et al. 1989, Cerling 1984, 
Cerling and Quade 1993). Cerling (1984) analysed the composition of modern soil carbonates 
and found a strong relationship between their isotopic composition and that of the local meteoric 
water and the soil CO2 composition. Cerling therefore concluded that, where diagenetic alteration 
has not occurred, soil carbonates are a reliable proxy record for both palaeoclimatic and 
palaeoecological information. The composition of soil carbonates and their use as proxy records 
within loess deposits will be discussed in detail in Chapter 4. 

3.7 Interpreting loess-palaeosols in the Mediterranean 

Loess deposits located within the Mediterranean differ from those which form the basis of the 
majority of loess studies. Predominantly, studies focus on the thicker, cold-climate sequences of 
Northern Europe and China. It is unlikely that similar extensive, thick loess deposits could form or 
be preserved within the Mediterranean. The region is removed from areas of glacial silt 
production, and secondly, the region is one of high erosion potential. There is therefore a lower 
preservation potential for any dust accumulation within the region.  

Studies on loess within Spain have always assumed a last glacial age, and therefore a cold 
climate depositional history. However, no direct dating has been undertaken on such deposits, 
and it is generally an assumption that loess would be deposited during the last glacial. However, 
the supply sources of loess within southern Spain (either local or North African), and the complex 
mosaic of vegetation that exists throughout the region (e.g. Tzedakis et al. 2003), would not 
necessarily constrain the timing of deposition to the coldest climate episodes. Understanding the 
timing of loess deposition within southern Spain and determining its provenance will enable 
understanding of the terrestrial climate in a region lacking in terrestrial sequences. 

The nature of the loess deposits within Spain is generally thought to be secondary (reworked) in 
nature and are generally relatively limited exposures. However, as detailed in this chapter the 
numerous techniques which may be applied to the study of loess-palaeosol sequences mean that 
it is possible to produce detailed palaeoclimatic information, even from limited, and/or secondary 
loess profiles. In particular the employment of micromorphology and stable isotopic composition 
of secondary carbonates allows the nature and timing of pedogenic alteration to be understood, 
and for this to be placed within a palaeoclimatic context. 
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Chapter 4 – Stable isotopic composition of soil carbonates 

Stable isotopes are a key technique for understanding Quaternary climates. The use of this 
technique within marine and ice cores has demonstrated the validity of the Milankovitch theory of 
orbital forcing as the key mechanism that drives glacial/interglacial cycles and has led to the 
recognition of sub-Milankovitch abrupt climate events (McCrea 1950, Emiliani 1955, Shackleton 
1967, 1987, Imbrie et al. 1984, Stuiver et al. 1995; Hughen et al. 1996; Rasmussen et al. 2008). 
The stable isotopic composition of soil carbonates has been shown to be a valuable 
palaeoenvironmental proxy, aiding reconstruction of palaeoclimatic changes on both Milankovitch 
and sub-Milankovitch timescales (e.g. Cerling and Quade 1993, Andrews et al. 1997, Candy et al. 
2011, 2012, Gallant et al. in prep.). Although pedogenic carbonates are common in loess-
palaeosol sequences the analysis of their isotopic composition is not a technique which is 
routinely applied. There are however, a number of environmental factors which can drive and 
modify the isotopic composition of soil carbonates. Furthermore different mechanisms of 
carbonate precipitation may lead to the modification of the isotopic signal in different ways. 
Therefore, an understanding of the environmental factors influencing and controlling the isotopic 
composition of soil carbonates, as well as an understanding of the mechanisms of their formation, 
is required in order to correctly interpret the stable isotopic record. This chapter will firstly, 
introduce the mechanisms, morphology and significance of the style of pedogenic carbonate 
formation and, finally, discuss the environmental controls on both δ13C and δ18O values of soil 
carbonates. 

4.1 Formation of carbonates within loess-palaeosol sequences 

4.1.1 Basic chemistry  

Isotopic analysis of soil carbonates uses the relative abundances of the light and heavy stable 
isotopes of carbon (12C and 13C respectively) and oxygen (16O and 18O respectively) to derive 
palaeoenvironmental data. Although the isotopes of each element will behave in chemically 
similar ways, their different atomic masses lead to differential bond strengths meaning that they 
will respond to the effects of temperature, evaporation and phase changes at different energies 
and rates (Clark and Fritz 1997). This results in fractionation, or separation of the isotopes on the 
basis of their mass. It is the degree to which fractionation has occurred that enables stable 
isotopes to be used as palaeoenvironmental proxies.   

The oxygen and carbon isotopic ratios of carbonates are measured against, and reported in 
comparison to, a carbonate standard, Pee Dee Belemnite (PDB and VPDB). Isotope value ratios 
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(e.g. 18O/16O) are compared to the isotopic composition of the standard and given as δ values. A 
negative δ value indicates the sample was depleted in the heavy isotope (e.g. 18O) (or isotopically 
“light”) relative to the VPDB standard, and a positive δ value indicates that the sample was 
enriched in the heavy isotope relative to the standard. δ values are calculated by: 

δ18O = 1000 x (18O/16Osample – 18O/16Ostandard)/(18O/16Ostandard) 

Isotope values stated in this thesis are given relative to VPDB for carbonate (or SMOW (standard 
mean ocean water) for water, where stated).  

4.1.2 Formation 

This study deals primarily with pedogenic carbonates, which are authigenic carbonates formed in-

situ by soil processes. Within pedogenic carbonates (CaCO3) the carbon and oxygen are derived 
from different sources: carbon is derived from the CO2 of the soil atmosphere, fed through 
biological processes and atmospheric exchange, and oxygen is derived from meteoric waters 
(Cerling 1984). Exposure of sediments that are rich in detrital carbonate (e.g. loess) to weathering 
mobilises Ca2+ through dissolution of calcium carbonates, which combines with carbonic acid 
(H2CO3) present in waters to precipitate calcium carbonate (CaCO3). This process can be 
summarised by the equation below, given in Candy et al. (2011): 

Ca2+ + 2HCO3- ↔CaCO3 + CO2 + H2O 

The basis of interpreting the isotopic composition of soil carbonates is, therefore, understanding 
the origin of the oxygen and carbon in the bicarbonate. Bicarbonate forms through CO2 
dissolution in water, where bicarbonate supplies both the oxygen and carbon to the precipitation 
of calcium carbonate, outlined by the reaction equations below: 

CO2 + H2O ↔ H2CO3 

H2CO3 ↔ H+ +HCO3- 

HCO3- ↔ H+ +CO32- 

CO32- + Ca2+ ↔ CaCO3 

Therefore, the carbon is derived from the soil atmosphere CO2 and oxygen from meteoric water 
in the soil environment. As such, the δ13C value of soil carbonate reflects the δ13C  value of CO2 
in the soil atmosphere. The δ18O of soil carbonates preserves a record of the 18O of the water, 
which in soil systems is fed by local precipitation (Clark and Fritz 1997). 
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The dissolution of carbonates is enhanced by the acidic nature of rainwater and the uptake of soil 
organic acid during percolation through the soil profile (Kemp 1985a). Leaching of bicarbonate by 
soil water occurs in humid environments where the annual soil moisture surplus results in 
removal of bicarbonate from the profile (Kemp 1985a, 1985b, Decampo 2010). However, in more 
arid environments there is a soil moisture deficit. Consequently, higher levels of evaporation and 
degassing from soil profiles in such environments leads to the supersaturation of soil Ca2+ in the 
water. This supersaturation drives the precipitation of calcium carbonate (Tucker and Wright 
1991, Decampo 2010, Alonso-Zarza and Wright 2010). Soil carbonates also form in temperate 
regions, where the presence of highly calcareous sediments or bedrock can result in 
supersaturation of soil waters with calcium.  

The timescales over which pedogenic carbonates form is highly varied, as many factors exert 
significant influence over the rate of their formation, e.g. parent sediment, climate (moisture and 
temperature), and vegetation. It has been demonstrated that the formation of well-developed 
calcrete horizons requires 105 to 106 years to develop (Machette 1985, Candy et al. 2004b, 
2005). However, the limited redistribution of carbonate and minor calcite precipitation is likely to 
occur over much shorter timescales. 

4.1.3 Morphology 

It has been suggested that the morphology and structure of pedogenic carbonates can aid the 
interpretation of pedogenic processes and past environments (Kemp 1985a, 1995, 1999, 2001) 
as well as aiding the interpretation of the isotopic composition of soil carbonates (e.g. Łącka et al. 
2009, Gallant et al. in prep). Barta (2011) has recently provided a review of the literature 
surrounding the morphologies of secondary carbonates within loess-palaeosols, although there is 
no consensus or rigid terminology within the literature. I will therefore define the carbonate forms 
that are significant to this study on the basis of appearance and believed mechanism of 
formation.  

4.1.3.1 Earthworm granules  

Distinct granules comprised of intercalated spar crystals are found within some buried soils 
(figure 4.1a). It has been demonstrated that these originate from the calciferous glands of 
earthworms and are excreted at the land surface (Canti 1998). Their presence is therefore 
indicative of a stable land surface, with relative abundance being somewhat indicative of the 
duration of landscape stability. Recently, work has been undertaken to assess the validity of 
using the stable isotopic composition of earthworm granules as a palaeothermometer (Canti 
2009, Versteegh et al. 2011). However, this work is very much in the preliminary stages and 
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methods for the identification of species from granule morphology may have to be strengthened, 
as it is possible that species will fractionate isotopes differently. 

4.1.3.2 Root pseudomorphs 

Within the literature these are referred to with perhaps the widest range of names, including (but 
not limited to) rhizoliths, rhizoconcretion, rhizomorph, root cast, root tubules (Becze-Deak et al. 
1997, Barta 2011, Łącka et al. 2009). All terms refer to the preservation of root structure through 
the precipitation of carbonate, typically forming elongate, tubular shapes (Barta 2011) (figure 
4.1b). Klappa (1980) provides a review of the formation mechanisms and morphology of root 
pseudomorphs. 

4.1.3.3 Needle fibre calcite 

Describes a calcitic form related to microbial processes  the calcite appears as needle or rod 
shaped crystals and is commonly found within pore spaces (figure 4.1c) (Verrecchia and 
Verrecchia 1994, Loisy et al. 1999). The isotopic composition of such forms is most likely to relate 
to the fractionation processes governed by the microbial agents responsible for precipitation. 
There has been little work carried out on how the isotopic composition of needle-fibre calcite 
relates to meteoric waters and as such it is a form that is often left out from isotopic studies of soil 
carbonates. There has been relatively little work carried out on the isotopic composition of needle 
fibre calcite. It is thought that microbial precipitation of calcite results in fractionation of both 
carbon and oxygen, meaning that their isotopic composition is not directly comparable with that of 
other soil carbonates (Strong et al. 1992, Bajnóczi and Kovács-Kis 2006). 

4.1.3.4 Hypocoatings 

Hypocoatings within thin section are identified as areas of groundmass enriched with calcite 
around voids (Kemp 1985a) (figure 4.1d). They are formed as soil solutions travel through the 
pore network and penetrate into the soil matrix (Kemp 1995, Durand et al. 2010), but may also be 
related to the rapid precipitation of calcite due to root metabolism (Wieder and Yaalon 1982). As 
such, they can form in response to biogenic and/or non-biogenic processes. The formation of 
such features is thought to be rapid as they are primarily composed of micrite (Kemp 1985a). 
Often hypocoatings are associated with pore coatings or infillings where micrite, microsparite or 
spar has precipitated from the calcitic concentration in the groundmass around the void, or 
through persistent presence of water in the void (Kemp 1985a).  
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4.1.3.5 Nodules  

Primarily within loess-palaeosol studies, the discussion of nodules deals with those typical of 
calcic soils; these are large, densely cemented carbonates (figure 4.1f), generally located 
beneath a decalcified zone. Their occurrence relates to extensive decalcification beneath a stable 
land surface. Their isotopic composition has been studied by numerous authors (e.g. Rowe and 
Maher 2000, Wang and Zheng 1989). However, within such studies their micromorphology is 
rarely studied and it is often suggested that such carbonates are subject to reprecipitation and 
isotopic overprinting through diagenesis (e.g. Deutz et al. 2002). 

This study will focus on small nodules (<2 mm) (figure 4.1e); such nodules are typical of syn-
depositional alteration of sediments (Kemp 1995). Gallant et al. (in prep) and Candy et al. (2012) 
demonstrated that such carbonate concretions have the ability to produce high resolution climate 
records of both accretionary and weakly pedogenically altered loess. As such they offer the 
potential to develop isotopic studies on loess-palaeosol sequences through both loess 
accumulation and large scale pedogenic profile development. This technique, therefore, has the 
potential to investigate climate change during glacial/interglacial and stadial/interstadial periods. 

4.1.4 Vertical distribution 

The distribution of microscopic pedogenic features through loess-palaeosol profiles have been 
used to reconstruct pedo-sedimentary models of formation (e.g. Kemp 1995, 1999, 2001, Kemp 
et al. 1995). Although differences in the style of pedogenic alteration affects the distribution of all 
pedogenic features, only the effects on the morphology and distribution of calcitic features will be 
discussed, as it is the origin of these features which determines the interpretation of their isotopic 
composition. Kemp (1995) identified that loess palaeosol sequences can be modified by different 
styles of pedogenic alteration; accretionary and post-depositional. Accretionary pedogenesis or 
syn-depositional alteration is the pedogenic alteration of actively accumulating sediments and is 
thought to be associated with moderate to low rates of sediment input and is dominated by 
localised mobilisation and reprecipitation of calcium carbonate (Kemp 1995). Post depositional 
alteration occurs at a stable land-surface and is associated with vertical leaching of calcite and 
accumulation of reprecipitated carbonate at depth (Kemp 2001). 
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The relationship between the style of pedogenic alteration and the interpretation of the isotopic 
composition of pedogenic carbonates is highlighted by Gallant et al. (in prep) (figure 4.2). Gallant 
et al. (in prep) identified that the accumulation of loess at Kärlich during the Elsterian was 
associated with increasing accretionary pedogenic modification, marked by the increasing 
occurrence of carbonate features upwards (lower profile figure 4.2), whereas the interglacial 
sediments were subject to sustained pedogenic alteration at a stable land-surface, resulting in 
strong vertical leaching and redistribution of carbonate (upper profile figure 4.2). Therefore, the 
composition of glacial pedogenic carbonates was identified as recording climate during sediment 
accumulation through the glacial, whereas the interglacial carbonates recorded an homogenised 
interglacial signal (figure 4.2).   

It is therefore suggested that the distribution and formation mechanism of pedogenic features 
should be analysed in order to understand the origin of their isotopic composition. This is different 
to previous studies, which have previously only used the micromorphological analysis of soil 
carbonates as a tool for identifying the authigenic, unaltered nature of the carbonates analysed 
(e.g. Łącka et al. 2009). 

4.2 Carbon isotopes 

The δ13C content of soil carbonates is controlled by the carbon isotopic composition of the soil 
atmosphere. Soil atmosphere CO2 is primarily derived from the respiration of plants (Quade and 
Cerling 2007).  During photosynthesis plants preferentially take up 12CO2 over 13CO2. It has been 
demonstrated, however, that C3 (e.g. trees and shrubs) and C4 (e.g. CAM grasses) plants 
preferentially select (fractionate) the light and heavy isotope of carbon to different degrees 
(Cerling et al. 1989) (figure 4.3). Plant respired CO2 in a C3-photosynthetic pathway-dominant 
environment has a typical δ13C of -25.4 ±3 ‰ , whereas C4-photosynthetic pathway plant-
respired CO2 is around -12.4 ± 3‰  (Cerling et al. 1989, Cerling and Quade 1993). Through 
diffusion of CO2 from the soil atmosphere (+4.4 ‰) and fractionation during calcite precipitation 
(+9 to 12 ‰), there is an enrichment that occurs during the precipitation of soil carbonate of 
around 16.4 to 13.4 ‰ at 0-25 ˚C with respect to the δ13C of plant respired CO2 (Cerling and 
Quade 1993). Therefore, soil carbonates will typically have δ13C of -12 to -9 ‰ under C3-
photosynthetic pathway vegetation and 1 to 4 ‰ under C4-photosynthetic vegetation (Cerling and 
Quade 1993) (figure 4.3).  

Much of the literature dealing with the isotopic composition of secondary carbonates within loess-
palaeosol sequences therefore aims to use the carbon isotopic composition of soil carbonates as 
a method of reconstructing relative dominance of C3 vs. C4-photosynthetic pathway plants at the 
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time of formation (Frakes and Jianshong 1994, Wang and Zheng 1989, Sun et al. 2012, Yang et 

al. 2012). In southern Spain however, there is no evidence to suggest the presence of C4 plants 
throughout the Pleistocene (Quade et al. 1994, Cerling et al. 1997, Woodward et al. 2004) and 
so, the δ13C values of soil carbonates in the region should reflect the dominance of C3-
photosynthetic vegetation. There are, however, a number of factors which can influence the δ13C 
of soil carbonates within a semi-arid region such as southern Spain and these require discussion. 

 

Figure 4.3 Fractionation of stable carbon isotopes by C3 and C4-photosynthetic pathways, 
adapted from Quade and Cerling (2007) (δ13C VPDB). 

 

Candy et al. (2012) have recently demonstrated that in regions where evaporation rates are high, 
a significant modification of the typical δ13C of soil carbonates occurs, through two primary 
mechanisms. Dever et al. (1987) demonstrated that evaporation of soil moisture leads to a 
reduction in dissolved CO2 through degassing which preferentially removes the lighter 12CO2. 
Additionally, increased aridity leads to a reduction in biomass, increasing the input of atmospheric 
CO2 relative to plant-respired CO2 (Quade et al. 1989b). The isotopic composition of pre-industrial 
atmospheric CO2 is around -6‰ (Friedli et al. 1986) and as such is significantly enriched in 13C 
relative to soil CO2 derived from C3 plants. Therefore, soil carbonates forming under conditions of 
low vegetation density, where atmospheric CO2 contributes significantly to soil CO2, will have 
enriched δ13C values. Therefore, a number of processes exist that lead to soil carbonates forming 
in arid conditions having enriched δ13C values. 
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4.3 Oxygen isotopes 

Cerling and Quade (1993) demonstrated that the oxygen isotopic composition of modern soil 
carbonates is directly related to the composition of local meteoric water. It has been shown (e.g. 
Rozanski et al. 2003), particularly within high to mid-latitudes, that the primary control on the 
composition of meteoric water is air temperature. As such, the composition of soil carbonates can 
be used as a proxy for palaeotemperature. In practice, however, there are a number of modifying 
factors which may be hard to quantify and, as such, the employment of soil carbonates as 
‘palaeothermometers’ is often, at best, suggestive rather than quantitative. 

This section will therefore discuss (1) the controls on the δ18O of precipitation, and, (2) the 
controls on the δ18O of soil carbonates. 

4.3.1 Oxygen isotopic composition of precipitation 

4.3.1.1 Temperature and latitude 

Dansgaard (1964) first documented the relationship between mean annual temperature (MAT) 
and δ18O of precipitation (figure 4.4), identified through the compilation of data from more than 
200 International Atomic Energy (IAEA) and World Meteorological Organisation (WMO) stations. 
Such a relationship between MAT and isotopic composition of precipitation occurs as a result of 
the different atomic masses of 18O and 16O. 

As an air mass cools, precipitation is formed, preferentially forming 18O enriched water as less 
energy is required to keep 16O in a vaporised state. This results in progressively 18O-depleted 
precipitation at cooler temperatures (Mook 2006). 

This temperature relationship is intrinsically related to the latitude effect. The majority of 
precipitation is sourced from the tropics (Rozanski et al. 2003), as this vapour travels into the 
higher latitudes, 18O is preferentially rained out.  Theoretically, this system is often simplified to 
one of a non-recycling or closed system (Rayleigh model) so that the water vapour is not 
recharged, in order that the reservoir is increasingly depleted in 18O through the effects of latitude 
and temperature. 
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Figure 4.4 Relationship between mean annual temperature and 18O of precipitation (SMOW). A 
Schematic of relationship (Dansgaard 1964), B. Relationship obtained from worldwide data (van 
der Veer et al. 2009). 

4.3.1.2 Rain out/continental effect 

The effects of both rain out and contintentality result in the progressive depletion of 18O in 
precipitation, due to the preferential rain out of H218O from cloud moisture (figure 4.4). Rozanski 
et al. (2003) demonstrated progressive 18O depletion in precipitation with increasing continentally, 
for example in Europe the continental gradient is around -2‰ δ18O per 1000km. This is also 
referred to as the distance from coast effect, precipitation falling over ocean, island or coastal 
stations varies only slightly from the composition of the first condensate of the moisture, whereas 
stations located with increasing distance from the coast record precipitation progressively 
depleted in 18O with increasing distance from source (figure 4.5). Again, this is a result of 
preferential rain out of H218O due to greater energy required to maintain this heavier water 
molecule within a gaseous state. 

Figure 4.5 demonstrates the initial fractionation of 18O from ocean sources where H216O is more 
readily evaporated (kinetic fractionation). Initial rainfall is much less depleted than the initial water 
vapour as H218O is preferentially precipitated. This further depletes the remaining water vapour, 
which acts as a closed system, resulting in increasingly 18O-depleted precipitation with distance 
from the source (Hoefs 1997).  
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Figure 4.5 Schematic demonstrating the effects of rain out and increasing contintentality on the 
δ18O of precipitation (Hoefs 1997) 

4.3.1.3 Altitudinal effect 

The effects of altitude are driven by the same processes controlling the relationship between rain 
out/continentality and the isotopic composition of precipitation, where there is an increasing 
depletion of δ18O with distance from the first precipitation event. Increasing altitude drives rising 
air masses and leads to adiabatic cooling, driving rainout (Clark and Fritz 1997), and therefore 
increasing altitude results in the progressive depletion of 18O through prefential rain out of H218O. 
The global relationship between altitude and the composition of precipitation is that δ18O 
decreases by 2.8 ‰/km (Poage and Chamberlain 2001); however, there is significant variation in 
local relationships between altitude and the isotopic composition of precipitation (Quade et al. 
2007) (figure 4.6). 

 

Figure 4.6 Relationship between δ18O and altitude. Poage and Chamberlain (2001) precipitation 
data versus altitude, compiled from sites in Europe, North, South and Central America. 
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4.3.1.4 Amount effect and seasonality 

This effect was first noted by Dansgaard (1964) and describes the relationship between the 
amount of monthly rainfall and its isotopic composition. It is thought that the relationship between 
precipitation amount and isotopic composition is primarily due to levels of evaporation from the 
cloud base and falling precipitation (Rozanski et al. 1993, Hoefs 1997). During months of low 
rainfall, evaporative enrichment of falling precipitation occurs through preferential removal of 
H216O, whereas during high rainfall months there is reduced potential for evaporative enrichment 
of the δ18O of falling precipitation (Rozanski et al. 1993). This effect is well documented within 
tropical regions (Mook 2008, Rozanski et al. 1993), where precipitation amount can become the 
dominant control on the isotopic composition of precipitation (figure 4.7). 

 

Figure 4.7 The amount effect as the dominant control on δ18O of precipitation (Rozanski et al. 
1993). Long term monthly and mean annual δ18O values for tropical island stations plotted as a 
function of; A. Mean monthly precipitation, B. Mean monthly temperature. 
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Although the amount effect is not a dominant control on the isotopic composition of precipitation 
in temperate mid-latitude climates, Rozanski et al. (1993) demonstrated the existence of seasonal 
variation of δ18O of precipitation.  Rozanski et al. reported relatively enriched δ18O values for 
summer precipitation, which they argue is a result, primarily, of increased evaporation from the 
cloud base. Such evaporative processes, would result in preferential evaporation of lighter H216O, 
resulting in relative enrichment of δ18O in the remaining precipitation. This relationship can be 
modified however, by a seasonal amount effect (Higgins and MacFadden 2004) (figure 4.8). 
Where environmental temperatures rise above 20˚C and there is significant precipitation, there is 
a decrease in δ18O of precipitation, this is due to preferential evaporation of H216O from rainfall 
(Rozanski et al. 1993, Higgins and MacFadden 2004). 

 

Figure 4.8 Relationship between seasonality and δ18O of precipitation (Higgins and MacFadden 
2004). 

4.3.2 Composition of soil carbonates 

In most mid-latitude regions, it is argued that the δ18O value of precipitation is driven primarily by 
MAT, as soil carbonates form from meteoric waters; it follows that their oxygen isotopic 
composition should also be driven by MAT. Cerling (1984) identified a close relationship between 
the composition of soil carbonates (δ18O VPDB) and the composition of local meteoric waters 
(figure 4.9), which have been demonstrated to be closely related to MAT (Dansgaard 1964, 
Rozanski et al. 1993). However, MAT is not the only control on the composition of soil 
carbonates, with fractionation of oxygen isotopes during calcite precipitation also being a 
controlling process. 
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Figure 4.9 Relationship between δ18O of modern soil carbonates and δ18O of precipitation 
(Cerling 1984). Data from Europe, N.America and Africa. 

4.3.2.1 Fraction during precipitation of calcite 

The precipitation of calcite displays temperature-dependent fractionation of oxygen isotopes 
(Hays and Grossman 1991, Kim and O’Neil 1997). This relationship is described as a shift in δ18O 
of -0.3‰ per +1°C (Craig 1965, Hays and Grossman 1991, White et al 1999, Leng and Marshall 
2004). This is due to the thermodynamic behaviour of the isotopes, where it is more likely that in 
an equilibrium reaction, the heavy isotope (e.g. 18O) is preferentially precipitated into a solid at 
lower temperatures (Clark and Fritz 1997). 

Therefore, it is both the temperature dependent isotopic composition of meteoric waters and the 
temperature-dependent fractionation of calcite that controls the oxygen isotopic composition of 
soil carbonates. The relationship between air temperature and the δ18O value of rainfall is around 
+0.6‰ per +1°C (Rozanski et al., 1993). This combined with the effect of calcite fractionation (-
0.3‰ per +1°C), produces an overall relationship of around +0.3‰ per +1°C in the δ18O value of 
a soil carbonate. 

4.3.2.2 Evaporation 

Evaporation of soil moisture results in enrichment of δ18O through preferential removal of lighter 
H216O (Dever et al. 1987, Quade et al. 1989); modern analogue studies have confirmed the 
effects of evaporation (Cerling and Quade 1993, Ufnar 2008), but have been unable to constrain 
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a fractionation relationship. Candy et al. (2012) have recently demonstrated that within 
Mediterranean soil carbonates evaporation can be the dominant process controlling both δ18O 
and δ13C values. Candy et al. (2012) argue that where covariance of δ18O and δ13C values 
occurs, the isotopic composition of soil carbonates is being driven by evaporative processes. 

4.4 Applications in loess research 

4.4.1 Carbon Isotopes 

Carbon isotopes have been used extensively within the Chinese loess plateau to reconstruct 
levels of C3 and C4 vegetation as a means for inferring monsoonal shifts and associated 
aridity/humidity (Frakes and Jianzhong 1994, Wang and Zheng 1989 Sun et al. 2012, Yang et al. 
2012). The technique has been applied within the context of European loess; however, it is 
predominantly to demonstrate C3 dominance (Pustovoytov and Terhorst 2004, Gocke et al. 
2011).  

Within the Mediterranean, it has been demonstrated that, in modern climate conditions, there is a 
very limited occurrence of C4 plants (Woodward et al. 2004, Cerling and Quade 1993) (<10% 
cover in N.W. Africa and S. Iberia), thought to be limited by the absence of a wet growing season 
(Tzedakis 2009). Studies have shown that throughout the Quaternary there is no evidence to 
suggest the existence of C4 plants within the region (Quade et al.1994, Cerling et al. 1997). 
However, the resolution (both temporally and spatially) of such studies is low. Therefore, it is 
thought that the δ13C composition of soil carbonates within southern Spain will primarily reflect a 
C3 vegetation. However, δ13C may not be limited to confirming vegetation composition, but may 
be a useful indicator of fluctuating aridity (e.g. Candy et al. 2012). 

4.4.2 Oxygen Isotopes 

The majority of studies analysing the stable isotopic composition of pedogenic carbonates formed 
within loess profiles focus on the carbon isotopes, this is presumably due to the complex controls 
on δ18O values. However, there are a number of studies from China (e.g. Jiamao et al. 1997, 
Rowe and Maher 2000, Wang and Zheng 1989, Li et al. 2007) and Europe (e.g. Łącka et al. 

2009, Pustovoytov and Terhorst 2004, Gocke et al. 2011) that have utilised oxygen isotopic 
composition of loess carbonates as palaeoenvironmental proxies. 

A number of studies have measured the δ18O of loess formed carbonates, but have not drawn 
conclusions regarding the isotopic composition of precipitation or temperature (e.g. Rowe and 
Maher 2000, Wang and Zheng 1989, Jiamao et al. 1997) instead using them to draw broad 
climatic inferences to support the interpretation of δ13C values.  

115



Chapter 4 – Stable isotopic composition of soil carbonates 

However, a number of workers have attempted to draw more quantitative conclusions from δ18O. 
Li et al. (2007) used the composition of soil carbonates to reconstruct composition of precipitation 
across the Chinese loess Plateau from Holocene through to MIS 5 sediments in order to 
investigate shifting monsoonal patterns. Łącka et al. (2009), using the equations of Dworkins et 

al. (2005), attempted to reconstruct MAT from soil carbonates formed within eastern European 
loess sequences, identifying limited climate changes from MIS 2-4. 

There are a number of issues with these quantitative approaches: the authors do not place the 
soil carbonates within a pedo-sedimentary framework (through micromorphology) and are unable, 
therefore, to directly link the timing of formation of the carbonates to climatic events. Additionally, 
there is no evidence presented to demonstrate that no diagenetic alteration has occurred. 
Attempting to reconstruct precipitation composition or in particular temperature, in an absolute, 
rather than relative fashion, ignores the importance of a number of factors which can contribute to 
the composition of soil carbonates and therefore introduces errors into the methods. 

Gallant et al. (in prep) have demonstrated that through the establishment of a pedo-sedimentary 
framework, it is possible to assess compositional changes relative to the timing of their formation 
(e.g. post-depositional/syn-depositional).  This approach enabled the identification of glacial and 
interglacial climate signals, as well as the identification of a short lived climatic amelioration. 
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Chapter 5 –  Methodology 
 

 
 
 

The aim of this chapter is to explain the rationale behind the selection of the sites and the 
analysis of the sediments exposed at each site. The methodologies applied to each site are 
described and the rationale for their application is discussed. In general terms the research has 
three main objectives; 1) analysis to record changing sedimentary processes within each profile, 
2) analysis of characteristics which can provide palaeoenvironmental information, and 3) dating of 
the sequences in order to place the evidence generated through stages 1 and 2 into a 
chronological framework. To this end, the methodology is divided into the follows sections: 

 
1)   Rationale for site selection and field techniques 
 

2)   Rationale for the laboratory techniques chosen 
 

3)   Laboratory analysis methods 
 

4)   Geochronological techniques and methods 
 
 
As such, this chapter contains three sections. Firstly, site selection and field techniques are 
discussed. Secondly, the rationale for the employment of a suite of standard sedimentological 
and geochemical techniques is introduced and an outline of the methodologies is given. Finally, 
the technique of optically stimulated luminesce dating (OSL) is introduced and the methodology 
outlined. OSL dating requires tailoring of the methods used based upon experimental outcomes, 
and therefore, primary data is provided to illustrate steps taken to produce age estimates for the 
samples studied. 
 
5.1 Site selection 
 
A number of loess sites in Southern Spain have been detailed in Günster et al. (2001); the 
locations of these sites can be seen in figure 5.1. The exact location of a number of sites could 
not be ascertained from details given in Günster et al. (2001), however, by field walking the areas 
described by Günster et al. (2001) and comparing outcrops with published sediment descriptions 
it was possible to identify the position of three of the sites listed and identify three new sites (see 
figure 5.1). 
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5.2 Field techniques 

5.2.1 Logging 

Sediment sections were logged, described and sketched to determine their structural (e.g. 
bedding, unit contacts) and textural characteristics (e.g. colour, sorting, grain size) using standard 
methods (e.g. Jones et al. 1999). Where possible, a single vertical log was constructed to capture 
the lithological variations within a sediment section, i.e. where only one or two units with little 
lateral variability were present. Where this was not possible, and sequences were more complex 
and laterally variable, multiple logs were taken to account for this variability. Photographs were 
also taken to support field sketches and descriptions. Site specific logging and sampling strategy 
is detailed in the site chapters (chapters 7-9). 

5.2.2 Bulk sampling 

Samples for bulk sediment analysis were taken from each site. Vertical transects were placed 
through the exposure at locations where sediment logs had been recorded. Incremental bulk 
samples were taken at 5 cm intervals along vertical transects, with each sample consisting of    
5 cm by 10 cm by 10 cm of material (Height x Width x Depth). The height of bulk samples was 
modified where necessary to ensure that samples were not placed across lithological 
boundaries. 

5.2.3 Thin section sampling 

Orientated, undisturbed blocks of sediment were removed using Kubiena tins for 
micromorphological analysis. At each site the position of Kubiena sampling was based on 1) 
taking samples in order to characterise the sedimentary variability within each unit, and 2) 
sampling across the boundaries of sedimentary units. An increased density of samples was taken 
from units that exhibited potential pedogenic characteristics in the field. 

5.2.4 OSL sampling 

OSL sampling was undertaken at each site, with blocks of 10 cm x 10 cm x 10 cm cut and 
removed from the section and double bagged in black, light proof bags ready for subsampling in 
dark room conditions. At all three sites, OSL samples were taken to; 1) constrain the beginning 
and end of deposition, and 2) to establish the age of major sedimentary units within each section. 

5.3 Technique rationale – reconstructing depositional environment 

Sedimentological analysis of the deposits was undertaken for three reasons. Firstly, in order to 
characterise the loess like sediments, and potentially differentiate between loess and other fine 

119



Chapter 5 - Methodology 

grained sediment deposits present within the region. Secondly, in order to further observations 
made in the field by quantifying both composition and variability of the sediments both within and 
between units. And finally, to aid the palaeoenvironmental and pedo-sedimentary interpretation of 
the sediment sequences studied. 

5.3.1 Particle size 

Particle size analysis (PSA) quantifies particle size and sorting of the sediments, which aids 
characterisation of units and deposits. Different depositional environments and transport 
mechanisms have varying abilities to carry and sort sediments (e.g. Gale and Hoare 1992, Miall 
1992). In addition to being a useful indicator of depositional origin, PSA can aid identification of 
pedogenic horizons where sustained pedogenic alteration results in an increased clay content 
(Retallack 2005). 

5.3.2 Calcium carbonate 

Calcium carbonate concentration measurements were undertaken to strengthen distinctions 
between the sedimentary units identified in the field, but also to strengthen identification of 
pedogenic horizons, with leaching of calcium carbonate being related to increased pedogenic 
activity (e.g. Kemp 1985b). 

5.3.3 Magnetic susceptibility 

Dual frequency magnetic susceptibility measurements enable a measure of total magnetic 
mineral content (low frequency) and a measure of pedogenic magnetic mineral content 
(difference between low and high frequency (%cfd)) (Dearing 1999). As such, magnetic 
susceptibility measurements can aid identification of pedogenic horizons where a large proportion 
of magnetic susceptibility is produced by superparamagnetic minerals formed through pedogenic 
processes (high %cfd) (Dearing 1999). Changes in low frequency measurements reflect changes 
in total magnetic susceptibility, where pedogenic alteration can be excluded as a mechanism 
driving the low frequency signal (e.g. no change in %cfd, sedimentology or micromorphology), 
changes can be interpreted as reflecting a shift in the magnetic content of supplying sediment 
bodies. Therefore, measurement of magnetic susceptibility can be used to discriminate between 
deposits of different origins and to identify pedogenic horizons (Dearing 1999). 

5.3.4 Organic carbon 

Identification of pedogenic horizons may also be strengthened through the analysis of bulk 
organic carbon content. Palaeosol horizons may be recognised due to their elevated organic 
carbon content. Often, however, palaeosol horizons are associated with only fractional increases 
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in organic carbon (Retallack 2005). It is thought that palaeosol organic carbon content is reduced 
by mobilisation due to water and microbial decomposition (Retallack 1991). 

5.3.5 Micromorphology 

Micromorphological analysis of the sediments of each section can further strengthen distinctions 
between units and aid interpretation of depositional process by providing further qualitative 
information for example texture, sorting, and roundedness. One of the key uses of 
micromorphology is the recognition and description of pedogenic processes (chapter 3). This is 
particularly useful in loess-palaeosol sequences where pedogenic processes are often viewed as 
a continuum (Kemp 1995, 1999, 2001), and incipient soils are common. Quantitative 
micromorphological data of pedogenic features (often not visible at the macro scale) is vital for 
both the recognition of palaeosols and identification of pedogenic style (accretionary or post- 
depositional (Kemp 1995)). 

5.3.6 Isotopic composition of pedogenic carbonates 

The isotopic composition of pedogenic carbonates can be used to reconstruct the vegetation and 
climate of the environment in which they formed (Candy et al. 2011); the controls on isotopic 
composition are discussed in chapter 4. δ13C values reflect the relative proportion of vegetation 
with a C3 or C4 photosynthetic pathway in the surrounding area (Cerling 1984, Cerling et al. 

1991, Wang and Greenberg 2006) and δ18O values are typically thought to reflect the 
temperature of the region (Cerling 1984, Candy et al. 2011), although where there is strong 
covariance between carbon and oxygen isotopic values it has been suggested that the isotopic 
system is recording environmental aridity (e.g. Candy et al. 2012).  

Although carbonate precipitates in loess profiles are common (e.g. Becze-Deak 1997, Jiamao et 

al. 1997), only small (<2 mm) amorphous carbonate concretions (chapter 4) were selected for 
analysis. These were selected because (1) they were the most commonly occurring form present 
in the sediments from each site and (2) unlike other carbonate forms their formation does not 
appear restricted to episodes where pedogenesis is dominant (Gallant et al. in prep). Analysis of 
the isotopic composition of such carbonates should aid palaeoenvironmental reconstruction of the 
conditions present at the time of sediment accumulation and/or alteration. 

5.4 Technique rationale – Identifying loess 

The site selection process described previously in section 5.1 outlined the sedimentary 
characteristics used to identify loess like sediments at study sites. Although depositional 
processes that are capable of depositing silt-dominated deposits are rare (loess, some overbank 
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settings, lacustrine) it is important that the presence of loessic material is identified on more than 
just appearance and basic sedimentology. At each site, silt dominant material was sampled from 
the modern rivers and slopes (Chimeneas and Malaha) close to the study sites (table 5.1). Along 
with the palaeofluvial sediments present at each site, comparison of the characteristics of these 
sediment samples with those from the loess like sediments will enable distinctions to be made. 

Table 5.1 Sediment samples selected for defining characteristics of different depositional settings. 

 
 
The landscape of Southern Spain means that, beyond loess processes, overbank deposits are 
the most likely units to be silt dominated. However, although superficially similar, because loess 
and fluvial silts have different provenances, transport pathways and transport dynamics, many of 
the sedimentary and geochemical characteristics may be very different. In order to differentiate 
between depositional mechanisms producing silt rich deposits, sedimentological characteristics 
(PSA and CaCO3 content), mineralogical information (XRD data), grain shape and texture (SEM) 
and isotope geochemistry (Sr-Nd isotopes) were analysed for the samples listed in table 5.1 
(SEM and Sr-Nd not carried out on all samples, chapter 6). Theoretically, it should be possible to 

 Sample Location Sediment type 

Mo
de

rn
 riv

er
 an

d 
slo

pe
 se

dim
en

ts 

3331 Maro- upstream of schist River sediments 
3332 Maro- schist and marble catchment River sediments 
3736 La Malaha River silt 
3737 La Malaha Slope material 
3738 Chimeneas- upstream from sequence River silt 
3739 Chimeneas-at sequence location River silt 
3740 Chimeneas Slope material 

Pa
lae

o f
luv

ial
 se

dim
en

ts 3380 (5-10cm) Maro- section 2 Silty - overbank 
3411 (10-15cm) Maro- section 1 Silty - overbank 
3443 (342-247cm) Maro- section 1 Silty - overbank 
3646 (30-35cm) La Malaha Sandy silty - overbank 
4031 (0-5cm) Chimeneas Sandy silty - overbank 
3953 (130-135cm) Chimeneas Sandy silty - overbank 
3956 (160-165cm) Chimeneas Sandy silty - overbank 
4035 (470-475cm) Chimeneas Sandy silty - overbank 

Lo
es

s s
ed

im
en

ts 

3369 (60-65cm) Maro- section 2 Predominantly silt 
3361 (96-98cm) Maro- section 2 Predominantly silt 
3357 (113-118cm) Maro- section 2 Predominantly silt 
3453 (390-395cm) Maro- section 1 Predominantly silt 
3456 (405-410cm) Maro- section 1 Predominantly silt 
3466 (445-450cm) Maro- section 1 Predominantly silt 
3638 (70-75cm) La Malaha Predominantly silt 
3624 (140-144cm) La Malaha Predominantly silt 
3991 (235-240cm) Chimeneas Predominantly silt 
3974 (248-253cm) Chimeneas Predominantly silt 
4014 (358-363cm) Chimeneas Predominantly silt 
4018 (377-382cm) Chimeneas Predominantly silt 
4026 (417-422cm) Chimeneas Predominantly silt 
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differentiate between loess(ic) sediments and overbank sediments using the following 
techniques; 
1)   PSA 
2)   CaCO3 

3)   Mineralogy (XRD) 
4)   SEM analysis of grain surface textures 
5)   Sr and Nd isotopes 

5.4.1 Particle size 

Overbank or fluvial deposition is unlikely to result in a silt peak as pronounced as those seen in 
typical loess sequences (see chapter 3); this is due to mixed energies being present in both 
systems and also sorting processes that occur during sediment settling e.g. in an overbank 
environment a silt peak would be overlain by settled clay. Fluvial systems (including overbank 
environments) have the ability to transport a coarse sediment fraction (e.g. sands and gravels), 
which aeolian transport of dust does not have. Additionally, PSA should distinguish aeolian silts 
from colluvial slope deposits, due to the different levels of sorting present in the two systems. 

5.4.2 Calcium carbonate 

Loess deposits are typically rich in carbonates (Pye 1984), whereas deposits derived from a 
fluvial transport system are likely to contain much less carbonate. Calcium carbonate is a highly 
soluble compound and so is easily dissolved during fluvial transport, whereas aeolian transport 
mechanisms are less likely to remove and reduce the carbonate content of the eroded material. 
As such, aeolian systems have a greater potential to retain a high carbonate content. However, 
this signal can be modified by pedogenic alteration and may change according to sediment 
source. 

5.4.3 Mineralogy (XRD) 

In the study region fluvial and slope processes work over relatively short distances. In the Sierra 
Nevada short, seep-sided catchments are common and are the topographic setting of all of the 
study sites. In contrast, aeolian silts can be transported over great distances in the high 
atmosphere. As a regional example it has been shown that Saharan derived sits are regularly 
transported to the Canaries (Suchodoletz et al. in press), Southern Spain (Lyamani et al. 2005) 
and the Balearic Isles (Muhs et al. 2010). Undertaking XRD analysis of the sediments will allow 
us to determine the mineralogical composition of the samples, with the fluvial and slope samples 
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providing a locally derived signal for each site and the loess like sediments having the potential to 
have a non-locally derived mineralogy. 

5.4.4 SEM grain surface textures 

SEM analysis of grain shape and surface textures has been suggested to be a useful technique 
for discriminating between different depositional processes (e.g. Krinsley and Doornkamp 1973). 
The majority of the literature deals with the morphology of sand sized quartz grains (Krinsley and 
Smalley 1972, Krinsley and Doornkamp 1973, Bull 1981), and examples of loess grains typically 
refer to glacially derived silts (e.g. Cegla et al. 1971). At present, therefore, there is no accepted 
system for the identification of the source of silts within arid and semi-arid regions. For this 
reason, SEM analysis has been used to investigate if differences in morphology and/or surface 
texture exist between fluvial and loess like sediments, but palaeoenvironmental inferences are 
not made based upon identified characteristics. 

5.4.5 Sr-Nd isotopic composition  

5.4.5.1 Rationale 

It may be possible to differentiate between depositional environments on the basis of their Sr and 
Nd isotopic ratios, due to the localised sediment supply of fluvial and slope systems and the 
potential for aeolian dust to travel over much larger distances. The Sr and Nd isotopic 
composition of sediments relates to the rocks from which they derive, with mantle and crustal 
derived materials having different isotopic compositions (e.g. Faure 1986) (figure 5.2). As such, 
sediments deriving from different areas and different transport pathways will inherit their Sr and 
Nd composition from a unique mix of sediments. This has been previously demonstrated within 
the Mediterranean where the technique was employed to differentiate between Nile terrigenous 
sediments and North African aerosol input in the eastern Mediterranean basin (Weldeab et 

al.2002). 

Therefore, within this study the isotopic composition of sediments from modern slope and river 
systems along with and palaeo-fluvial deposits should be distinguishable from those of loessic 
deposits. Loess deposition will typically contain a far-travelled component, whereas fine grained 
sediments within other terrestrial systems (e.g. fluvial) will be dominated by local systems (e.g. 
the Sierra Nevada). In addition, comparison of the isotopic composition of the aeolian sediments 
with published data from North African dust sources may help to identify possible source regions 
of the loess deposits included within this study. 
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5.4.5.2 Controls on isotopic composition 

Neodymium ratios are given as 143Nd/144Nd, where 144Nd is unradiogenic and 143Nd is a 
radiogenic isotope produced by the decay of 147Sm (Faure 1986). Rocks of a crustal origin have 
lower 143Nd/144Nd ratios than mantle derived rocks. This is because Nd is a more incompatible 
element than Sm, meaning that melts have lower Sm/Nd ratios than the source and hence evolve 
to lower 143Nd/144Nd values (Albaréde 2003). This initial fractionation is the most important control 
on the 143Nd/144Nd ratio of old rocks, as the half-life of 147Sm is very long     (T1/2 = 1.06 x 1011 y) 
(Faure 1986) and so only alter the 143Nd/144Nd ratio of rocks of a great age (i.e. that which formed 
the crust), which may help differentiate between very young and very old geological sources (e.g. 
Cole et al. 2009). Both Sm and Nd are unaffected by weathering (Goldstein et al.1984; Taylor et 
al. 1983) and so, 143Nd/144Nd is always a reflection of the geological source of sediments. 

Strontium ratios are given as 87Sr/86Sr, where 86Sr is unradiogenic and 87Sr is a radiogenic 
isotope produced by the decay of 87Rb (Faure 1986). Crustal rocks have higher 87Sr/86Sr ratios 
than mantle rocks, as 87Rb is a highly incompatible element (readily crystallises from mantle) 
(Albaréde 2003). The mantle is therefore, relatively depleted in 87Rb and so has evolved to lower 
87Sr/86Sr than the crust. As such, the 87Sr/86Sr ratio of sediments can be used to differentiate 
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between different deposits sourced from different sediment compositions and sources (e.g. 
Grousset and Biscaye 2005). However, the Sr isotope system is more affected by weathering 
than the Nd isotope system. In systems affected by long term weathering the sediments show 
elevated 87Sr/86Sr values, due to the behaviours of Sr and Rb (Hemming 2007). Rubidium has a 
similar ionic radius to potassium, which enables Rb to substitute for K in K-bearing minerals, such 
as clays (Faure 1986). Strontium has a somewhat similar ionic radius to calcium and so can 
substitute for Ca in minerals such as calcium carbonate (Faure 1986). Therefore, in weathering 
environments where clays are produced and calcium carbonates can be removed sediments 
become relatively enriched in 87Rb, ultimately increasing the 87Sr/86Sr ratio. Additionally, as Rb is 
a better substitute for K than Sr is for Ca (Faure 1986), Sr is more readily removed by weathering 
processes (Hemming 2007). However, this weathering induced increase in 87Sr/86Sr ratio is 
reversed in sediments which have only undergone recent weathering (Hemming 2007). In 
environments where Rb enrichment is recent, there is lower 87Sr (through removal and lack of 
radiogenic decay) and ultimately a lower 87Sr/86Sr ratio (Hemming 2007). It has been shown that 
acid pre-treatment of sediment samples can eliminate the contribution to Sr ratios from 
weathering derived materials (Nobre Silva et al. 2010), enabling the Sr ratio of unaltered 
sediments to be analysed (figure 5.3). 

 

Figure 5.3 Effect on Sr composition of acid leaching (pre-treatment) (Nobre Silva et al. 2010). 
Unleached bulk sample records mixed Sr composition between leached residue and leachate, 
where leachate has a high Sr ratio due to the effects of weathering. 

5.4 Methods of analysis 

All bulk samples were air-dried and prepared according to the quality control laboratory 
procedures of the Departments of Geography and Earth Sciences, Royal Holloway, University of 
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London. Repeat samples and/or laboratory and international standards (isotopic analyses) were 
run alongside analysis of samples, demonstrating in all cases that the analytical error (precision 
and accuracy) was negligible. 

5.4.1 Particle size, calcium carbonate content, magnetic susceptibility and organic carbon 

PSA was undertaken on all bulk samples collected from all sites, following the methodology 
outlined in Gale and Hoare (1992), seen in figure 5.4. The >63 µm fraction was measured using a 
dry sieve stack and the <63 µm was measured on a Micrometrics Sedigraph 5200 PSA system. 
No chemical pre-treatment, such as hydrogen peroxide or acetic acid was used during sample 
preparation. Calcium carbonate content of the bulk samples was determined using a Bascomb 
Calcimeter (Avery and Bascomb 1974). Organic carbon content was calculated using the 
Walkley-Black method (Hesse, 1971). Magnetic susceptibility of each sample was measured 
using a Barington MS2 meter on low and high frequencies, following Dearing (1999). 

5.4.2 Micromorphology 

Thin sections were prepared following the method set out in Palmer et al. (unpublished). 
Descriptions were made following Kemp (1985a) and Bullock et al. (1985). Each thin section was 
divided into six areas, with full descriptions being made on each area, in order that variability of 
features could be placed in a stratigraphic context. General characteristics, sorting, void 
occurrence and coarse:fine (c:f) composition was noted. Void occurrence data were measured as 
a visual estimate of slide coverage as outlined in Bullock et al. (1985). Further information relating 
to relative dominance of void types was noted for each section of the thin section, using 
terminology outlined in Kemp (1985a): Predominant >70%, dominant 50-70%, frequent 30-50%, 
common 15-30%, few 5-15%, very few 2-5%, rare 0.5-2%, very rare <0.05%, where percentages 
relate to proportion of total voids. This descriptive process was followed for categorisation of 
organics, redoximorphic and crystalline concentration/depletion features. For each, total area of 
slide coverage was noted, with proportion of individual features recorded. For example, a 
description noting 5% void cover, with dominant vughy, common vesicle and common channel 
voids indicates that 5% of the total area of the slide was composed of void spacing; where 50-
70% of those voids are vughy, 15-30% vesicle and 15-30% channels. 

5.4.3 Isotopic composition of pedogenic carbonates 

Pedogenic carbonates were hand-picked under a microscope from the <2 mm material retained 
from the initial sieving stage (see figure 5.4). Once picked, samples were powdered using an 
agate mortar and pestle. The stable isotopic composition of the carbonate was measured using a 

127



Chapter 5 - Methodology 

VG Prism series 2 mass spectrometer. Samples were immersed in phosphoric acid at 90°C, the 
CO2 liberated through the subsequent reaction was analysed to give the δ18O and δ13C isotopic 
composition of the sample. Internal (RHBNC-PRISM) and external (NBS-19) standards were 
analysed every 10 samples to ensure accuracy and reproducibility (data in appendix). 
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5.4.4 Mineralogy, SEM and strontium-neodymium isotope ratios 

Samples (table 5.1) used for XRD analysis of mineralogical composition were sieved to <30 µm 
to be consistent with the median grain size of the sediments and to be consistent with the fraction 
used to measure Sr-Nd isotope values. Powdered samples were applied to a glass slide and 
mineralogical composition was measured on a Philips PW1830/3020 spectrometer using copper 
Kα X-rays. Dr D. Alderton (Earth Sciences, RHUL) led analysis of the XRD data, with mineral 
peaks identified from the ICDD Powder Diffraction File database and quantitative analysis of 
mineral composition carried out using Rietveld analysis. 

SEM images were taken of modern fluvial and loess like sediments from each site, using both a 
bulk <2 mm fraction and a chemically pre-treated <30 µm fraction. The <2 mm fraction (figure 
5.2) was spread over a flat surface, carbon discs were then placed adhesive side down into the 
sediments. The <30 µm fraction was pre-treated following the methods outlined in Mazzullo et al. 

(1992) for the separation of quartz for shape and surface texture analysis. As drying of these 
sediments may have caused flocculation of the fine particles, these samples were dry sieved 
using a 30 µm mesh directly onto the adhesive face of the carbon discs. Images were taken 
using a Hitachi TM-1000 tabletop microscope (desktop SEM). 

The analysis of the Sr-Nd isotopic composition of North African dust within the literature is carried 
out on the <30 µm fraction. This is done in order to be consistent with the median grain size of 
the sediments and to minimise the effect of grain size on Nd and Sr values (Grousset and 
Biscaye 2005). Dasch (1969) states that the 87Sr/86Sr ratio is size fraction dependent due to the 
mineralogical differentiation of different grain sizes, where finer fractions are relatively enriched 
with radiogenic Sr rich clays, although the exact effect of grain size on Sr and Nd composition is 
not fully understood (e.g. Feng et al. 2009). Therefore, in order to be consistent with published 
data, the <30 µm fraction was analysed. 

Analysis of the samples followed the technique outlined in Grousset and Biscaye (2005), with the 
exception of pre-treatment to remove carbonate carried out using dilute acetic acid instead of 
sodium acetate. This was under the recommendation of Prof. M. Thirlwall (Earth Sciences, 
RHUL) and is the standard method followed in the RHUL Earth Sciences laboratory. Leaching of 
the samples to remove weathering products followed the protocol outlined below: 

1. 250-300 µg of material was immersed in 5 ml of 10% acetic acid 

2. Mixture was placed in an ultrasonic bath for 15 minutes 

3. Sample was settled, and leachate pipetted off 
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4. Sample immersed in distilled water and left to settle, and then water removed 

5. Process repeated until no reaction between sample and acetic acid (four repeats). 

Leaching of samples through acid pre-treatment (outlined above) has been shown to be an 
effective method of removing any Sr component derived from weathering (Nobre Silva et al. 

2010). This should remove the influence of differential weathering on the Sr ratios of samples, 
and mean that the original lithic Sr ratio should be obtained. 

Leached samples were dissolved in a mixture of hydrofluoric acid (HF) and Nitric acid (HNO3) 
and Sr and Nd separated through chromatographic columns. Samples were analysed on a 
VG354 thermal ionisation mass spectrometer, with measurements made using multiple Faraday 
cups. Both Sr and Nd samples were run on Rhenium (Re) filaments, with Sr being loaded with a 
Tantalum Fluoride (TaF) activator. Sr isotopes were run using the multi-dynamic procedure of 
Thirlwall (1991a). Nd isotopes were run as an oxide using the multi-dynamic procedure of 
Thirlwall (1991b). Sr and Nd standard solutions of SRM987 and dilute Aldrich, respectively, were 
run in each turret and gave values of 0.710252 ± 10 (SRM987), 0.710255 ± 13 (SRM987) and 
0.511404 ± 7 (D.Aldrich). Long term means up to January 2011 gave values of 0.710248±10 for 
SRM 987 and 0.511405±6 for Dilute Aldrich. The standards analysed alongside samples in this 
study lie within error of these values. 

5.5 Chronology 

Two techniques were used to produce age estimates in this thesis, namely U-series and OSL. U-
series dates were produced following standard techniques presented in this section. OSL age 
estimates require analytical procedures to be modified according to sample behaviour and so 
require further discussion (sections 5.6-5.7) 

5.5.1 U-series 

At Maro, there is a bed containing tufaceaous material (oncoids) beneath the silt unit. A few 
tufaceous carbonates were picked out from the sediments in order to provide a minimum age 
constraint of the overlying silt sediments. 

One U-series date was calculated from a tufa sample from Maro following the guidelines of 
Sharpe et al. (2003). The sample was prepared and run by Ian Candy using the MC-ICP-MS unit 
at RHUL Earth Sciences. 
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5.6 OSL sample preparation 

5.6.1 Sample preparation and pre-treatment 

Samples collected in the field remained in light proof bags until they were under sodium lamp 
(non-bleaching) conditions. The light exposed outer 2 cm of sediment was removed from the 
blocks. A small amount of the material removed was retained for measurement of moisture 
content and radioisotope concentration. Roughly 1/3 to 1/2 of the cleaned block was then 
processed for dating using the steps outlined in Roberts (2008), detailed in figure 5.5. 

5.6.2 Water content 

The water content of the samples affects the overall dose rate experienced by the sample, 
lessening the amount of radiation received by the sample from the surrounding sediments 
(Rhodes 2011). The attenuation factors suggested by Aitken (1985) were used to calculate the 
effect of the water contents of each sample. 

Water content of each sample was calculated and is listed in table 5.2 (% water content = mass 
of water/mass of dry sediment). This value represents the water content of the sediments at the 
time of sampling. However, water content is likely to have been affected by numerous factors 
during the sediment's history; this is particularly evident when assessing the difference between 
water contents measured for Maro section 1 (sheltered from direct sunlight) and section 2 
(exposed to direct sunlight) (table 5.2). 

At each site, the silt units have been overlain by fluvial deposits indicating that at least for short 
periods, the silt units were likely to have had high moisture contents, likely at, or close to 
saturation. Each site has then undergone subsequent fluvial down-cutting as at each site the 
modern river is lower than each of the silt units, resulting in a reduced moisture content within 
each silt unit. At both Chimeneas and Maro section 2, the sediments are exposed to sunlight 
throughout a large part of the day; it is believed that this has been the case for some time. The silt 
unit at each site therefore, has a complex moisture content history not necessarily reflected in 
present day moisture levels of the sediments. 

5.6.2.1 Estimating past water content 

Saturated water content of all samples was measured (table 5.2), in order that a maximum water 
content value could be established. Dried sediment was inserted into a syringe (of known weight), 
containing wire wool at the base, water was added to the sediment until in excess then excess 
water removed (the wire wool preventing sediment leaving the syringe during water extraction). 
The weight of the saturated sediment was recorded, then the samples were dried and the 
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difference between wet and dry weights providing the total amount of water the sample holds at 
saturation.  
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Given the climate of Southern Spain, it is unlikely that samples were saturated for the majority of 
the time since their deposition. Therefore, it would not be appropriate to apply saturated water 
content values to any of the samples. The situation of samples MAL1, MAL2, RDM083 and 
RDM084 make them the most sheltered from exposure to evaporative effects, their water content 
ranges from ~10-20%. For the purposes of this study a water content of 15% will be assumed for 
all samples, with an error of +/-5%. This produces a range of 10-20% water content, the range of 
values recorded by sites protected from evaporation. 

Table 5.2 Sample present day moisture content and saturated water content (mass of water/mass 
of dry sediment) 

Sample Sample moisture content (%) Saturated water content (%) 
chim2 0.55 33.12 
chim3 3.36 34.59 
chim4 4.26 23.80 
chim5 4.94 28.39 
chim6 5.37 33.27 
chim7 7.31 41.01 
mal1 17.25 45.13 
mal 2 19.46 47.39 
rdm091 16.92 35.83 
rdm092  0.83 26.89 
rdm093 1.33 30.81 
rdm094 4.15 30.56 
rdm083 10.10 28.27 
rdm084 12.28 32.94 
rdm085 4.76 29.67 
rdm086 7.10 26.91 
rdm0822 7.13 37.69 

5.6.3 Grain size 

Of the grain size fractions typically used for OSL dating, the 4-11 µm fraction is commonly used 
for dating of loess deposits (e.g. Roberts, 2008 and references within) as it often the grain size 
fraction most closely related to the mean grain size of the deposits. In addition to the 4-11 µm 
fraction being representative of the sediments being dated, the size fraction has a number of 
advantages. Firstly, it is a narrow size fraction range, which means that laboratory beta dose rate 
will not vary greatly (Armitage and Bailey 2005). Secondly, 4-11 µm grains are effectively alpha 
thin, which means that it can be assumed that uniform alpha radiation was received through the 
grain (Rhodes 2011). For these reasons, the 4-11 µm fraction was used for dating all samples. 

5.6.4 Dosimetry 

OSL is a measure of radiation received by the sediment since burial, with radiation inputs coming 
from the surrounding sediment and cosmic rays. The number of electrons stored in luminescence 
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traps is relative to both the environmental radiation levels and burial time, therefore if 
luminescence signal can be measured and radiation levels can be estimated (given as dose rate 
(Dr): Gy/ka), it is possible to produce an estimate of burial age (OSL age) through establishing the 
level of laboratory induced radiation necessary to reproduce the natural luminescence signal of 
the sample; referred to as equivalent dose (De). 

5.6.4.1 Cosmic ray radiation 

Cosmic ray dose rates were calculated from sample altitude, burial depth and location (Prescott 
and Hutton 1988, 1994) using the Cosmic programme. An error of 10% was assumed. 

5.6.4.2 Surrounding sediment dosimetry 

Sediment contribution to the dose rate experienced by grains comes from the levels of 
radionuclides present (40K and isotopes within the decay series of 238U, 235U and 232Th). For each 
sample material removed during block processing was analysed via ICP-AES to establish levels 
of radionuclides present. This method assumes that no radioactive disequilibrium is present and 
that the deposit behaved as a closed chemical system since deposition (Olley et al. 1996), and 
that total radiation emitted is equal to radiation received (infinite matrix assumption). 

5.6.4.3 Total dose rate 

The total dose rate received by a particle is therefore a combination of cosmic ray contribution 
and radionuclide contribution, calculated as Gy/ka per ppm (following Adamiec and Aitken 1998). 
Where total dose rate from radionuclide and cosmic rays are modified according to grain size 
(Bell 1980, Mejdahl 1979), alpha efficiency (Rees-Jones 1995) and water content (Aitken 1985). 

5.7 OSL - measurement 

Sample preparation for dating is outlined in figure 5.4, following the procedure detailed in Roberts 
(2007, 2008), using Hydrofluorosilicic acid as a means to attempt to remove all but quartz from 
the original polymineral 4-11 µm fraction. Dating of samples was undertaken using the Single-
Aliquot regenerative dose (SAR) protocol outlined in Murray and Wintle (2000) (see figure 5.6), 
with 4-11 µm material settled onto aluminium discs. 

5.7.1 Reader specification 

OSL measurements were undertaken using a Risø TL/OSL-DA-15 automated dating system. 
Single aliquots are stimulated using blue (470 µm) light emitting diodes (LED), with a total power 
of 40mW/cm2 (Bøtter-Jensen et al. 2003). Infra-red (IR) stimulation of aliquots used an IR (870 
µm) laser diode with a power density of 132 mW/cm2. OSL passed through 7.5mm of Hoya U-340 
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filter and detected using a photomultiplier tube (Electron Tubes Ltd 9235QB). Samples were 
irradiated using a 40 mCi 90Sr/90Y beta source giving ~6 Gy/min, calibrated relative to the National 
Physical Laboratory, Teddington 60Co γ-source (Armitage and Bailey 2005). 

5.7.2 SAR protocol 

SAR is the most commonly applied OSL dating method (Preusser et al. 2009). The technique 
exposes single aliquots to irradiation and measurement cycles in order to construct a growth 
curve from which equivalent dose may be calculated (Murray and Wintle 2000) (figure 5.6). After 
initial measurement of the natural luminescence signal, the aliquot is subjected to varying, known 
laboratory doses in order to establish the relationship between given dose and luminescence 
signal. 

5.7.2.1 Recycling ratio (RR1) 

Within the SAR protocol each cycle contains a standard test dose, which allows the OSL 
sensitivity of the sample to be monitored throughout the cycles, allowing natural and regenerative 
OSL signals to be modified or sensitivity corrected (Murray and Wintle 2000). Sensitivity changes 
occur when the thermal or radioactive treatment of a sample produces changes within the grains, 
altering the amount of OSL emitted per unit of dose absorbed (Wintle and Murray 1999, Armitage 
et al. 2000). As a further check on the behaviour of the sample and to ensure that the standard 
test dose is correctly modifying output, Murray and Wintle (2000) suggest using the recycling 
ratio. Recycling ratio is calculated by using two low βx (see figure 5.6) doses of the same strength 
at the start and end of the SAR protocol. If the OSL signal of these two doses is within +/-5% of 
each other, then any sensitivity change is assumed to have been adequately accounted for. 

5.7.2.2 IR depletion ratio (RR2) 

A second internal check was suggested by Duller (2003) to ensure that the OSL signal was 
derived primarily from quartz. Although chemical pre-treatment should remove most other 
minerals, it is necessary to assess if pre-treatment was sufficient to achieve this (see figure 5.5). 
The majority of the OSL signal will be derived from quartz and feldspar (Duller 2003), however the 
luminescence properties of the two minerals are very different and make dating of mixed 
compositions difficult, due to the fading characteristics of feldspars and their ability to retain 
luminescence charge at higher temperatures (Duller 2003). It is therefore beneficial to ensure that 
the OSL signal is determined from only one mineral, and for the majority of OSL dating, this will 
be quartz. Duller (2003) demonstrated that by introducing an additional SAR cycle at the end of 
the SAR protocol outlined in Murray and Wintle (2000), where an infrared stimulated 
luminescence (IRSL) step is introduced it is possible to check for feldspar contamination. 
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Following delivery of the regeneration dose (usually the same as the first regeneration dose 
forming the regenerative dose response curve) and preheat, the aliquots are exposed to IRSL. 
This stimulates a luminescence response from feldspar but not quartz, the aliquots then undergo 
OSL stimulation using standard blue diodes (Duller 2003).  

Therefore, if an aliquot ‘loses’ a proportion of its luminescence signal via IR stimulation, that 
aliquot contains feldspar. Contamination is significant enough to cause aliquot rejection if the OSL 
signal lost during the IRSL SAR cycle is > 5% different to the OSL signal gained from the same 
regeneration dose. 

7.2.2.3 Recuperation 

During the SAR protocol (after growth curve construction) a 0 Gy dose is given as one of the βx 
doses (see figure 5.6), if the OSL signal measured from the zero dose is >5% of the natural signal 
then recuperation is deemed to be excessive for that aliquot (Roberts 2008). Murray and Wintle 
(2003) state that recuperation is caused by charge remaining in a light insensitive trap after step 6 
of the SAR cycle. The relatively low test dose cut-heat step (step 5, PH2) is not sufficient to 
eliminate this charge, however, the preheat 1 (step 2, PH1) is sufficient to transfer some of this 
charge to optically sensitive traps. Therefore where 0Gy is used as the laboratory dose, any 
luminescence signal measured must derived from a recuperated signal. 

5.7.3 SAR test behaviour 

5.7.3.1 Pre-treatment test 

A small number of aliquots (6-12) were run for at least one sample from each site after initial 
chemical treatment. Aliquots were run under standard SAR conditions (220˚C PH1 and 160˚C 
PH2), using RR2 values to assess remaining levels of feldspar presence (Duller 2003). Samples 
with feldspar contamination required additional pre-treatment (figure 5.5). 

136



Chapter 5 - Methodology 

 

Figure 5.6 SAR protocol after Murray and Wintle (2000). A. protocol for Maro samples, modified 
after Murray and Wintle (2003), B. protocol for La Malaha and Chimeneas samples. 

5.7.3.2 Pre-heat and dose recovery test 
 

 
Where no evidence of feldspar contamination was present, a selection of samples were put 
through a preheat plateau sequence using a range of commonly used PH1 (160-280˚C) and PH2 
(160 ̊C, raised 220 ̊C) regimes (Murray and Wintle 2000, Bailey 2000, Wintle and Murray 2006). 
A combined preheat plateau, dose recovery test was used. 

Wintle and Murray (2006) state that the major shift in luminescence sensitivity is thought to occur 
when the samples is first heated. Wallinga et al. (2000) and Roberts et al. (1999) suggest that by 
using a previously unheated, zeroed sample and giving it a known laboratory dose it is possible 
to assess the ability of the SAR protocol to measure the test dose. Samples were bleached 
(zeroed) using two 200 second exposures to blue LEDs, with a pause of 12000 seconds between 
each bleaching. Samples were then given a laboratory dose close to their natural signal and the 
SAR protocol is followed. The ratio of the measured dose to the known dose is calculated (dose 
recovery ratio) and the preheat regime providing the best dose recovery ratios was chosen for 
dating the relevant samples. 
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5.7.3.3 Malaha SAR procedure 
 

 
Sample behaviour was measured using MAL 1 (figure 5.7) using the criteria set out in table 5.3. 
Dose recovery was acceptable for samples using a PH1 of 160, 240 and 260 ˚C. Samples 
using a PH1 of 280 ˚C recorded elevated recovered doses. Samples with a PH1 of 180 and 
200 ˚C are not shown in figure 5.6a due to failed RR1/RR2 ratios. For MAL 1 a PH1 of 260 ˚C 
was chosen as this provided acceptable dose recovery, and good RR1/RR2 ratios. An elevated 
PH2 of 220 ˚C was chosen to avoid issues of recuperation seen in samples using a PH2 of 160 
˚C (e.g. Murray and Wintle 2003). A PH1 of 280 ˚C was used for MAL 2 as this gave a higher 
proportion of acceptable RR1 values. 

Table 5.3 La Malaha SAR protocol 

Sample Aliquots PH 1 (˚C) PH 2 (˚C) Given doses (Gy) 
Mal 1 16 260 220 9, 18, 27, 35, 0, 9, 9 
Mal 2 22 280 220 9, 18, 27, 35, 0, 9, 9 

5.7.3.5 Chimeneas SAR procedure 

Dose recovery preheat plateau tests were conducted on two samples from Chimeneas (figure 
5.8). These tests indicated that both samples produced the best dose recovery and recycling 
ratios using a PH1 of 240 ˚C. There was no evidence of recuperation in the samples from 
Chimeneas, and so a 160 ˚C PH2 was used (table 5.4). 

Table 5.4 Chimeneas SAR protocol 

Sample Depth in 
log (cm) 

Aliquots PH 1 
(˚C) 

PH 2 
(˚C) 

Given doses (Gy) 

CHIM 7 460 18 240 160 105, 210, 315, 420, 510, 0, 105, 105 
CHIM 6 404 12 240 160 105, 210, 315, 420, 510, 0, 105, 105 
CHIM 5 360 13 240 160 105, 210, 315, 420, 510, 0, 105, 105 
CHIM 4 270 20 240 160 105, 210, 315, 420, 510, 0, 105, 105 
CHIM 3 172 16 240 160 105, 210, 315, 420, 510, 0, 105, 105 
CHIM 2 130 14 240 160 105, 210, 315, 420, 510, 0, 105, 105 
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5.7.3.6 Maro SAR procedure 

The samples from Maro required a modified SAR protocol due to recuperation. Initially, samples 
were run using standard SAR preheat conditions (PH1 260 ˚C, PH2 160 ˚C), PH2 was raised to 
220 ˚C to attempt to minimise recuperation; however as shown in figure 5.9a recuperation 
remained an issue. Dose recovery preheat plateau tests including the use of a 280 ˚C post heat 
(figure 5.9) showed that a modified SAR protocol (PH1 260 ˚C, PH2 220 ˚C, post heat 280 ˚C) 
(figure 5.6a) would produce reliable OSL age estimates for the samples from Maro. 

Table 5.5 Maro SAR protocol 

Se
cti

on
 Sample 

Al
iqu

ots
 PH 1 

(˚C) 
PH 2 
(˚C) 

Post heat 
(˚C) 

Given doses (Gy) 

1 Rdm091 17 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

Rdm092 15 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

Rdm093 24 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

Rdm094 23 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

2 Rdm083 11 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

Rdm084 12 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

Rdm085 12 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

Rdm086 12 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

3 Rdm0822 12 260 220 280 19, 57, 96, 192, 288, 385, 0, 19, 19 

 

Murray and Wintle (2003) demonstrate that the addition of a high (280˚C) post heat under blue 
LED illumination (step 7 in figure 5.6) minimises the effect of recuperation. It is thought that this 
persistent recuperation component derives from the medium component (Wintle and Murray 
2006), where charge remains in a light insensitive trap after SAR stage 6 (figure 5.6) and the 
subsequent preheat (stage 2) thermally transfers some of this charge into an optically sensitive 
trap resulting in a measureable OSL signal (Murray and Wintle 2003). Optical stimulation of the 
sample under elevated temperatures has been shown to remove the charge as soon as it is 
transferred to OSL centres, thereby eliminating the effect of thermally transferred recuperation on 
OSL ages (Murray and Wintle 2003). 
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Chapter 6 – Defining loess in southern Spain 

This chapter aims to characterise loess deposits in southern Spain and to differentiate them from 
other silt depositing environments. Sedimentological, mineralogical and geochemical data from 
each loess deposit (Malaha, Chimeneas and Maro) will be presented and compared and 
contrasted to site specific silt deposits produced by modern river and slope processes as well as 
palaeofluvial systems. The aim of this chapter is not to discuss the study, interpretation and 
environmental significance of the three loess deposits identified, but in order to discuss the origin 
of the loess sediments some primary data from each sediment sequence studied will be 
presented for the first time within this chapter.  

6.1 Introduction 

At each study site, loess was identified according to previously published criteria (e.g. Pecsi 
1990). Present at each study location was an exposure of homogenous, silt dominant, cohesive, 
buff coloured sediment was present, which was identified in the field as being loess or loessic in 
nature. However, there are a number of depositional systems within the Mediterranean which 
may produce silt dominant deposits, such as lakes, certain fluvial environments (e.g. ponding 
areas, overbank) and colluvium. As there is no previous data regarding the nature of loess in 
southern Spain, it is necessary to provide a comprehensive review of the composition and nature 
of the loess as well as to provide multiple lines of evidence regarding the depositional origin of the 
sediments regarded as loess within this study. 

Sediments were sampled from the modern river, slope surfaces and palaeofluvial material at 
each study site (where available), in order to compare and contrast local sediment systems 
producing silt with the studied loess material. No lake sediments were sampled as there was no 
modern lake present, neither was there evidence to suggest that a lake may have existed at any 
study site during the Late Quaternary. 

6.2 Sampling strategy 

At each study site, sediments thought to be loess-like in nature were bulk sampled for 
sedimentological analysis (chapters 7, 8 and 9). From this, individual bulk samples representative 
of the exposures were selected for characteristic and provenance analysis, in order to attempt to 
clarify the depositional origin and source of the sediments at each site (figure 6.1, table 6.1). At 
each site, the loess-like sediments were underlain (and overlain, at Chimeneas) by sediments 
thought to be non-loess. These sediments were also sampled for comparison (figure 6.1, table 
6.1). Additionally, modern analogue samples were taken from each site (table 6.1). Samples were 
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taken from modern river beds at each site, where possible these were sampled in overbank or 
ponding areas where silt rich sediments were located (figure 6.2). At Chimeneas and Malaha 
slope sediments were also sampled (figure 6.2). 

Table 6.1 Sample data for modern analogue and palaeo sediments 

 Sample Location Sediment type 

Mo
de

rn
 riv

er
 an

d 
slo

pe
 se

dim
en

ts 

3331 Maro- upstream of schist River sediments 
3332 Maro- schist and marble catchment River sediments 
3736 La Malaha River silt 
3737 La Malaha Slope material 
3738 Chimeneas- upstream from sequence River silt 
3739 Chimeneas-at sequence location River silt 
3740 Chimeneas Slope material 

Pa
lae

o f
luv

ial
 

se
dim

en
ts 

3380 (5-10cm) Maro- section 2 Silty - overbank 
3411 (10-15cm) Maro- section 1 Silty - overbank 
3443 (342-247cm) Maro- section 1 Silty - overbank 
3646 (30-35cm) La Malaha Sandy silty - overbank 
4031 (0-5cm) Chimeneas Sandy silty - overbank 
3953 (130-135cm) Chimeneas Sandy silty - overbank 
3956 (160-165cm) Chimeneas Sandy silty - overbank 
4035 (470-475cm) Chimeneas Sandy silty - overbank 

Lo
es

s s
ed

im
en

ts 

3369 (60-65cm) Maro- section 2 Predominantly silt 
3361 (96-98cm) Maro- section 2 Predominantly silt 
3357 (113-118cm) Maro- section 2 Predominantly silt 
3453 (390-395cm) Maro- section 1 Predominantly silt 
3456 (405-410cm) Maro- section 1 Predominantly silt 
3466 (445-450cm) Maro- section 1 Predominantly silt 
3638 (70-75cm) La Malaha Predominantly silt 
3624 (140-144cm) La Malaha Predominantly silt 
3991 (235-240cm) Chimeneas Predominantly silt 
3974 (248-253cm) Chimeneas Predominantly silt 
4014 (358-363cm) Chimeneas Predominantly silt 
4018 (377-382cm) Chimeneas Predominantly silt 
4026 (417-422cm) Chimeneas Predominantly silt 
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6.3 Sedimentological characteristics 

Different depositional mechanisms resulting in fine grained sediment deposition (e.g. colluvial, 
aeolian, alluvial and fluvial) will have different system energies, different sorting potential and 
different sediment supply systems. Aeolian silts form well sorted, silt dominant deposits and have 
a much higher sorting potential than overbank or colluvial environments.  PSA may help identify 
differences in median grain size and sorting characteristics. As it is likely that fluvial, colluvial and 
aeolian deposits will be sourced from different areas, it is possible that differences may be 
identified within CaCO3 and magnetic mineral content. However, it is important to remember that 
grain size, CaCO3 content and magnetic susceptibility may be altered significantly by pedogenic 
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processes (e.g. Kemp 1985b, Dearing 1999). Grain size is given in µm or % total weight, calcium 
carbonate content is given in % total weight and low frequency (lf) values are given in 10-8 m3 kg-1 

(raw data in appendix). 

6.3.1 La Malaha 

Composition of sediment samples from La Malaha are shown in figures 6.3, 6.4 and table 6.2. 
The loess-like sediments at Malaha have a lower gravel content than the other sediments 
sampled and are better sorted, being composed almost entirely of silt and clay. However, CaCO3 
and magnetic susceptibility values of the loess-like samples and the underlying palaeofluvial 
samples are similar. 

6.3.2 Chimeneas 

Composition of sediment samples from Chimeneas are shown in figures 6.3, 6.4 and table 6.2. 
PSA of the sediments indicates that the loess-like sediments have a different composition from 
those of the modern analogue samples, but are somewhat similar in terms of composition and 
sorting to the palaeofluvial sediments. The modern analogue sediments have a higher CaCO3 
content than the palaeofluvial and loess-like samples, but there is a wide range of magnetic 
susceptibility values through all sediment types. 

6.3.3 Maro 

Composition of sediment samples from Maro are shown in figures 6.3, 6.4 and table 6.2. The 
loess-like sediments at Maro do not contain any gravel component, unlike the majority of other 
samples. The modern river sediments contain a significant gravel component, high sand content 
and low clay content, showing a very different composition to the loess-like sediments. However, 
the modern river samples were taken from within an active channel, as there was no obvious 
area of ponding or floodplain deposition associated with the channel. The palaeofluvial sediments 
indicate that fine-grained sediment deposition can occur within the valley, and the composition of 
these sediments is not hugely different to that of the loess-like sediments. CaCO3 content and 
magnetic susceptibility do not show any significant differences between the depositional settings. 

6.3.4 Summary 

PSA identifies that the loess-like sediments at each site have a consistently lower gravel content 
than the modern analogue samples, and frequently lower gravel content than the palaeofluvial 
sediments. However, PSA highlights the ability of fluvial and slope systems to produce silt 
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dominated sediments at each location. CaCO3 content and magnetic susceptibility do not show 
significant variations between the different deposits and hence cannot be regarded as diagnostic. 

Table 6.2 PSA, CaCO3 and magnetic susceptibility data for sediments sampled from Malaha, 
Chimeneas and Maro 

 Sediment Sample 
# 

% 
Gravel 

% 
Sand 

% 
Silt 

% 
Clay 

Median 
(µm) 

% 
CaCO3 

LF (10-8 
m3 kg-1) 

Ma
lah

a 

Modern river 3736 0.49 2.85 68.72 27.93 11.74 11.39 24.10 
Modern 
slope 3737 1.74 8.72 46.29 43.25 2.70 15.73 10.98 

Palaeofluvial 3646 32.14 6.56 31.82 29.49 10.44 21.63 65.94 
Loess 3638 0.41 1.20 54.02 44.37 2.63 24.11 76.87 
Loess 3624 0.19 1.06 56.58 42.17 2.96 20.50 63.62 

Mean loess n/a 0.18 1.17 55.12 43.53 2.74 22.76 63.09 

Ch
im

en
ea

s 

Modern river 3738 0.31 2.07 63.95 33.68 7.13 44.84 32.02 
Modern river 3739 0.00 4.21 69.35 26.44 10.91 45.16 2.08 

Modern 
slope 

3740 0.47 4.04 60.73 34.76 6.02 61.48 28.30 

Palaeofluvial 4031 30.39 57.43 8.79 3.38 1175.36 45.13 8.00 
Palaeofluvial 3953 0.00 38.44 38.97 22.59 40.94 24.19 5.30 
Palaeofluvial 3956 0.00 27.61 48.72 23.67 46.69 24.95 16.10 
Palaeofluvial 4035 3.08 13.89 47.99 35.04 5.24 39.27 58.70 

Loess 3991 0.00 40.65 33.36 26.00 22.63 36.81 25.30 
Loess 3974 0.00 18.71 51.38 29.91 11.06 26.11 20.90 
Loess 4014 0.00 21.38 46.47 32.16 6.48 33.25 23.60 
Loess 4018 0.00 15.90 49.20 34.90 5.16 35.96 29.00 
Loess 4026 0.00 13.72 54.79 31.49 6.59 42.10 45.60 

Mean loess n/a 0.00 23.84 45.62 30.54 10.41 32.21 29.72 

Ma
ro

 

Modern river 3331 10.19 53.80 31.18 4.83 88.70 n/a n/a 
Modern river 3332 4.11 69.35 22.21 4.33 114.76 12.17 48.14 
Palaeofluvial 3380 20.30 41.74 25.40 12.57 120.38 34.89 4.13 
Palaeofluvial 3411 0.00 12.13 58.70 29.17 9.45 11.56 8.03 
Palaeofluvial 3443 0.15 17.38 52.62 29.85 10.36 19.37 7.10 

Loess 
section 2 

3369 0.00 15.88 61.16 22.97 13.90 18.09 11.55 

Loess 
section 2 

3361 0.00 59.52 28.38 12.10 81.74 11.53 7.98 

Loess 
section 2 

3357 0.00 24.85 52.23 22.92 18.41 19.00 10.38 

Loess 
section 1 

3453 0.00 58.98 30.11 10.91 80.12 23.73 5.23 

Loess 
section 1 

3456 0.00 27.99 47.60 24.41 14.81 16.84 5.88 

Loess 
section 1 

3466 0.00 29.63 50.17 20.19 21.95 15.96 7.88 

Mean loess 2 n/a 0.00 41.40 40.02 18.58 41.62 16.68 11.39 
Mean loess 1 n/a 0.00 39.06 41.54 19.40 34.00 17.92 5.79 
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6.4 Mineralogy 

Fluvial systems and slope processes in the region studied contain locally sourced sediments from 
the Sierra Nevada range and the Granada basin, whereas loess deposits can contain a far-
travelled dust component. Differences in sediment source may be reflected by different 
mineralogical compositions, and has been demonstrated to be a useful tool in tracing and 
distinguishing sediments in the Mediterranean (e.g. Woodward et al. 1992, Suchodoletz et al. in 
press). XRD analysis was used to identify the mineralogical composition of the bulk sediments, 
analysis was undertaken on the <30 µm fraction in order that the data gained reflected the fine 
silt dominated sediments sampled.  

6.4.1 La Malaha 

The two samples from the loess-like sediments at Malaha have a very similar mineralogical 
composition (table 6.3), dominated by clay minerals, calcite and quartz. The loess-like sediments 
differ in composition to the palaeofluvial sediments (dominated by feldspar, calcite and clays), 
modern fluvial sediments (high quartz content) and the modern slope sediments (calcite 
dominant, presence of gypsum). These apparent differences are not picked up in clay 
composition (figure 6.5b, table 6.3), where the loess-like sediments are very similar to the modern 
river sediments.  

6.4.2 Chimeneas 

There is no discernible difference in whole rock or clay composition of the sediments sampled at 
Chimeneas (figure 6.5 and table 6.3). The sediments do show a significant difference to those of 
the other sites, with a much higher calcite component than is seen at Malaha or Maro (figure 
6.5a) 

6.4.3 Maro 

As with Chimeneas, the sediments from Maro do not show deposit specific differences in whole 
rock or clay composition (figure 6.5 and table 6.3). 

6.4.4 Summary 

XRD analysis has identified that all sites contain the same suite of minerals in varying quantities. 
Mineralogical composition of the sediments has not proven to be a useful sediment discriminator. 
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6.5 Grain textures 

SEM analysis of grain shape and surface textures has been suggested as a method of 
distinguishing between depositional environments and processes (e.g. Krinsley and Smalley 
1972, Krinsley and Doornkamp 1973, Bull 1981, Mazzullo et al. 1992). The majority of the 
existing literature deals with the textural properties of sand sized quartz and the identification of 
loess particles is generally based upon analysis of glacially derived silts (e.g. Cegla et al. 1971). 
There is some suggestion however, that loess may be identified on the basis of chemical 
alteration of grain surfaces and fine material adhering to particle surfaces (Cegla et al. 1971, 
Krinsley and Doornkamp 1973). SEM analysis was therefore undertaken in order to investigate 
whether differences in grain shape and texture existed between the modern fluvial system and 
the loess-like sediments. 

SEM analysis was undertaken on a <30 µm quartz separated fraction produced following the 
methods outlined in Mazzullo et al. (1992), in order to compare the characteristics of quartz 
grains representative of the mean grain size produced in the two environments. Additionally, SEM 
images were taken from bulk samples from each environment in order to assess any gain surface 
coatings that may have been removed through chemical pre-treatment. 

6.5.1 La Malaha  

There is no notable difference in grain shapes between the modern fluvial system and the loess-
like sediments (figure 6.6). Grain surface texture images (figure 6.7) indicate that there may be 
some difference between grains sampled from the two sediment settings. The chemically pre-
treated quartz shows a platy, but somewhat irregular surface in the fluvial sediments, whereas the 
quartz from the loess-like sediments again shows a platy structure, but with a smoother 
appearance. The platy structure is interpreted as cleavage fractures (Krinsley and Doornkamp 
1973), the irregular surface of the fluvial quartz may be produced by multiple conchoidal fractures 
or pitting produced through surface dissolution associated with chemical weathering (Krinsley and 
Doornkamp 1973). Images of the bulk sediments from the two environments indicate that grains 
from the loess-like sediments may have more material adhering to their surfaces. 

6.5.2 Chimeneas 

Again, there is no notable difference in grain shapes between the modern fluvial system and the 
loess-like sediments (figure 6.6). Unlike La Malaha, the grain surfaces (figure 6.7) from the 
modern fluvial and loess-like sediments have a very similar appearance. In both environments, 
the separated quartz fraction shows heavily fractured and pitted grain surfaces. 
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6.5.3 Maro 

There are no discernible differences between grain shapes for the two environmental settings 
(figure 6.6). As with La Malaha, there appears to be some differences between quartz grain 
surfaces from the two deposits. Again, the fluvial quartz shows a heavily fractured, pitted surface, 
whereas quartz from the loess-like deposit displays a platy, smoother surface with less pitting and 
conchoidal fracturing. Again, as with La Malaha grain surfaces from the bulk sediment fraction of 
the loess-like deposit shows greater fine particle adhesion than grain surfaces from the fluvial 
deposit. 

6.5.4 Summary 

SEM images of grains from the fluvial deposits and loess-like sediments at the three sites may 
help to distinguish between depositional environments. However, any distinctions made are 
based upon qualitative interpretation of images taken of only a few grains. This analysis has not 
been used to attempt to reconstruct depositional environment on the basis of textural features, 
only to suggest differences which may exist between grains from the two deposit types sampled. 
Images from La Malaha and Maro appear to indicate some differences between grains deposited 
in the two environments, with quartz grains from the loess-like deposits having a smooth, platy 
appearance and those from fluvial settings having a heavily fractured, pitted appearance. Such 
differences may indicate different transport mechanisms and/or degrees of mechanical and 
chemical alteration. Grain surfaces from the bulk fraction at La Malaha and Maro show that there 
may be greater fine particle adhesion to grains from the loess-like sediments than in the fluvial 
sediments. This may record clay or precipitate adhesion and may relate to the cohesive nature of 
the loess-like sediments. At Chimeneas, however, grain textures (both bulk and quartz) appear to 
be the same from the fluvial and the loess-like sediments. 

6.6 Sr-Nd isotopic composition 

As with mineralogical data obtained via XRD analysis, neodymium and strontium isotope ratios 
were used to attempt to differentiate the deposits sampled. 87Sr/86Sr and 143Nd/144Nd ratios are 
considered to be useful tools for the provenancing of sediments, as Sr and Nd ratios are 
controlled primarily by origin (mantle vs. crust) and age (e.g. young volcanic vs. old continental) 
(Faure 1986). Therefore it may be possible to discriminate between locally derived sediments 
(e.g. fluvial and slope) and those with a far travelled component (e.g. loess) using Sr and Nd 
isotopic compositions.  
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Strontium and neodymium isotope ratios have been used as tracers of dust source to both marine 
and continental settings (Biscaye et al 1997, Grousset et al 1992, Grousset et al. 1988, Grousset 
and Biscaye 2005, Chen et al. 2007, Ujvari et al. 2012). As North Africa is a potential dust source 
for southern Spain (e.g. Moreno et al. 2002), it is possible that the existing North African data set 
could help to provenance any non-local dust input (e.g. Grousset and Biscaye 2005). 

The results presented are a limited dataset produced to investigate whether the technique could 
be a useful method for discriminating between the depositional settings and potentially identifying 
source regions for the sediments. Analysis was undertaken on the <30 µm fraction in order to be 
consistent with previous datasets that exist for the region (e.g. Grousset and Biscaye 2005). It is 
worth noting that most of the Nd values obtained to date have large uncertainties. This is due to 
an on-going issue affecting the precision of the TIMS unit at RHUL, so that affected samples have 
low ratio values (table 6.4).  

6.6.1 La Malaha  

The modern fluvial, modern slope and palaeofluvial sediments from La Malaha all have relatively 
low Sr ratios (0.710630, 0.708457, 0.710484, respectively), whereas the loess sample has a 
significantly higher Sr ratio (0.714322) (figure 6.8). Due to the large errors associated with the Nd 
data, it is not possible to draw conclusions from the current dataset (table 6.4). Although Sr ratios 
can be modified by weathering (e.g. Cole et al. 2009, Hemming 2007), it is not likely that this shift 
is due to post-depositional (geologically modern) weathering of sediments, as recent weathering 
produces a shift towards lower 87Sr/86Sr ratios (Hemming 2007). Additionally, the chemical pre-
treatment of the sediments (leaching) should have removed any weathering signal. As such it is 
likely that the shift in Sr ratio values associated with the loess-like sediments at La Malaha 
represents a shift in source. 

6.6.2 Chimeneas 

All of the samples from Chimeneas record low Sr ratios (0.708623 to 0.709551, table 6.4). The 
loess samples record an apparently similar Nd composition (considering large uncertainties) and 
Sr composition to the modern slope material sampled. The modern fluvial sample has a similar Sr 
ratio to the other Chimeneas sediments (loess, modern slope), but has a significantly lower Nd 
ratio. The close relationship between Chimeneas loess-like samples and slope samples indicates 
that they are likely to have been sourced from the same sediments. Additionally, these values plot 
closely with those from the fluvial and slope sediments at La Malaha. As both of these locations 
are within the Granada basin, these values appear to correspond to sediment sourced locally 
within the basin. 
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6.6.3 Maro 

The sediment samples from Maro show intermediate Sr ratios, between the high Malaha loess 
value and the Granada basin sediments (figure 6.8). The large Nd errors mean it is not possible 
to differentiate between Maro sediments and other sediments on this basis. However, the Maro 
loess samples do have significantly lower Sr ratios than the palaeofluvial and modern fluvial 
sediments from the site. This may indicate a shift in sediment source.  

Table 6.4 Sr Nd isotope values for each site 

Site Sediment Sample 
# 

87Sr/86Sr 2σ Ratios 143Nd/144Nd 2σ Ratios 

Ma
lah

a 

Modern river 3736 0.710630 0.000010 105 0.512062 0.000021 18 
Modern 
slope 3737 0.708457 0.000010 105 0.512062 0.000005 84 

Palaeofluvial 3646 0.710484 0.000013 105 0.512040 0.000027 10 
Loess 3638 0.714322 0.000010 110 0.512055 0.000013 11 

Ch
im

en
ea

s Modern river 3739 0.708656 0.000011 130 0.512025 0.000022 11 
Modern 
slope 3740 0.709551 0.000011 105 0.512054 0.000004 105 

Loess 3974 0.708623 0.000010 105 0.512050 0.000005 103 
Loess 4014 0.709399 0.000015 130 0.512060 0.000018 14 

Ma
ro

 

Modern river 3331 0.713348 0.000010 105 0.512051 0.000009 35 
Modern river 3332 0.713103 0.000010 105 0.512040 0.000005 63 
Palaeofluvial 3411 0.712639 0.000010 105 0.512024 0.000005 105 

Loess 
section 2 3369 0.710895 0.000009 105 0.512027 0.000004 105 

Loess 
section 2 3357 0.711844 0.000009 110 0.512039 0.000013 9 

Loess 
section 1 3466 0.712194 0.000009 105 Fail fail fail 
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6.6.4 Summary 

The Sr-Nd ratios obtained for the sediments sampled in southern Spain show a range of values 
from high Sr (e.g. Malaha loess) to low Sr (e.g. Malaha slope material) (figure 6.6). Unfortunately, 
due to system issues, the errors associated with Nd values are too large to enable discrimination 
of data using this proxy. The results from this study are compared to potential regional end 
members in figure 6.9, with two volcanic sources (Iberian and Moroccan) providing low Sr-high 
Nd sources (Gomez-Pugnarie et al. 2000, Gill et al. 2004) and North African dusts providing a 
potential high Sr-low Nd end member (Grousset and Biscaye 2005 and references therein). 
Mixing hyperbolas are shown in figure 6.9, and were calculated from representative volcanic and 
dust data using the equations of DePaolo, incorporating both elemental concentrations and the 
isotopic composition of the end members (Langmuir et al. 1978, DePaolo and Wasserburg 1979).  

The samples from Maro and the Malaha loess all have high Sr values and so trend towards North 
African aerosol composition, indicating that it is a possible sediment source for the deposits. In 
particular, the Malaha loess sample is very close in isotopic composition to the North African 
aerosol samples and so is likely to contain a high North African dust component. It does, 
however, not show an identical isotopic composition to North African dust and therefore, Malaha 
loess would require a small input from a low Sr component to contribute to its isotopic 
composition. There is limited data available regarding the isotopic composition of aerosols from 
specific North African regions, so it is not currently possible to state a specific source region from 
the data currently available. The isotopic composition of the samples from Chimeneas and the 
fluvial and slope samples from Malaha do not appear to contain such a large proportion of the 
North African dust component. These samples have low Sr-high Nd contents, suggesting an 
increased volcanic input. 

This data indicates a possible North African component to sediments from Maro (all samples) and 
La Malaha (loess). The close correlation between North African aerosol data and that of the 
Malaha loess sample indicates that North African dust is a large component of this sediment. 
Although limited in its scale, this data set has identified differences between locally derived 
sediments and those with a far travelled component. Additionally, there appear to be important 
differences in the provenance of loess-like sediments within southern Spain and, with a more 
extensive database for comparison and further analysis of Spanish sediments, it may be possible 
to identify specific source regions for locally derived and far travelled sediment components. 
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6.7 The identification and nature of loess in southern Spain 

Loess-like sediments were identified in the field on the basis of their well sorted, homogenous 
nature, buff colouration and cohesive nature (e.g. Pecsi 1990). Median grain size of loess-like 
sediments in southern Spain ranges from ~3-42 µm, with mean CaCO3 content ranging from ~17-
32% (Table 6.2). Loess-like sediments are composed of clays (dominantly illite), calcite, quartz, 
feldspar and dolomite. In terms of grain size, CaCO3 and mineralogical composition loess-like 
sediments are not readily distinguishable from other fine grained sedimentary environments. 

SEM analysis of grain surfaces indicates differences in grain surface characteristics between 
fluvial sediments and loess-like sediments at Maro and La Malaha (figure 6.7); there is, however, 
no discernible difference between grain surfaces at Chimeneas. 

Sr-Nd isotopic composition of the sediments provides perhaps the most useful discriminatory tool. 
The loess-like sediments at Chimeneas have an indistinguishable isotopic composition compared 
to the local sediment systems (fluvial and slope), and are therefore referred to as locally derived 
sediments. At Maro, there is some difference in isotopic composition of the sediments, with the 
loess-like sediments having lower Sr values than the fluvial sediments, possibly suggesting a 
different sediment source. At Malaha, there are clear differences in isotopic composition between 
the local sediment systems (fluvial and slope) having low Sr values and that of the loess-like 
sediment with a high Sr value. The isotopic composition of the loess-like sediment from Malaha is 
closely comparable with North African aerosol data, and it is suggested that the loess-like 
sediments at Malaha have a large North African dust component. 

On this basis, it is suggested that the loess-like sediments at Malaha are a far-travelled loess 
sediment. Although the origin of the Sr-Nd signal of the Maro samples is less clear, on the basis 
of SEM grain analysis indicating the loess-like sediments at Maro to be very similar in nature to 
those of Malaha, Maro is also identified as loess. The coarser nature of the loess sediments at 
Maro compared to Malaha may indicate a greater degree of reworking or local sediment input. 
Evidence from Chimeneas indicates a locally derived sediment, similar in geochemical, 
mineralogical and grain characteristic terms to that of the local sediments systems. This does not, 
however, mean that the loess-like sediments at Chimeneas cannot be loessic in nature. Last 
glacial loess in the Mediterranean is often described as heavily reworked, locally sourced 
sediment (e.g. Günster et al. 2001, Garcia et al. 2010, 2011). It is therefore, suggested that, due 
to the cohesive, homogenous nature of the loess-like sediments at Chimeneas, which 
distinguishes them from the other fine grained sediment deposits in the region, the loess-like 
sediments represent heavily reworked, locally derived loess. 
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Chapter 7 – La Malaha 
This chapter presents the work undertaken at La Malaha. Firstly, an introduction to the geography 
of the surrounding area will be presented. Secondly, the results from La Malaha will be 
presented, with a synthesis of the results will presented through a pedo-sedimentary depositional 
model and palaeoenvironmental interpretation of the sequence. 

7.1 Site introduction 

This sediment exposure is located 1.5 km south of the town of La Malaha, which lies 14 km 
southwest of Granada (Figure 7.1). Geologically the site is situated at the contact zone of the 
internal and external zones of the Betic Cordillera and lies within the confines of the Granada 
basin, a Neogene basin comprising marine marls, limestones and gypsum as well as continental 
sands, silts and conglomerates (Figure 7.2). To the south lie the basement ranges consisting of 
Triassic dolomites, limestones and marbles (Figure 7.2). The La Malaha sequence, studied as 
part of this research, is exposed in the wall of a ~4 metre deep gorge cut by the Arroyo del 
Salado, a southeast to northwest draining tributary of the Rio Genil. The exposure is shown in 
figure 7.3. The base of the studied section, which occurs in the west wall of the Arroyo, is found 2 
metres above the modern river channel. The lowermost 1.5 metres of the section consists of a 
massive, silt-dominated unit and is overlain by 2.5 metres of fluvial sands and gravels. In the field 
the well-sorted, massive nature of the silt-dominated unit met the published criteria for loess or 
loessic material. Consequently, only the silt-dominated unit is described here. 
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Figure 7.3 Photograph showing the exposure at La Malaha. Showing the situation of the studied 
section and the underlying and overlying sediments. Photograph taken by author. 

7.2. Field descriptions and sampling 

The section at La Malaha consists of two main units (figure 7.4). Unit 1 (0-67 cm) is a moderately 
to poorly sorted sediment consisting of clayey silts and sands with occasional gravel clasts 
interspersed with gravel lenses. Unit 2 (67-154 cm) is a cohesive, better sorted silt-dominant 
deposit.  Clear colour variations occur through unit 1 and powdery carbonates are found 
throughout (figure 7.5). 

Unit 2 was identified as sharing many of the sedimentary characteristics of loess deposits 
(chapter 3); therefore the majority of samples were taken from this unit. The lower unit was also 
sampled in order to characterise the processes operating at La Malaha prior to the accumulation 
of unit 2.  Sampling locations are shown in figure 7.6. 
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7.3 Results 

7.3.1 Particle size analysis 

All results are given in % total weight. PSA was undertaken following the methods outlined in 
chapter 5. As discussed in chapter 5, no pre-treatment (e.g. HCl) was undertaken on the 
sediments prior to PSA, as aeolian sediments are often rich in carbonate (Pye 1984, Pécsi 1990) 
and, as such, represents material of interest within this study. 

Table 7.1 Summary statistics for sedimentological variations present at La Malaha. Median grain 
size for each group is the mean calculated from the median grain sizes calculated from each bulk 
sample. 

 Depth 
(cm) 

Median 
(µm) 

St dev 
(µm) 

90% C.I. 
(µm) 

Unit 2 0-84 2.73 0.21 0.09 

Unit 1 
fine 

84-109 2.85 0.24 0.23 

Unit 1 
coarse 

109-139 5.77 4.05 6.83 

 

Through unit 2, grain size varies very little, with the entire unit being comprised predominantly of 
fine, silt material (table 7.1, figure 7.7). There is a negligible gravel component ranging from 0 to 
0.19% weight, sand content varies from 0.73 to 1.40% weight, silt content ranges from 52.04 to 
58.02% weight and clay ranges from 40.65 to 46.28% (raw data in appendix). The average 
median grain size of the bulk samples from unit 2 is 2.73µm. Within unit 2, the depth of increased 
clay content occurs at the same level as sediments noted in the field to be darker in colouration 
and where powdery carbonates occur (~30 cm depth) (figure 7.4). 

In the fine grained beds of unit 1 there is again, very little variation in grain size. As with unit 2, the 
unit consists primarily of fine silts (table 7.1, figure 7.7), with the average median grain size of the 
bulk samples being 2.85 µm. Gravel content ranges from 0.30 to 1.60% weight, sand content 
varies from 1.57 to 5.90% weight, silt content ranges from 47.79 to 56.24% weight and clay 
ranges from 41.37 to 45.91% (raw data in appendix).  
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The gravel beds of unit 1 show a greater variation in grain size between bulk samples (table 7.1) 
relating to the relative dominance in gravels between beds. The average median grain size of 
bulk samples from this section of the sequence is still silt (5.77 µm). However, as shown by the 
population parameters in table 7.1 and figure 7.8, there is an increased coarse component within 
these sediments. Gravel content ranges from 4.19 to 32.14% weight, sand content varies from 
4.15 to 6.56% weight, silt content ranges from 31.82 to 51.60% weight and clay ranges from 
29.49 to 40.74% (raw data in appendix).  

 

Figure 7.8 Average % weight of each size fraction from PSA, for all bulk samples belonging to the 
three sediment types present at La Malaha.  

As shown in figure 7.8, the section at La Malaha becomes coarser with depth, with a reduction in 
both silt and clay content from unit 2 to unit 1. 

7.3.2 Calcium carbonate content 

In both units at La Malaha, there are only small shifts in CaCO3 content, ranging from ~15-25% 
(figure 7.7). Unit 2 shows the largest variations, with the top of the sequence having a calcium 
carbonate content of 15.46%, increasing to 24.15% at 134-129 cm depth. Average content is 
22.76% with a standard deviation of 2.24%. 
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The finer sediments of unit 1 have a similar average CaCO3% content to that of unit 2 (22.59%), 
however, there is less variation in this unit, with values from 20.58 to 24.14%. There is greater 
variability in carbonate content through the coarse beds of unit 1, with values ranging from 15.79 
to 23.04%, and the lowest value occurring in lowest bulk sample taken, beneath one of the gravel 
rich beds. Raw data can be found in appendix. 

A concern with producing accurate grain size measurements when not using an acid pre-
treatment is that there may be interference in grain size resulting from disaggregation of calcium 
carbonate during analysis. Within the sequence at La Malaha, there is no correlation between the 
carbonate content and the grain size; this suggests that the calcium carbonate content is not 
affecting the grain size (figure 7.9). 

7.3.3 Magnetic susceptibility measurements 

As outlined in chapter 5, magnetic susceptibility is measured on two frequencies (high and low). 
The difference between readings taken at the two frequencies is a measure of the abundance of 
ultrafine (<0.03 µm) superparamagnetic (SP) minerals which occur as a result of soil processes 
(Dearing 1999). Dearing (1999) states that in samples where SP minerals are present, high 
frequency magnetic susceptibility readings will be lower than those for low frequency magnetic 
susceptibility; giving a high combined frequency difference reading (%cfd). All measurements are 
mass and volume corrected to 10-8 m3 kg-1 (raw data in appendix).  
Table 7.2 Summary of magnetic susceptibility measurements from the sediments at La Malaha. 
LF=low frequency, HF = high frequency, Cfd= % combined frequency difference. 
 

 χLF χHF χCfd % 

Sediments 

Depths 
(cm) 

min 

max 

mean 

St dev 

min 

max 

mean 

St dev 

min 

max 

mean 

St dev 

Unit 2 0-84 60.88 77.85 69.93 5.36 55.24 71.56 63.09 5.04 8.08 13.62 9.40 1.53 
Unit 1 
fine 

84-
109 

64.40 70.42 67.89 0.24 59.24 64.84 62.49 1.30 7.59 8.19 7.96 2.27 

Unit 1 
coarse 

109-
139 

60.36 66.64 64.31 3.44 55.50 61.66 59.26 3.30 7.47 8.07 7.86 0.34 

 

All of the units are characterised by relatively low levels of magnetic susceptibility (table 7.2) for 
both low and high frequency susceptibility, indicating relatively low levels of magnetic minerals. 
As shown by figure 7.7, the variations in %cfd do not correlate with lf values. %cfd values are 
relatively stable throughout the section, varying between 8 and 9%, except at depths 124-114 cm, 
where there are raised %cfd values of 11.40-13.60%. The peak in %cfd occurs where there is a 
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darkening of the sediments, and around the area where powdery carbonates first occur in the 
section. 

7.3.4 Organic carbon content 

The sediments contain very small quantities of organic carbon, with values consistently <0.6% 
(figure 7.7, table 7.3). Values as low as this do not indicate any significant accumulation of 
organic carbon, so will not be discussed further.  

Table 7.3 Summary statistics for organic carbon content through La Malaha sediments 
 Depths Max (%) Min (%) Mean (%) St dev 
Unit 2 0-84 0.59 0.05 0.38 0.13 
Unit 1 fine 84-109 0.36 0.28 0.33 0.03 
Unit 1 coarse 109-139 0.36 0.28 0.33 0.04 

 

7.4 Micromorphology 

7.4.1 Groundmass and Skeleton grains 

All thin sections were initially described in terms of their general characteristics (figure 7.10); 
texture, composition and structure. Texture is given as the ratio between coarse (>20 µm) 
skeleton grains and fine (<20 µm) groundmass components stated as c:f (Kemp 1985a, King 
2000, Bullock et al. 1985).  C:f ratios of unit 1 are 1:1 and unit 2 are 1:2, all showing open 
porphyric structure (Bullock et al. 1985). At Malaha, sediments with high proportions of coarse-
grained sediments also contain high proportions of sub-angular rather than angular material. No 
quantitative assessment of mineralogy was undertaken via thin section analysis. 

Groundmass was described in terms of homo/hetero-geneity (texture and colour) and preferred 
orientation of groundmass components give in terms of birefringence fabrics (Kemp 1985a, 
Bullock et al. 1985). The sections from Malaha record undifferentiated and crystallitic 
birefringence (figure 7.10), where crystallitic fabrics occur where groundmass is micrite enriched 
(Kemp 1985a, Bullock 1985, Stoops 2010). The majority of void types recorded in the La Malaha 
sequence are vughy, channel or vesicle voids, thought to relate to biological activity within the 
sediments (Kemp 1985a, King 2000, Stoops 2010).  
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7.4.2 Concentration/depletion features 

There are only rare occurrences of preserved organic material within thin sections from La 
Malaha. These are found as amorphous blackish to reddish brown staining of groundmass or 
around voids (figure 7.13, 7.16). These amorphous organics are typically significantly 
decomposed, preserving little or no cellular structure (class 3/4 of Stolt and Lindbo 2010). 

Calcitic pedofeatures can form through localised or substantial dissolution, leaching and 
reprecipitation of calcite (Kemp 1985a). The distribution and morphology of such features is key 
to understanding the mechanism of their formation (e.g. Kemp 1995, 1999). Features are 
described in terms of their morphology and crystalline form, where micrite <4 µm, microsparite 5-
20 µm and spar >20 µm (Bullock et al. 1985, Durand et al. 2010). Calcitic pedofeatures at 
Malaha occur primarily as hypocoatings, void linings, void infillings and nodules (figure 7.11). 
Calcitic nodules are identified as ‘in situ’ if they have a diffuse, irregular contact with the 
groundmass (Durand et al. 2010) (figure 7.12). At Malaha, such features occur as densely 
cemented micritic to microsparite features, typically <1 cm in size. Hypocoatings are weakly to 
densely cemented micrite to microsparite formed in the groundmass around voids and, at times, 
are very extensive features (figure 7.12, 7.14). 

There are very rare occurrences of redoximorphic features, present as weakly to strongly 
impregnated iron/manganese staining of the groundmass (figures 7.16). Redoximorphic features 
form in relation to soil wetting and drying leading to the mobilisation and oxidation of 
iron/manganese compounds (Kemp 1985a, King 2000, Lindbo et al. 2010). 

The morphology of textural and pedogenic features from each thin section is shown in figures 
7.11-7.16. 

177



Chapter 7 – La Malaha 

 

178



Chapter 7 – La Malaha 

 

179



Chapter 7 – La Malaha 

 

180



Chapter 7 – La Malaha 

 

181



Chapter 7 – La Malaha 

 

182



Chapter 7 – La Malaha 

 

183



Chapter 7 – La Malaha 

7.4.3 Vertical distribution 

7.4.3.1 Unit 1 

Unit 1 is identified in thin section as being moderately sorted, with an increased skeleton grain 
content (relative to unit 2), with grains being up to gravel in size (figure 7.11). Skeleton grains 
within MAL 6 and MAL 5 are typically sub-rounded, equant to oblate. The texture of MAL 5 
records finer sediments than those seen in MAL 6. Additionally, the sediments in MAL 5 are 
massive, whereas there is evidence of fining sequences and laminations within MAL 6 (figure 
7.11). The laminated sediments present (figure 7.11) occur as clearly defined, distinct patches, 
grading from very well sorted coarse to medium silt to silty clay. The laminations do not occur as 
continuous horizontal features. The laminated sediments have a clear structure and distinct, 
sharp boundaries with the groundmass. This suggests that these features are rip up clasts, 
laminated sediments entrained by tractional currents and laid down when flows wane. 
Deformation may occur during transport but implies some degree of moisture content within those 
intra-clasts. The fining-up horizon within MAL 6 is horizontally discontinuous and thin. It records a 
clear sequence of sorted deposition from fine sands to silty clay. Such a feature may represent 
deposition under still water conditions, or fining due to surface crusting. 

Figure 7.17 shows the distribution of micromorphological features and characteristics through the 
sediment sequence at La Malaha. There is a progressive fining and increased sorting upwards 
through the section and also a shift towards increasingly angular skeleton grains. Organic and 
redoximorphic features are low in abundance throughout the sequence and there is no 
discernible pattern in their distribution. 

Carbonate forms are present within both MAL 6 and MAL 5. Within MAL 6, carbonates are 
restricted to reworked clasts/nodules and a micritic groundmass (figures 7.10, 7.11). However, 
within MAL 5, there is evidence for the dissolution and reprecipitation of carbonate as 
hypocoatings, void linings and small, very rare diffuse pedogenic nodules within the groundmass 
(figure 7.12). 

7.4.3.2 Unit 2 

Thin sections MAL 1-4 (figure 7.13-7.16) typically have a high groundmass content, with few 
skeleton grains (compared to MAL 5 and 6); the skeleton grains present being up to medium silt 
in size and typically angular to sub-angular (figure 7.17). MAL 1-4 consist of a much finer, better 
sorted material containing more angular skeleton grains than MAL 5 and 6. As with MAL 5 and 6, 
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there are only rare occurrences of both organic and redoximorphic features, meaning that there is 
no discernible pattern in their distribution. 

Sections MAL 4-2 record a significant increase in the precentage cover of calcitic pedofeatures 
upwards through the sequence (20-40 %), and a slight reduction percentage cover recorded in 
MAL 1 (20 %). This increasing percentage cover is highlighted by the increased abundance of 
pedogenic nodules, hypocoatings and void linings (figure 7.17). Increasing abundance of calcitic 
pedofeatures upwards through unit 2 (up to ~125 cm) is consistent with increased localised 
mobilisation and reprecipitation of carbonate associated with accretionary pedogenic alteration 
(e.g. Kemp 1995, 1999, 2001). The rates of accretionary pedogenic alteration are thought to be 
linked to sediment input and/or climate, and it is therefore possible that the pattern of pedogenic 
modification recorded through unit 2 is consistent with a decreasing sediment input and/or a 
climatic warming/wetting enabling increased effectiveness of pedogenic processes (e.g. Kemp 
1995, 1999, 2001). 

There are textural concentration features present within the thin sections of unit 2 (figures 7.13, 
7.15, 7.16). Within MAL 2 there is a nearly horizontally continuous textural feature (figure 7.15). 
This feature grades from the typical groundmass, to a very well sorted fine silt, into a silty clay 
capping; again with a distinct boundary marking the return to typical groundmass deposition. 
Within this sediment band are ‘pockets’ of groundmass sediments and a reduced void occurrence 
compared to the rest of the sediments in MAL 2. As the feature fines upwards out of the 
groundmass, it is interpreted as being in-situ, most likely formed through surface crusting 
processes (e.g. Belnap 2008). Below this surface crust, there is only one textural feature 
recorded (figure 7.13) which, as it is distinctly laminated and displays reverse grading, is 
interpreted as being a rip-up clast feature. Above the surface crust of MAL 2, MAL 1 records a 
reduction in pedogenic carbonate features and the return to reworked carbonate clasts/nodules 
(figure 7.16). 

185



Chapter 7 – La Malaha 

 

186



Chapter 7 – La Malaha 

7.5 Isotopic geochemistry of pedogenic carbonates 

Despite the recognition of carbonates present in the field, it was not possible to recover any from 
the bulk samples. Therefore there is no record of the isotopic composition of carbonates at La 
Malaha. 

7.6 Site chronology 

As shown in figure 7.6, 2 OSL samples were taken at La Malaha, located at 133 cm and 55 cm 
(to middle of block). Sample treatment and dating runs were carried out following the methods 
detailed in chapter 5. Sample run conditions and dosimetry data are given in tables 7.4 and 7.5.  
 

Table 7.4 Summary table of Malaha dating runs, full details in chapter 5 

Sample Aliquots PH 1 (˚C) PH 2 (˚C) Given doses (Gy) 

Mal 1 16 260 220 9, 18, 27, 35, 0, 9, 9 

Mal 2 22 280 220 9, 18, 27, 35, 0, 9, 9 

 

Table 7.5 Summary of dosimetry and dating results 

Sample Radionuclide 
concentration 

Sample 
depth 
(m) 

Cosmic 
dose 
rate 
(Gy/ka) 

Total 
dose 
rate 
(Gy/ka) 

Water 
content 
(%) 

Equivalent 
dose, De 
(Gy) 

Age 
(ka) 

K 
(%) 

U 
(ppm) 

Th 
(ppm) 

Mal 1 2.00 2.60 11.0 3 0.165 3.40 15 4.6 1.4 
±0.1 

Mal 2 1.98 2.46 11.1 3.7 0.152 3.33 15 7.3 2.2 
±0.2 

 

Growth curves were formed using the SAR protocol outlined in chapter 5. All growth curves were 
fitted with a saturating exponential plus linear curve, as in all cases this proved to be the line of 
best fit. The laboratory induced equivalent dose for both OSL samples MAL 1 and MAL 2 occurs 
on the saturating exponential part of the dose response curve (figure 7.18), where there is a 
definite increase in sensitivity corrected OSL intensity with increasing regeneration dose. This 
demonstrates the sample is not saturated, and therefore a geologically meaningful De may be 
calculated. 

Estimates of equivalent doses for each sample were calculated from >12 aliquots (table 7.4). The 
spread of equivalent doses gained from each aliquot display a unimodal, narrow distribution 
(figure 7.19). The test behaviour of the aliquots for each sample, together with the 
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stratigraphically consistent age estimates (figure 7.20), indicates that there is no reason to doubt 
the OSL age estimates for the sequence at La Malaha. 

Figure 7.18 The sensitivity corrected dose response curves for a single aliquot of Mal 1 (left) and 
Mal 2 (right). The curves were fitted using a saturating exponential and linear function, both 
curves are representative of all aliquots from each sample. The black dot represents the natural, 
with an intercept of 4.62 Gy for Mal 1 and 7.31 Gy for Mal 2. The recycling point is located at 
10Gy. 

Figure 7.19 De distributions shown as probability density functions and with individual De values 
shown with error bars in order of increasing value 

7.7 Sedimentological Interpretation 

7.7.1 Unit 1 sedimentology 

Unit can 1 be characterised as a predominantly massive silt unit, containing a significant 
proportion of sand, varying quantities of gravel (up to ~32%) and a significant proportion of silt 
(up to ~41%) (table 7.1). The unit generally consists of a massive sandy, clayey silt bed 
containing occasional fine gravels within this are two beds of sub-rounded, matrix supported 
gravels (figure 7.20). 
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The massive, fine grained sediments within the unit are typical of sediments deposited by still 
water conditions, enabling the deposition of silts and clays. The unit is typical of the model of 
sedimentation of floodplain sediments outlined by Miall (1992). The matrix-supported gravels 
indicate that both the fine and coarse material were deposited together, either as a debris flow, 
hyper-concentrated flow, or high-energy flood event that underwent rapid deposition (Miall 1992). 
However, the lack of grading within the coarse beds may indicate sudden deposition through a 
hyper-concentrated flow event (Costa 1988, Mulder and Alexander 2001). If such a flow rapidly 
loses energy, for example in an overbank setting, then a poorly sorted, matrix-supported gravel 
may occur (Costa 1988). It is therefore proposed that unit 1 at La Malaha represents floodplain 
sedimentation, under variable sediment load regimes associated with varying flow dynamics.  

The sediment analysis records no evidence for pedogenic alteration of the sediments. The 
calcium carbonate content of the unit is relatively stable (~15-20%) (figure 7.20) and as such, 
does not provide evidence for the pedogenic redistribution of carbonate that is indicative of 
processes operating on a stable land surface (e.g. Kemp 1985b) (chapter 5).  The magnetic 
susceptibility record through unit 1 (figure 7.20, table 7.2) shows that the sediments have 
undergone only minor post depositional alteration. The low frequency magnetic record, indicating 
both ferromagnetic and superparamagnetic minerals (Dearing et al. 2001) of the sediments, 
shows little variability in unit 1 (60-66 10-8 m3 kg-1). The frequency dependent (% cfd) (difference 
between high frequency and low frequency) magnetic record, used as a proxy of pedogenic 
alteration of minerals (Dearing 1999), ranges between 7.5 and 8% for unit 1. Dearing (1999) 
classifies such values as indicative of sediments containing a moderate amount of minerals 
produced through pedogenic process (see table 7.6). However, such concentrations are not 
considered substantial enough for the unit to be characterised as a palaeosol on the basis of its 
magnetic susceptibility record (Dearing 1999, Dearing et al. 2001).   

Table 7.6 Dearing’s (1999) interpretation guide for magnetic susceptibility measurements. 
χfd % χfd Cause 
Low  <2 Virtually no (<10% SP grains) 
Medium 2-10 Admixture of SP and coarser non-SP grains, 

or SP grains <0.005µm 
High 10-14 Virtually all (>75%) SP grains 
Very high >14 Rare values, erroneous measurement, 

anisotropy, weak sample or contamination 
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7.7.2 Unit 1 micromorphology 

Micromorphological evidence from unit 1 highlights the poor sorting (figures 7.11, 7.12, 7.21) 
within the sediments, as well as the sub-rounded nature of the grains. The sub-rounded nature of 
the skeleton grains (up to gravel in size) could be indicative of transport and deposition within a 
fluvial system (Bridgland 1986, Krinsley and Doornkamp 1973). Furthermore, the poor to 
moderate sorting of the sediments is characteristic of rapid deposition, supporting the suggested 
fluvial origin of this unit. 

Present within thin section MAL 6 are areas of laminated sediments with a sharp contact with the 
groundmass (figure 7.11). Their well-sorted nature and sharp contact with the surrounding 
groundmass identifies that they were originally deposited under conditions different to those 
responsible for the deposition of unit 1. As such, they are identified as rip-up clasts, eroded from 
previously deposited sediments. Comparison of the sediment structures present within these rip-
up clasts with sediments deposited in ponded water in active ephemeral systems in the 
Mediterranean (thin section from Libya provided by I. Candy, unpublished) indicates (see figure 
7.22), that this is a likely depositional environment for these types of sediments at La Malaha. 
These finely laminated sediments are very well sorted, grading from fine sands into silty clay and 
represent sediment facies typical of ponded sediment deposits (Miall 1992).  

As such, they are likely to represent deposition under still water conditions within abandoned or 
periodic flow regime channels within a braided system. These deposits have then been eroded 
and incorporated into bedload during the high flow events that have resulted in the massive, silt 
dominant beds of unit 1. Such a system currently runs through the Malaha valley, where ponded 
sediment settling still occurs.  

Thin section MAL 5 (figures 7.12, 7.21) records an increase in the occurrence of calcitic 
concentration features. Within this section, they are primarily micritic hypocoatings around voids. 
Such features indicate rapid precipitation of calcite, usually associated with root networks during 
localised dissolution and reprecipitation of carbonate within the sediments (Kemp 1985a). The 
presence of small (<1 mm), diffuse micritic nodules is also indicative of pedogenic alteration of 
the sediment, but neither is indicative of sustained pedogenic alteration (Kemp 1995).  
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Both authigenic and allogenic carbonate nodules are present within section MAL 5. There is a 
clear distinction between authigenic (grown in-situ) and in-washed carbonates (figure 7.12). 
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Allogenic nodules have a distinct boundary with the groundmass and are typically densely 
cemented, whereas authigenic nodules are typically weakly to densely cemented, with a diffuse 
boundary with surrounding groundmass. The difference in contacts with the groundmass 
indicates reworked (sharp), or in-situ growth (diffuse) (Durand et al. 2010). 

Micromorphological analysis of sediments from unit 1 supports the PSA results, which record 
fining upwards of a poorly to moderately sorted sediment. The increased occurrence of calcitic 
pedofeatures towards the top of unit 1 indicates localised redistribution of carbonate through 
dissolution and reprecipitation, most likely occurring through accretionary pedogenesis. 

7.7.3 Unit 2 sedimentology 

PSA from unit 2 (figure 7.20) demonstrates that the unit is a sandy clayey silt, with very little 
variability within the grain size characteristics through the unit. There are very small quantities of 
gravel present through unit 2 (0-0.41% weight), small amounts of sand (0.73-1.40% weight), high 
content of clay (40.65-46.28% weight) and a high silt content (52.40-58.02% weight). As shown in 
figure 7.8, unit 2 contains a smaller fraction of sands and gravels and a higher silt content than 
the sediments within unit 1. 

Unit 2 was identified as loess-like on the basis of field descriptions (cohesive silt body) and PSA. 
As discussed in chapter 6, unit 1 is distinguishable from local fluvial and slope sediments on the 
basis of grain textures (SEM) and Sr-Nd composition. The Sr-Nd composition of the sediments 
indicates a non-local source for the silt, and suggests a significant North African dust component 
to the deposit. On this basis, unit 2 is interpreted as a deposit of loess and is consistent with the 
existing descriptions of loess within the literature as stated in chapter 3. However, primary loess 
will not contain even occasional gravel clasts. It is therefore likely that the unit is comprised of 
secondary loess, where aeolian silts are locally reworked within fluvial or slope systems. 

Fluvially reworked loess sediments often maintain much of the original sediment characteristics. 
However, it can sometimes be possible to identify them in the field as there is often evidence for 
bedding structures (e.g. Gardner 1977). Unit 2 is a massive, structureless body of sediment, 
typical of the field descriptions of loess deposits (e.g. Pécsi 1995). Whilst the unit’s appearance is 
in keeping with primary loess, the small sand and gravel content indicates that either the aeolian 
silt was reworked, or sediment mixing with limited input of coarser sediments was occurring.  

The calcium carbonate content of the unit is consistently around 24%. Hhowever, towards the top 
of the unit (154-134 cm) there is a progressive decrease to ~15%. There are two possible 
explanations for the shift in carbonate content. Firstly, it could be due to the downward dissolution 
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of carbonate under a stable land surface (Kemp 1985b). This dissolution has not resulted in the 
total removal of calcium carbonate from the upper section of unit 2, nor has it resulted in a 
horizon significantly enriched with calcium carbonate at depth. Therefore, this scenario would 
suggest establishment of a relatively short lived land surface (e.g. Kemp 1995, Kemp et al. 2004). 
Secondly, it could be the result of a shift in sediment source and therefore a shift in sediment 
composition. However, the progressive nature of the shift makes this unlikely.  

It has been demonstrated that calcium carbonate content has a dampening effect on total 
magnetic susceptibility of a sample (Kemp et al. 2004, Dearing 1999). It is therefore important to 
ensure that there is no correlation between the two values. As shown in figure 7.20, there is very 
little variability in the CaCO3 record of La Malaha, and so shifts in carbonate content alone cannot 
explain the variability seen within the magnetic susceptibility record. The low frequency magnetic 
susceptibility record from unit 2 shows that from 114-~70 cm the unit contains raised levels of 
magnetic minerals, when compared to the values from the rest of the section. This may be 
indicative of a shift in sediment source (e.g. Grimley et al. 1998), where the sediments comprising 
unit 2 (114-70 cm) have a higher total magnetic mineral content. The %cfd of unit 2 indicates a 
zone of significant superparamagnetic mineral enrichment. Between depths of 124-134 cm, %cfd 
values are above 10% (11.4-13.6%), according to Dearing (1999) (table 7.6) values as high as 
these represent sediments comprising of ~75% or more superparamagnetic minerals. 

Current understanding of magnetic susceptibility as a proxy for pedogenic alteration is that the 
fine superparamagnetic minerals identified by the % difference between high and low frequency 
readings are produced by the weathering of iron bearing minerals to superparamagnetic 
magnetite or maghemite (Dearing et al. 2001, Zhou et al. 1990).  

Dearing (1999) produced a record of mineral magnetics through the study of rocks, sediments 
and soils in England (figure 7.23, table 7.6). According to the values recorded at La Malaha, the 
sediments located between 124-134 cm are significantly enriched in superparamagnetic minerals, 
which suggests that they can be classed as soils according to Dearing’s (1990) scale. Malaha 
results are plotted in blue in figure 7.23. Despite having lower overall magnetic concentrations, 
according to Dearing (1999), the samples are not in the range considered as having low 
magnetism, and therefore, the results should be fully comparable with those gained by Dearing 
(1990). 
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Figure 7.23 Comparison of magnetic susceptibility values from La Malaha with those compiled by 
Dearing (1999). Blue diamonds represent La Malaha data. 

 

7.7.4 Unit 2 micromorphology 

The thin sections taken through unit 2 (MAL 4-1) show a shift in sorting characteristics, c:f ratio 
and roundedness characteristics of skeleton grains compared to sections from unit 1. Through 
unit 2, most of the sediments are well sorted, ranging from medium silts to clays with very little in 
the way of coarser material being present. There is an increase in total cover of groundmass (fine 
silts and clays) and a shift towards sub-angular skeleton grains.  

This summary of the main bulk characteristics present in thin sections from unit 2 support the 
sedimentological interpretation of a shift in depositional process occurring from unit 1 to unit 2. 
Textural and micromorphological characteristics support the interpretation of a shift from 
floodplain deposition (unit 1) to loess or loessic accumulation (unit 2). A shift towards better 
sorting and a shift towards dominant silt deposition support a transition towards aeolian silt 
deposition. This is supported by the increased in angularity of skeleton grains (e.g. Krinsley and 
Doornkamp 1973).  

Associated with this shift in depositional process is an increase in micromorphological evidence 
for pedogenic processes (figure 7.27). Through unit 2 there is increasing % cover of calcitic pedo-
features upwards through the sediments, marked by increasing occurrence of hypocoatings and 
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void linings. Within typical soil horizons the processes leading to the dissolution and 
reprecipitation of calcite result in a downward enrichment of pedogenic carbonates (e.g. Kemp 
1985a,1985b). At La Malaha, however, micromorphological evidence is of increased pedogenic 
alteration upwards, associated with only minor changes in bulk carbonate content. Whilst 
untypical of pedogenesis occurring at a stable land surface, Kemp (1995, 1999) has identified 
similar profiles within loess accumulations, arguing for aggradational pedogenic formation.   

It is common for surface crusting to occur in arid regions (Belnap 2008). The process occurs 
when infrequent, intense rainfall occurs on sparsely vegetated land surface. This results in the 
disaggregation of soil peds into fine particles (Kemp 1995, Belnap 2008). Belnap (2008) states 
that water ponding on the soil surface allows fine particles to rise to the surface and form a crust 
upon drying or for fine particles to be redistributed and concentrated by rain splash. The process 
leads to the progressive fining of the groundmass, resulting in an upward fining sequence (figure 
7.22). In more arid climates, chemical crusts can occur (Belnap 2008). Such crusts form from 
evaporites, displaying a compositionally distinct horizon, which would be clearly identifiable in thin 
section. There is no evidence from La Malaha of chemical crusting. 

Interpretation of the evidence from the thin sections of unit 2 shows evidence of surface crusting 
in sections 4-2; however, some of these features appear as intraclasts or eroded material. As 
such, some of the features are deformed or inverted, and were not easy to interpret. On the basis 
of a lack of very well sorted basal sediments, they are interpreted as disrupted soil crusts (figures 
7.22).  

Micromorphological evidence from unit 2 indicates the deposition of sorted, predominantly fine silt 
material, containing angular to sub-angular clasts, supporting the idea of loess deposition. Within 
the thin sections, there is some evidence for reworked material through disrupted and 
incorporated surface crust fragments, showing some localised reworking of material. Above the 
surface crust horizon present in MAL 2, there is a shift towards slightly increased roundedness of 
skeleton grains, incorporation of carbonate clasts and possible evidence for rip up clast material. 
This suggests that the top of the sequence may record an increase in localised reworking of 
sediments or possibly, a return to fluvial deposition. 

7.8 Palaeoenvironmental interpretation 

7.8.1 Pedo-sedimentary reconstruction 

Stage 1 - The basal sediments consisting of beds of matrix supported, sub-rounded gravel rich 
material were deposited through rapid deposition, likely to have occurred within a floodplain 
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setting or a low-energy channel environment. The upwards fining of the unit records a transition 
to a lower energy, possibly a more distal position within the floodplain setting. The upper section 
of unit 1 contains evidence for increasing effects of pedogenic alteration, through the occurrence 
of calcitic features. Such features taken together with the bulk carbonate content indicate that this 
was weak, short lived pedogenic alteration which may have been occurring through accretion of 
the sediments, possibly in response to decreasing sediment input (figure 7.24). 

Stage 2 - The transition to aeolian silt deposition is marked by increased sorting of the sediments, 
identified in both thin section and bulk PSA, and also supported by increased angularity of 
skeleton grains typical of aeolian silt transportation (e.g. Krinsley and Doornkamp 1973). 
Micromorphological analysis indicates the increasing occurrence of calcitic pedo-features 
upwards through the profile, which together with the stable bulk carbonate content, indicate only 
localised, weak pedogenesis. The distribution of such features indicates that pedogenic alteration 
increases upwards through the unit, which is consistent with accretionary pedogenesis during 
decreasing sediment input (Kemp 1995, 2001). Increasing magnetic susceptibility values (%cfd) 
also support the interpretation for increasing pedogenic alteration towards the top of the unit. 

Stage 3 - The occurrence of a near complete, relatively thick soil crust surface within MAL 2 is not 
linked with increased pedogenic alteration, as such a feature can occur over a short time period 
(Belnap 2008). However, it does appear to mark a shift towards less sorted sediments, containing 
coarser skeleton grains and increased evidence for reworking of sediments. Therefore, the 
sediments at the top of unit 2 are interpreted as heavily reworked loess, either through fluvial or 
slope processes. The shift in total magnetic susceptibility values (lf) may support the 
interpretation of a shift in sediment origin, as values return to similar levels recorded through the 
deposition of unit 2. 
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7.8.2 Palaeoenvironmental significance 

The deposition of overbank sediments (unit 1) in southern Spain is not climatically significant. 
This is due to the existence of a highly seasonal rainfall regime through the late Quaternary 
(chapter 2) (e.g. Prentice et al. 1992, Harding et al. 2009). Within a highly seasonal rainfall 
regime, such as Mediterranean climates, intense rainfall events can result in overland flow and 
surface sediment erosion (e.g. Thornes 2009). This can result in rivers with a high sediment load, 
bursting banks and producing overbank sedimentation.  

Pedogenic alteration of the sediments increases upwards through the unit, indicating an 
accretionary style of pedogenic alteration. Such alteration can be the product of a climatic 
amelioration and/or reducing sediment input. The fining upwards of the unit may imply channel 
migration, placing the sediments at a more distal position to channelized flow, reducing sediment 
input thereby increasing the effectiveness of pedogenic alteration. 

As discussed in chapter 6, it is possible to distinguish the sediments of unit 2 from locally derived 
slope and fluvial sediments on the basis of Sr-Nd composition. Together with differences in 
roundedness characteristics of the sand and silt grains and a shift in magnetic mineral content, it 
enables the classification of unit 2 as loess. The existence of some gravel and a significant sand 
component to the deposit indicates a localised input to the loess, possibly through slope 
processes. As such, the deposit is referred to as a secondary loessic deposit. 

The onset of loess deposition at La Malaha occurs after 2.2 ka ±0.2 until sometime after 1.4 ka 
±0.1, this period is correlated with Roman occupation and significant anthropogenic landscape 
alteration within the region. The period is often correlated with significant sediment mobilisation in 
response to widespread land clearance for agricultural purposes (e.g. Pantaléon-Cano et al. 2003 
and references therein). This, therefore, could be both a potential source of dust and a 
mechanism for vegetation cover reduction allowing loess to accumulate. However, Sr-Nd 
composition of the sediments indicates a non-local origin of the loess and suggests a strong 
North African component (chapter 6). It is therefore unlikely that Roman land clearance of the 
region could explain the significant far travelled sediment input.  

As shown in figure 7.25, the period of loess accumulation at La Malaha also correlates to a period 
of regional aridity, recorded through palynological records (e.g. Jalut et al. 2000) and lake 
desiccation events (e.g. Carrion 2002), as well as periods of sediment mobilisation within North 
Africa (Swezey 2001) and increased North African dust flux (deMenocal et al. 2000, Cole et al. 
2009). It is therefore likely that the loess accumulation at La Malaha corresponds to a period of 
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increased North African dust mobilisation during a period in which vegetation levels were reduced 
through southern Spain in relation to a climatic and/or anthropogenic forcing. 

 

Figure 7.25 Compilation of regional aridity signals through the Holocene 

The accumulation of loess at La Malaha, albeit locally reworked at least in part, records 
increasing pedogenic alteration upwards through the section. The increasing effects of 
accretionary pedogenesis records a diminishing sediment input, possibly in association with a 
climatic warming/wetting. 

The regional implications of the palaeoclimatic information interpreted from the loessic 
accumulation at La Malaha will be discussed in further detail in chapters 11 and 12. 
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Chapter 8 - Chimeneas 

This chapter presents the work undertaken at Chimeneas. Firstly, an introduction to the 
geography of the surrounding area will be presented. Secondly, the results from the work 
undertaken at the site will be discussed and the interpretation of the sediment sequence at 
Chimeneas will be presented. 

8.1 Site introduction  

The exposures at Chimeneas are located <1 km west of the town of Chimeneas, 21 km west-
south-west of Granada (figure 8.1). As with La Malaha (chapter 7), Chimeneas is located within 
the Granada basin, a Neogene basin containing limestones, gypsums and continental sands, silts 
and conglomerates (figure 8.2). Triassic dolomites, limestones and marbles lie to the south of the 
basin (figure 8.2). The sediment sequence at Chimeneas is exposed in a valley cut by the 
Barranco de las Zarzas, a south to north flowing tributary of the Rio Genil. Sediments are 
exposed on both sides of the valley; in addition, there are sediments exposed by a road cutting 
which runs perpendicular to the valley, in an east-west direction (figures 8.3). Sediments on both 
valley sides were logged down to the level of the modern river channel. At the base of the 
sequence lies 6-7 m of fluvial sands, silts and gravels, overlain by up to 2.5 m of cohesive, silt 
dominated sediments which, in turn, are overlain by ~2 m of fluvial sands and gravels. Field 
description of the sequence identified the silt dominant unit as being consistent with the published 
criteria for loess or loessic sediments; consequently, this chapter focuses on this unit. 
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8.2 Field observations 

In order that a sampling strategy could be devised, logging of all available exposures on both 
sides of the valley was undertaken. This section will provide the exposure schematics, logs and 
panoramic photographs for each exposure followed by a basic description of the sediments 
present. These observations will form the basis of the sampling strategy; detailed sedimentology 
of the sediments included within the sampling areas will be presented and discussed. 
8.2.1 Eastern valley sediments: Field descriptions 

The sediments from the eastern side of the valley can be seen in figure 8.4. Initial field 
observations identified two main units present on the eastern valley side. There was no exposure 
of marl bedrock present on the eastern side of the valley. The lowest unit visible was an extensive 
accumulation of fine material (sands and silts) containing occasional gravels and interbedded 
gravel/pebble horizons. These sediments are covered by logs 1-5 and represent much of the 
sediments infilling this side of the valley. Overlying the basal unit are the sediments contained 
within logs 6-7, covering the road cutting section of the sequence. These sediments appear 
similar in composition to those of the lower unit; however, they appear to be better sorted (lack of 
occasional gravel) and with a higher clay content. In addition to fewer gravel clasts, the fine 
grained beds of the upper unit are cohesive in nature and appear as massive deposits. There is 
gravel present within the road cut sections; however, this typically occurs as interbedded gravel 
rich, matrix supported horizons.   
8.2.2 Western valley sediments: Field descriptions 

At the base of the sediments infilling the valley is marl bedrock (figure 8.5, log 1), which is 
overlain by sorted sands and gravels. Predominantly, this material consists of matrix dominated 
sands containing small amounts of gravel sized material, but it is interbedded with distinct beds of 
matrix supported, gravel rich sediments. Present throughout the sands and gravels are small, 
powdery, crystalline nodules of gypsum. The beds of sands and gravels are then capped by a 
distinct white horizon (177-196 cm log 5, 115-143 cm log 6), overlain by darker, finer sediments 
(143-163 cm log 6).  These sediments represent unit 1 and appear to describe most of the 
sediments making up the exposure on the western side of the valley cutting sequence (figure 
8.7). Above the distinct white horizon are the sediments of unit 2, representing the majority of the 
sediments exposed in the road cut section. These sediments are contained within logs 7 to 9 
(figure 8.6). The sediments are predominantly fine grained, well sorted, cohesive bodies of sandy 
silt interbedded with darker horizons. This unit is the largest body of sediment in the valley 
consistent with criteria for the recognition of loess(ic) sediments, and so it was this unit that was 
the focus of the sediment logging and sampling undertaken in the valley. 
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8.3 Composite log 

8.3.1 Detailed sedimentology 

The unit divisions outlined previously describe the bulk, shared properties of each sediment body. 
There were however, distinct horizontally continuous sedimentological changes contained within 
each unit, for this reason units were further subdivided (figures 8.8 and 8.9). Log 6 records the 
top of the fluvial sediment sequence (unit 1), the base of the log (1A 0-115 cm) is a silty, fine sand 
bed containing occasional gravels, with gravel content appearing to decrease upwards through 
the bed. Above bed 1A (1B 115-143 cm) the sediments appear similar in composition but with a 
higher silt content and frequent gypsum nodules, the sediments have a distinctive white-ish 
colouration (5Y8/1 white) which make it a distinct, horizontally traceable bed. The sediments 
forming the top of log 6 (1C 143-153 cm and 1D 153-163 cm) appear to be darkened horizons 
with varying silt and fine sand content. As with 1B, these sediments provide a distinct horizontally 
continuous horizon for linking logs. 

Logs 7 and 8 record well sorted, silt sized material, which appears to containing varying quantities 
of carbonate nodules and varying cohesion. From the base of log 7 to the top of log 8, there are 4 
horizons of darkened, finer sediments, often associated with small, powdery nodules (1C-D, 2B, 
2D, 2F). In the field, nodules identified as powdery with indistinguishable crystals were noted as 
carbonates and those with a yellowish colouration and visible crystal structure were noted as 
gypsum (Porta 1998). The silt beds within logs 7 and 8 (2A, 2C, 2E) are cohesive, carbonate rich, 
homogenous and appear to lack bedding structures. Such a description is consistent with the 
definitions that enable sediments to be interpreted as loess (chapter 3). Each of the darkened 
horizons (1C, 2B, 2D, 2F) provides a continuous traceable horizon for linking of logs together and 
helping to build a composite stratigraphy (figures 8.8, 8.9). 
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The darkened horizon (2F) from the top of log 8 (232-250 cm) is recorded within log 9 (54-70 cm), 
the sediments occurring above mark a return to gravel deposition, with alternating beds of sands, 
silts, and gravels occurring through the rest of log 9. Although the pattern of alternating fine beds 
and gravel beds continued above log 9, these sediments were not included in this study as they 
were very close to the land-surface where field ploughing may have disrupted the sediments. 

8.3.2 Constructing the composite log 

 

As mentioned above, the darkened horizons provided useful marker beds from which it was 
possible to link sediment logs. These correlations were used to ensure that only one example of 
each sub-unit of sediments were included within the composite stratigraphy (figure 8.9). The 
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composite log includes all sub-units contained within sediment logs 6-9 and was used as a basis 
for deciding sample locations. 

8.3 Sampling 

Sampling locations are shown in figure 8.9 placed according to the sampling strategy outlined in 
chapter 5.  

8.4 Sedimentology 

Raw data from sample analyses can be found in the appendix.  

8.4.1 Particle size analysis 

Particle size data (figure 8.10, table 8.1) from unit 1 shows that it is a sandy, clayey silt containing 
occasional small gravels. The average composition of the sediments is ~48% silt, ~30% sand, 
~21% clay and <1% gravel (table 8.1). The sub-units (1a, 1b and 1c) do not vary greatly in their 
composition compared to the composition of the unit as a whole. 

Unit 2 contains no gravel component; PSA identifies it as a clayey, sandy silt with an average 
composition of ~30% clay, ~46% silt and ~24% sand. There is some variability within the sub-
units of unit 2, with sand content reducing upwards through the unit and clay content increasing 
upwards, silt content is relatively consistent throughout. 

The PSA results for unit 3 are from only one sample. The results indicate that, as noted in the 
field, the unit marks the return to the deposition of gravels at Chimeneas. The sampled sediment 
is described as a clayey, sandy silt with some fine gravels, composition is listed in table 8.2. 

When plotted according to depth (figure 8.10) the PSA results identify a marked shift in 
sedimentology. Through unit 1 and sub-unit 2A there are fluctuations of up to 15% in sand and silt 
content through the sediments. Above sub-unit 2A, however, variability in composition is greatly 
reduced. In addition to a transition to a more stable composition, the sequence also records a 
fining upwards, which appears to be driven by increasing clay content upwards through the 
sediments. 
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Table 8.1 Summary statistics of particle size data for all units within composite log. Median grain 
size given in µm, all other data in % total weight. 

 
 

 

Unit Statistic gravel % sand % silt % total clay % fine clay % median 

1 

Mean 0.15 30.24 48.33 21.27 13.85 20.68 
Standard Deviation 0.53 3.28 3.81 1.72 2.70 3.65 

Minimum 0.00 25.90 41.42 16.90 8.18 10.77 
Maximum 1.83 36.67 52.54 23.35 18.44 25.77 

1a 

Mean 0.91 31.47 47.50 20.12 9.72 15.29 
Standard Deviation 1.29 0.54 5.31 4.56 2.19 6.39 

Minimum 0.00 31.09 43.74 16.90 8.18 10.77 
Maximum 1.83 31.85 51.25 23.35 11.27 19.81 

1b 

Mean 0.00 27.70 50.80 21.50 14.23 20.83 
Standard Deviation 0.00 1.43 1.61 0.92 0.60 1.34 

Minimum 0.00 25.90 48.16 20.01 13.77 18.95 
Maximum 0.00 29.28 52.54 22.56 15.13 22.43 

1c 

Mean 0.00 32.30 46.20 21.51 15.12 22.67 
Standard Deviation 0.00 3.65 4.08 1.14 2.80 2.27 

Minimum 0.00 27.69 41.42 19.53 10.89 20.41 
Maximum 0.00 36.67 50.72 22.33 18.44 25.77 

2 

Mean 0.00 23.84 45.62 30.54 18.45 10.41 
Standard Deviation 0.00 6.48 3.63 4.26 2.23 5.69 

Minimum 0.00 13.72 34.78 21.49 14.07 4.14 
Maximum 0.00 38.33 54.79 37.75 22.15 23.97 

2a 

Mean 0.00 30.11 43.63 26.25 16.94 16.54 
Standard Deviation 0.00 4.93 4.41 2.21 2.01 3.40 

Minimum 0.00 18.71 34.78 21.49 14.07 11.06 
Maximum 0.00 38.33 51.38 29.91 21.30 23.97 

2b 

Mean 0.00 21.62 45.73 32.65 18.24 6.47 
Standard Deviation 0.00 1.97 1.42 2.01 1.63 1.17 

Minimum 0.00 17.48 42.96 29.90 15.97 4.69 
Maximum 0.00 23.94 48.15 35.65 20.37 8.24 

2c 

Mean 0.00 18.99 46.77 34.24 20.47 5.69 
Standard Deviation 0.00 1.71 0.97 1.17 0.87 0.37 

Minimum 0.00 16.73 44.74 32.16 19.42 5.40 
Maximum 0.00 21.38 47.63 35.64 22.15 6.48 

2d 

Mean 0.00 16.30 48.39 35.30 20.61 5.02 
Standard Deviation 0.00 1.17 0.86 1.36 1.00 0.57 

Minimum 0.00 15.30 47.19 33.63 19.52 4.57 
Maximum 0.00 17.99 49.20 36.78 21.92 5.76 

2e 

Mean 0.00 17.53 48.61 33.86 20.13 6.21 
Standard Deviation 0.00 2.46 3.73 2.21 1.73 1.03 

Minimum 0.00 13.72 45.62 31.49 17.52 5.15 
Maximum 0.00 19.68 54.79 36.57 22.11 7.79 

2f 

Mean 0.00 18.88 48.17 32.94 19.94 6.82 
Standard Deviation 0.00 2.94 1.78 4.56 1.92 3.13 

Minimum 0.00 16.30 45.95 27.66 17.29 4.14 
Maximum 0.00 22.75 49.62 37.75 21.76 10.99 

3 Value 3.08 13.89 47.99 35.04 20.09 5.24 

 
 

215



Chapter 8 - Chimeneas 

8.4.2 Calcium carbonate content 

Table 8.2 Bulk sedimentological properties of all units from composite log. CaCO3 and organic 
carbon given in % total weight. Magnetic susceptibility values given in 10-⁸ m³ kg-¹, lf=low 
frequency, hf=high frequency, cfd=c % combined frequency difference 

Unit Statistic %CaCO3 Organic carbon lf hf cfd 

1 

Mean 25.54 0.11 9.91 9.03 7.37 
Standard Deviation 4.52 0.08 6.68 5.85 4.15 

Minimum 18.74 0.00 3.42 3.42 0.00 
Maximum 36.53 0.22 24.46 21.96 11.71 

1A 

Mean 26.84 0.09 5.93 5.48 5.33 
Standard Deviation 2.37 0.00 3.55 2.91 7.54 

Minimum 25.17 0.08 3.42 3.42 0.00 
Maximum 28.52 0.09 8.44 7.54 10.66 

1B 

Mean 25.51 0.13 5.75 5.39 6.11 
Standard Deviation 2.62 0.08 0.28 0.09 4.21 

Minimum 21.33 0.00 5.40 5.28 0.37 
Maximum 28.54 0.20 6.06 5.54 11.22 

1C 

Mean 25.03 0.09 15.67 14.10 9.45 
Standard Deviation 6.84 0.10 6.95 6.08 2.41 

Minimum 18.74 0.00 7.72 7.02 5.49 
Maximum 36.53 0.22 24.46 21.96 11.71 

2 

Mean 32.21 0.14 29.72 26.63 10.28 
Standard Deviation 5.27 0.11 12.93 11.54 1.89 

Minimum 22.04 0.00 12.50 11.46 -0.05 
Maximum 46.99 0.51 49.68 44.20 12.72 

2A 

Mean 28.30 0.08 16.65 14.99 9.85 
Standard Deviation 3.28 0.08 2.92 2.52 1.67 

Minimum 22.04 0.00 12.50 11.46 6.93 
Maximum 35.63 0.28 22.36 19.74 12.72 

2B 

Mean 31.21 0.19 44.40 39.62 10.75 
Standard Deviation 1.87 0.15 3.67 3.27 0.61 

Minimum 28.67 0.00 37.86 33.74 9.78 
Maximum 34.77 0.51 49.68 44.20 11.83 

2C 

Mean 34.14 0.16 25.93 23.08 10.98 
Standard Deviation 1.70 0.06 6.51 5.82 1.08 

Minimum 31.21 0.04 19.64 17.76 9.57 
Maximum 36.18 0.23 39.70 35.50 12.36 

2D 

Mean 34.44 0.23 38.33 35.18 8.34 
Standard Deviation 1.15 0.04 6.52 6.56 5.60 

Minimum 33.37 0.20 28.96 25.68 -0.05 
Maximum 35.96 0.29 44.10 39.92 11.33 

2E 

Mean 41.26 0.18 38.44 34.17 11.11 
Standard Deviation 2.66 0.05 4.93 4.42 0.36 

Minimum 37.49 0.14 33.62 29.84 10.71 
Maximum 44.86 0.25 45.58 40.56 11.65 

2F 

Mean 41.08 0.18 44.32 39.52 10.83 
Standard Deviation 4.56 0.06 1.41 1.30 0.19 

Minimum 36.59 0.12 42.60 37.96 10.56 
Maximum 46.99 0.25 45.84 41.00 10.98 

3 Value 39.27 0.30 58.72 52.28 10.97 
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Calcium carbonate content of the bulk sediments samples are shown in figure 8.10, summary 
statistics given in table 8.2, full data listed in the appendix. 

Carbonate content through unit 1 varies from 18.74 to 36.53%, with the mean content being 
25.54%. The sub-units 1a and 1b show only minor fluctuations of ~±3% around this average 
value. Sub-unit 1c shows a greater amount of variation, with the lower fine grained darkened 
horizon having the lowest content (18.74%) and the upper, coarser horizon having the highest 
content (36.53%). 

The average carbonate content of unit 2 is 32.21%, however this value masks the obvious depth 
trend shown in figure 8.10. There is an increasing carbonate content upwards through the 
sediments, with the lower sub-unit (2A) having an average CaCO3 content of 28.30% increasing 
to an average carbonate content of 41.08% in the upper sub-unit (2F). In addition to the overall 
trend towards increasing carbonate content, there is some intra-unit variability.  

Through 2A carbonate content is relatively stable there is, however, a notable peak in carbonate 
content at 218-233 cm, peaking at 35.63% before returning to levels around the average content 
for the sub-unit. There is then a jump in content associated with the base of sub-unit 2b (278-308 
cm) with values peaking at 34.77%, there is then a slight reduction in content down to ~29% 
before values begin steadily increasing upwards through the remainder of 2B reaching ~31%. 2C 
records steadily increasing carbonate content from 31.21% at the base up to 36.18% at the top of 
the bed. 2D records a slight reduction in carbonate content from 35.96% at its base down to 
33.37% towards its top. 2E contains a higher carbonate content that 2D below it, with content 
increasing from 37.49% at its base up to 42.10% at the top. The transition to 2F records a drop in 
carbonate content to 36.59% at the base, steadily increasing upwards through the bed to 46.99% 
at the top. Only one sample was taken from unit 3, containing 39.27% carbonate.   

8.4.3 Magnetic susceptibility 

Magnetic susceptibility measurements are shown in figure 8.10, summary statistics are given in 
table 8.2, full data in appendix. Low frequency readings, indicating overall magnetic mineral 
content are relatively low throughout the section at Chimeneas, ranging from 3.42 to    
58.72 10-⁸ m³ kg-¹. There is a clear pattern evident within the sediments however, with those of 

the darkened horizons (1C, 2B, 2D, 2F) recording peaks in magnetic mineral content relative to 
the surrounding sediment beds. 

The %cfd record, indicative of pedogenic magnetic mineral content (e.g. Dearing 1999), is less 
clear. Values throughout the section are typically around 8-12% (table 8.2), with no pattern 
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appearing to relate to stratigraphic boundaries. There is a general trend towards more stable, 
higher %cfd values upwards through the sediments. 

However, repeat measurements (given in appendix) of both low and high frequency readings 
indicate there could be up to a 10% error associated with the technique. Such large differences in 
readings would not alter the pattern of low frequency shifts seen at Chimeneas, but could have a 
large effect on %cfd values. 

8.4.4 Organic carbon content 

Organic carbon results are shown in figure 8.10, summary statistics given in table 8.2, full data in 
appendix. Throughout the sediments at Chimeneas organic carbon content is extremely low; 
therefore the results will not be discussed further.   

8.4.5 Sedimentological interpretation 

The lower units exposed on both sides of the valley comprise of fine silty sand beds with 
occasional gravels interbedded with clast rich, matrix supported gravels. Based on field 
observations, these sediments are identified as being alluvial sediments. Their poor sorting 
characteristics and the matrix supported nature of the sediments indicates rapid deposition within 
a low energy environment, typical of floodplain sediment sequences (Miall 1992). 

On the western side of the valley, these sediments are capped by a white  coloured (5Y 8/1 
white) horizon which forms a distinct, traceable sediment body. This, in turn, is overlain by a body 
of darkened sediments. These sediments are interpreted as representing a possible soil horizon 
associated with a weak decalcification of the upper horizon and subsequent leaching downwards 
through the sediments. This weak decalcification is likely to reflect only a short lived episode of 
post-depositional alteration at a stable land-surface. The occurrence of this short-lived land-
surface stability marks the transition to loess(ic) accumulation at Chimeneas. 

The sediments of unit 2 are well sorted clayey sandy silts and appeared consistent with criteria 
for the recognition of loess sediments (chapter 3), these sediments are interbedded with 
horizontally continuous darkened sediments interpreted in the field as weak palaeosol horizons. 
PSA results from unit 2 indicate a general fining of sediments upwards, with a steadily declining 
median grain size appearing to be driven by increasing clay content (figure 8.11), which could 
indicate increasing pedogenic alteration of sediments or a reducing transport energy. There is a 
general trend towards increasing bulk carbonate content upwards through the sediments of unit 
2, which suggests that increasing clay content is not pedogenic in origin. Pedogenic chemical 
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weathering of particles to clay sized material occurs over a relatively long time scale which would 
most likely included sustained leaching of carbonate, this is not seen in this sequence. As such, 
the increasing clay content is likely to be a feature of accumulation rather than alteration, it is 
therefore suggested that the clay content could result from increased incorporation of local 
surface soils through reworking or through increased transport of flocculated clays as silt sized 
material. If increasing clay content through unit 2 is reflective of increasing incorporation of local 
surface soils it would be one explanation for the consistently high %cfd values which are evident 
through the sediments (figure 8.11). 

The darkened horizons interbedded within the loess sub-units do not record large shifts in particle 
size, but they do indicate some degree of decalcification occurring with each darkened bed. This 
adds some support to the field interpretation that these darkened sediment beds represent weak 
palaeosols. 

Above the cohesive silt sediments is a return to less cohesive, less well sorted sediments (unit 3). 
These sediments although still predominantly fine, have a clear gravel component present 
throughout. Due to the similar textural characteristics between these sediments and those infilling 
the valley, they are interpreted as marking a return to floodplain accumulation. 

8.5 Micromorphology 

8.5.1 Groundmass and Skeleton grains 

Sedimentological characteristics of thin sections were noted in terms of texture (c:f), composition 
(homogeneity) and structure (bedding and voids) following the guidelines of Bullock et al. (1985) 
and Kemp (1985a). Thin section description of mineralogy was not carried out, as mineralogy of 
sediments was assessed via XRD. Large quantities of gypsum were present in the thin sections 
from Chimeneas. In-situ gypsum growth is a displacive process (Poch et al. 2010) which would 
result in disruption of sediment structure, therefore structural features (for example % void cover) 
may have been altered considerably and so should be considered with caution. All thin sections 
show apedal macro-structure (Kemp 1985a) and are generally massive, homogenous sediments 
although some textural concentration features are present in sections from the top of the 
sequence.  

8.5.2 Concentration/depletion features 

There is some preservation of organics (0-5% slide coverage) within the sediments of 
Chimeneas. The cellular structure of the organics present is only rarely preserved; typically the 
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organics are highly degraded (Stolt and Lindbo 2010). The degraded organics appear as reddish 
brown to blackish amorphous staining usually occurring in association with a void. 

Calcitic pedofeatures are common within loess-palaeosol sequences (Jiamao et al. 1997). Such 
features relate to the localised or sustained dissolution and subsequent reprecipitation of 
carbonate from soil waters. The presence and distribution of such features within loess-palaeosol 
sequences have been used to identify the pedogenic history of the sediments. Kemp (1995, 
2001) has suggested that the balance between pedogenic processes and sediment input controls 
the style of pedogenic alteration. Sustained pedogenic alteration during low sediment 
accumulation episodes results in a top down style of alteration which is associated with removal 
of carbonate from upper horizons and subsequent reprecipitation in the form of large carbonate 
nodules at depth (Kemp 1985b, Kemp 1995). Accretionary pedogenic alteration describes 
pedogenic alteration of sediments during active accumulation which is associated with localised 
carbonate redistribution (Kemp 1999).   

The calcitic concentration features present in thin sections from Chimeneas are small nodules (<1 
cm), hypocoatings and void linings, there are no void infillings preserved in the sections. These 
features are noted in terms of their abundance (% slide cover) and crystal morphology (micrite <4 
µm, microsparite 5-20 µm and spar >20 µm (Bullock et al. 1985, Durand et al. 2010). All calcitic 
nodules noted had diffuse boundaries with surrounding groundmass consistent with authigenic 
growth (Durand 2010). Hypocoatings and nodules were moderately to strongly impregnated 
micrite to microsparite occurring around voids (hypocoatings) and within the groundmass 
(nodules). 

Redoximorphic concentration features comprise growth features of iron or manganese. These 
features relate to the mobilisation of iron/manganese in saturated (reducing) environments and 
subsequent oxidation induced precipitation (Kemp 1985a, King 2000, Lindbo et al. 2010). There 
are very few (<1% coverage) redoximorphic concentration features recorded within the sediments 
of Chimeneas. The few that are present occur as small (<100 µm) moderately impregnated, 
blackish amorphous stains within the groundmass. It is not possible to visually distinguish 
between iron and manganese concentrations within thin section (Kemp 1985a). 

Gypsum nodules were identified during field description of the sediments at Chimeneas. Within 
thin sections gypsum is present within the groundmass of some thin sections and also as a void 
infilling feature throughout the sequence. The presence of gypsum as an inherited or pedogenic 
feature is linked with arid climates as evaporation is key to its precipitation and because it is 
easily leached from soils under humid climates (Poch et al. 2010). Gypsum crystals can be 
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transferred via aeolian processes, or can form in sediments where there is a high concentration of 
Ca2+ and SO2-4 ions present formed through the dissolution of calcium sulphate bearing rocks or 
derived from limestone and biogenic carbonates (Poch et al. 2010). 

The origin of pedogenic gypsum is related to movement of waters rich in Ca2+ and SO2-4 ions. 
This can be through per ascensum  processes where water rises up through sediments from the 
water table by capillary rise or by incomplete wetting of sediments by downwards movement of 
waters (per descensum) (Jafarzadeh and Burnham 1992, Nash and Ullyot 2007). Per ascensum  
processes are dominant in very arid climates, whereas per descensum is typical of moderately 
arid climates (Jafarzadeh and Burnham 1992). However, where gypsum bedrock is present, such 
as at Chimeneas (figure 8.2), groundwaters may become supersaturated with Ca2+ and SO2-4 
ions. Although evaporation is required to draw water up through the sediments via capillary rise, a 
hyper-arid environment is not required to promote precipitation via evaporation. Lenticular 
gypsum is the most common crystal form found within soils (Porta and Herrero 1988, Amit and 
Yaalon 1996, Poch et al. 2010).  

Rare to common lenticular gypsum crystals are found within the groundmass of some Chimeneas 
thin sections. This gypsum is typically ~100 µm in length and 3:1 to 2:1 length:width. Rarely the 
edges of some crystals appear irregular. Lenticular crystals are located within voids throughout 
the thin sections at Chimeneas. The crystals are often interlocking and completely line or infill the 
void. Average crystal length ranges from ~100-300 µm, with a length:width ratio of 3:1 to 2:1. 

8.5.3 Distribution of micromorphological features 

Throughout the section at Chimeneas the sediments studied through thin section (figure 8.12) 
were well to moderately sorted, with groundmass being the dominant component of the 
sediments. This dominance of groundmass, indicated by c:f ratios is reflective of the very fine 
grained nature of the sediments identified through PSA. The % coverage of voids is noted, 
however, this estimate of coverage was particularly difficult due to the presence of large amounts 
of gypsum. In-situ gypsum growth is a displacive process (Porta and Herrero 1990, Poch et al. 
2010), which could have significantly affected the void morphologies and size, therefore voids will 
not be discussed as soil features relating to biological activity. 

There are low levels of organics preserved throughout the sediment sequence with increasing 
occurrence upwards (figure 8.12), from <1% occurrence at the base of the sequence up to 5% 
slide coverage observed towards the top. Very rare occurrences of iron/manganese staining 
occurs, at its maximum accounting for <1% of slide area. 
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Gypsum occurs in groundmass through the base of the sequence, part way up through unit 2A, 
associated with occasional gyprock fragments. These gypsum crystals appear as fine grained 
(~50 µm average) grains incorporated in the groundmass, some grains have uneven edges 
indicating some dissolution has occurred (Porta and Herrero 1990). Gyprock clasts are 
identifiable due to the tabular morphology of the interlocking crystals and the sharp boundary with 
the groundmass (Porta and Herrero 1990). Almost all voids present in every thin section are 
completely or partially infilled by lenticular gypsum crystals, commonly interlocking. There is a 
general trend towards smaller crystal sizes and less area coverage of gypsum upwards through 
the sequence (figure 8.12). 

The depth profile of calcitic pedofeatures is complex (figure 8.12). However, if broken down into 
sub-unit variations there are clear patterns present. 1C was identified in the field as a potential 
soil horizon. These sediments are associated with a low % cover of calcitic features a decrease in 
bulk carbonate content and a very slight clay enrichments (figure 8.10). Beneath 1C is sub-unit 
1B which records an increase in % calcitic pedofeature occurrence marked by an increase in 
occurrence of hypocoatings and small nodules. Decalcification in the upper horizons resulting in 
the accumulation of carbonate in the sediments below is consistent with pedogenic alteration of 
sediments at a stable land-surface (Kemp 1985b). The upper horizon being partially decalcified 
suggests that either land-surface stability was not a long term occurrence, or that the sediments 
have been recalcified by an overlying sediment body. 

Through unit 2A there is an upwards increase in the occurrence of calcitic pedofeatures, although 
hypocoatings and nodules are present throughout, their total area coverage increases. This 
increase in pedofeatures is not associated with major changes in bulk carbonate content (figure 
8.10), which indicates that calcite dissolution and reprecipitation was a localised phenomenon 
representative of accretionary pedogenic alteration (Kemp 1995, 1999).  

2B was identified in the field as a possible soil horizon. Micromorphological analysis of the 
sediments identifies increasing calcitic pedofeature occurrence with depth through the sub-unit, 
which is consistent with the bulk carbonate depth profile of the bed (figure 8.10). The occurrence 
of calcitic features throughout the bed indicates that all sediment has been altered by 
reprecipitation of calcite, indicating that it is likely that accretionary pedogenic alteration occurred 
during accumulation and subsequent post-depositional partial decalcification of the upper 
sediments occurred during a short lived stable land surface. 
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2C was noted in the field as a loess or loessic sediment capped by a possible weak soil horizon 
(2D). As with 1C and 1B, 2D is a partially decalcified horizon (figure 8.10) containing low levels of 
calcitic pedofeatures, the lower sediments (2C) are relatively enriched in calcitic features with 
abundant hypocoatings and frequent small nodules. This is consistent with post-depositional 
alteration during existence of a short-lived stable land-surface (Kemp 1999, King 2000). This 
pattern of calcitic pedofeature distribution and bulk carbonate content is observed within the 
overlying sediments, with 2E being relatively enriched in bulk carbonate and calcitic features 
compared with the overlying horizon 2F. 

The pattern of alternating loess accumulation and soil forming intervals is also associated with 
increased reworking of sediments upwards through the sequence. From sub-unit 2C upwards thin 
section analysis identified a number of disrupted surface crusts and very well sorted textural 
concentration features occurring as rare bands of fine to medium sand (figure 8.11). Both the 
disruption and erosion of surface crusts together with textural concentrations consistent with 
deposition by flow (see figure 7.24 previous chapter) indicate increased input of non-aeolian 
sediments and localised reworking of sediments. Micromorphological analysis therefore indicates 
that deposition at Chimeneas becomes increasingly loessic in nature upwards through the 
sequence. 

Present through each thin section taken from Chimeneas are extensive growths of lenticular 
gypsum crystals, primarily in the form of interlocking crystal linings and infillings of voids. The 
displacive nature of the crystal growth is evident through the presence of large planar voids 
emanating from void expansion through gypsum crystal growth. This displacive growth can be 
identified in places as causing disruption to calcitic pedofeatures (figure 8.11), indicating that the 
phase of gypsum growth relating to the presence of interlocking crystal features occurred as a 
later overprinting feature after the deposition and initial pedogenic alteration of the sediments at 
Chimeneas. Despite recognition of gypsum precipitation being a subsequent phase of alteration 
of the sediments, it is not possible to constrain when this alteration occurred.  

Towards the base of the section there is a much greater abundance of gypsum, both as 
interlocked crystal growths in the groundmass and within voids, but also as individual grains 
which appear to be forming part of the groundmass. In places, the basal sediments consist of 
>50% lenticular gypsum growths and appear to be approaching isles fabric (Porta and Herrero 
1988), where gypsum growth is so extensive it is the dominant constituent of the sediments 
containing only peds of original host sediment. The abundance of gypsum reduces up profile, and 
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gypsum growth becomes confined to within voids. Within these sediments, gypsum more 
commonly occurs as a partial void filling feature.  

An absence of gypsiferous sediments overlying the sequence at Chimeneas, together with the 
depth profile of accumulation suggests that the gypsum is related to a per ascensum  mode of 
formation (Jafarzadeh and Burnham 1992, Candy and Black 2009), where groundwater or 
meteoric water is moved upwards through the profile via capillary rise in response to strong 
evaporation at the ground surface (Goudie 1983, Gutierrez Elorza 1995, Watson 1985).  

8.6 δ18O and δ13C composition of carbonates 

8.6.1 Results 

Pedogenic carbonates (<2mm) were handpicked from bulk sediments as outlined in chapter 5. 
Isotopic composition of all pedogenic carbonates measured from the sediments at Chimeneas 
are given in table 8.3. 

δ13C values range from -4.61 to -7.99‰, mean -6.09‰. The mean δ13C value of each sub-unit 
lies close to the mean value for the data set as a whole (table 8.4). δ18O values range from -4.77 
to -6.84‰ (mean -5.35‰). However, there are distinct differences in the range of oxygen isotopic 
values from pedogenic carbonates originating from different sub-units; with all sub-units recording 
<1‰ range of values except 2A where the range is almost 2‰ (table 8.4). 

8.6.2 Co-variance 

Candy et al. (2012) identified that strong covariance within the isotopic composition of meteoric 
carbonates indicates that both the carbon and oxygen isotopic composition is being driven by 
aridity. Figure 8.13 indicates that there is no significant covariance between δ13C and δ18O values 
for pedogenic carbonates at Chimeneas. 

8.6.3 Interpretation of isotopic composition of pedogenic carbonates 

δ13C values from the pedogenic carbonates of Chimeneas range from -7.99 to -4.61‰. As 
discussed in chapter 4, carbon isotopic composition of soil carbonates is often used as a proxy 
for vegetation composition, with C3 and C4 photosynthetic pathway plants respiring CO2 into the 
soil of different isotopic compositions (-27±1.5‰ and -11.8±1.4‰) , respectively (Cerling and 
Quade 1993, Quade and Cerling 2007). The δ13C value of the soil environment becomes enriched 
by gaseous exchange (diffusion), with further enrichment occurring due to fractionation during 
calcite precipitation. The combined effects of fractionation and diffusion result in an overall 
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enrichment of 14.8±1.6‰ of δ13C of soil carbonates relative to plant respired CO2 (Cerling and 
Quade 1993, Quade et al. 1989a). 
Table 8.3 Isotopic composition of pedogenic carbonates sampled from Chimeneas 

Sub-unit Depth δ13C (‰) Error (1σ) δ18O (‰) Error (1σ) 
2F 440 -6.58 0.04 -6.23 0.03 
2F 437 -5.45 0.07 -5.42 0.03 
2E 427 -5.75 0.01 -4.82 0.02 
2E 417 -5.94 0.00 -4.87 0.07 
2E 412 -6.35 0.04 -5.22 0.04 
2E 402 -6.38 0.03 -5.27 0.04 
2D 397 -6.18 0.00 -5.24 0.03 
2D 392 -6.48 0.00 -5.37 0.01 
2D 387 -6.57 0.02 -5.20 0.01 
2C 373 -6.03 0.01 -5.03 0.02 
2C 368 -5.97 0.02 -5.05 0.00 
2C 358 -6.11 0.02 -5.04 0.01 
2C 353 -6.28 0.05 -5.16 0.07 
2B 348 -6.09 0.01 -4.97 0.09 
2B 333 -6.42 0.00 -4.95 0.02 
2B 323 -5.19 0.01 -4.77 0.06 
2B 318 -5.14 0.03 -4.90 0.02 
2B 308 -6.48 0.01 -5.35 0.01 
2B 303 -4.61 0.03 -4.94 0.07 
2A 278 -6.15 0.04 -4.96 0.11 
2A 263 -5.95 0.04 -5.07 0.09 
2A 248 -6.03 0.02 -5.48 0.06 
2A 233 -6.25 0.01 -5.30 0.04 
2A 218 -6.03 0.03 -5.88 0.00 
2A 203 -5.82 0.02 -5.87 0.03 
2A 188 -7.99 0.03 -6.84 0.07 
2A 173 -6.25 0.01 -6.20 0.02 
1C 163 -5.66 0.01 -5.52 0.00 
1C 153 -6.43 0.02 -6.10 0.02 

 Mean -6.09 0.02 -5.35 0.04 
 Minimum -4.61 0.07 -4.77 0.11 
 Maximum -7.99 0.00 -6.84 0.00 

Table 8.4 Summary of isotopic composition of pedogenic carbonates from each sub-unit 
Sub-unit Measurement Mean Min. Max. 

1c δ13C (‰) -6.05 -6.43 -5.66 
δ18O (‰) -5.81 -6.10 -5.52 

2a δ13C (‰) -6.31 -7.99 -5.82 
δ18O (‰) -5.70 -6.84 -4.96 

2b δ13C (‰) -5.65 -6.48 -4.61 
δ18O (‰) -4.98 -5.35 -4.77 

2c δ13C (‰) -6.10 -6.28 -5.97 
δ18O (‰) -5.07 -5.16 -5.03 

2d δ13C (‰) -6.41 -6.57 -6.18 
δ18O (‰) -5.27 -5.37 -5.20 

2e δ13C (‰) -6.11 -6.38 -5.75 
δ18O (‰) -5.05 -5.27 -4.82 

2f δ13C (‰) -6.02 -6.58 -5.45 
δ18O (‰) -5.82 -6.23 -5.42 

 
 

227



Chapter 8 - Chimeneas 

 

Figure 8.13 A. δ13C vs. δ18O for all samples. B. δ13C vs. δ18O plotted according to stratigraphic 
association 

The δ13C  values of soil carbonates at Chimeneas are too enriched to be consistent with a soil 
CO2 derived purely from C3 photosynthetic vegetation, which would produce soil carbonates with 
δ13C values of 8 to -12‰ (Cerling and Quade 1993, Wang and Greenberg 2006). Values 
enriched in 13C could indicate a mixture of C3 and C4 photosynthetic vegetation, with soil 
carbonates formed under C4 dominant soil environments having δ13C values of 1 to 4‰ (Cerling 
and Quade 1993, Wang and Greenberg 2006). There is however, no evidence to suggest the 
existence of C4 photosynthetic vegetation in southern Spain through the Quaternary (Quade 
1994, Cerling et al. 1997, Woodward et al. 2004) and the values recorded at Chimeneas are not 
enriched enough that it is necessary to suggest C4 vegetation as a cause (Candy et al. 2012). In 
soil systems where there is a low vegetation cover, a significant proportion of the soil CO2 is 
derived directly from the atmosphere (Quade et al. 1989b), which has an isotopic composition of 
around -6‰ at pre-industrial levels (Friedli et al. 1986). As such, atmospherically derived CO2 is 
significantly enriched in 13C relative to soil CO2 derived from C3 photosynthetic plants and, 
therefore, pedogenic carbonates forming within such a soil system would also be enriched in 13C. 
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However, a lack of covariance between δ13C and δ18O values from Chimeneas soil carbonates 
(r2 = 0.3592, p-value = 0.169838) indicates that the two isotopic systems are driven by different 
mechanisms. Therefore, although the δ13C values indicate a significant atmospheric component 
thought to be linked with low levels of vegetation, δ18O values do not indicate that, at the time of 
calcite precipitation, the soil environment was strongly controlled by evaporative processes.  

Where strong evaporation can be excluded (as with this study) the δ18O value of soil moisture is a 
reflection of the composition of local precipitation (Candy et al. 2012), with a strong linear 
relationship existing between air temperature and the δ18O value of rainfall existing in mid-latitude 
regions (Dansgaard 1964, Rozanski et al. 1993). This relationship is in the order of +0.6‰ per 
+1°C (Rozanski et al., 1993). The δ18O value of soil carbonates is derived from the δ18O value of 
soil moisture and therefore δ18O of soil carbonates is controlled by air temperature (Cerling and 
Quade 1993). The δ18O value of soil carbonates is further modified by the relationship between 
temperature and the fractionation of oxygen isotopes during carbonate precipitation of -0.3‰ per 
+1°C (Craig 1965, Hays and Grossman 1991, White et al 1999, Leng and Marshall 2004). As 
these two controls work in opposite directions, the combined effect is that a 1°C rise in 
temperature should result in an increase of ~0.3‰ in the δ18O value of a soil carbonate. 

There is a progressive enrichment in δ18O values recorded upwards through unit 2A (figure 8.14), 
this enrichment is marked by a shift from -6.84‰ at the base up to -4.96‰ at the top of the sub-
unit; an enrichment of 1.88‰. This enrichment occurs through sediments affected by accretionary 
pedogenic alteration, where soil carbonates form in response to localised carbonate redistribution 
during accumulation (Kemp 1995). As such, variations in the oxygen isotopic composition of the 
soil carbonates reflect temperature changes during accumulation. Due to the numerous factors 
capable of influencing δ18O values of soil carbonates, their use as palaeothermometers is flawed. 
However, given the known relationship between mean annual temperature and the composition 
of precipitation and the fractionation of calcite discussed previously, it is possible to suggest that 
in a soil system where the δ18O value of pedogenic carbonates is a function of air temperature an 
oxygen isotopic enrichment of 1.88‰ could represent a climatic amelioration of ~6°C. 

Through sub-units 2B-2E there is very little variation recorded within δ18O values (range: -4.77 to 
-5.37‰, average -5.09‰). This homogeneity of values indicates similar conditions at the time of 
formation. Bulk and micromorphological characteristics of these sediments indicate a succession 
of loess-palaeosol horizons, where formation of carbonates is linked to post-depositional 
alteration of sediments under stable-land surface conditions. As such, carbonates found within 2B 
relate to that soil forming interval, carbonates within 2C-2D relate to the formation of the 2D soil 
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and carbonates within 2E and the lower part of 2F relate to the formation of 2F. Again, there is no 
evidence of covariance between δ13C and δ18O values through this section and therefore, δ18O 
values are thought to be driven by temperature. The similarity between the values gained through 
2B-lower part of 2F and those from the top of 2A indicate that temperatures during the soil 
forming intervals were similar to those reached at the peak of the climatic amelioration recorded 
during the accumulation of 2A. 
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The sediments at the very top of 2F record a peak in bulk carbonate values (figure 8.10) which is 
inconsistent with micromorphological evidence which suggests that the horizon below (2E) was 
enriched with carbonate during alteration of 2F at a stable land-surface. It is possible, however, 
that this peak in carbonate reflects a re-calcification of the sediments, possibly by unit 3 or by an 
eroded sediment body. Therefore, the origin of the pedogenic carbonates at the very top of 2F is 
uncertain, but they do record a δ18O depletion of 1.41‰. The scale of this depletion is similar to 
that of the enrichment seen through sub-unit 2A. If this depletion is the result of changing 
temperatures, then it could relate to a shift in the region of -5˚C. 

8.7 OSL site chronology 

Six OSL samples were taken through the sequence at Chimeneas (figure 8.9). A minimum of 12 
aliquots were used to produce equivalent dose estimates from which an age estimate was 
calculated using the method outlined in chapter 5. Sample run conditions are given in table 8.5, 
sample dosimetry data is given in table 8.5. 

Table 8.5 Run conditions for OSL samples from Chimeneas 

Sample Depth in 
log (cm) 

Aliquots PH 1 
(˚C) 

PH 2 
(˚C) 

Given doses (Gy) 

CHIM 7 460 18 240 160 105, 210, 315, 420, 510, 0, 105, 105 

CHIM 6 404 12 240 160 105, 210, 315, 420, 510, 0, 105, 105 

CHIM 5 360 13 240 160 105, 210, 315, 420, 510, 0, 105, 105 

CHIM 4 270 20 240 160 105, 210, 315, 420, 510, 0, 105, 105 

CHIM 3 172 16 240 160 105, 210, 315, 420, 510, 0, 105, 105 

CHIM 2 130 14 240 160 105, 210, 315, 420, 510, 0, 105, 105 

 

Growth curves (figure 8.15) were generated using increasing laboratory induced luminescence, 
curves were fitted using a saturating exponential plus linear relationship. In all cases, the natural 
luminescence signal intercepts the growth curve where there is a strong monotonic increase in 
sensitivity corrected OSL intensity with increasing regenerative dose (figure 8.15). Therefore, the 
sample is not saturated and a geologically meaningful De may be calculated. 
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Table 8.6 Summary of dosimetry and dating results for Chimeneas 

Sample 
Depth 
in log 
(cm) 

Radionuclide 
concentration 

Sample 
depth 
(m) 

Cosmic 
dose rate 
(Gy/ka) 

Total 
dose 
rate 

(Gy/ka) 

Water 
content 

(%) 

Equivalent 
dose, De 

(Gy) 
Age 
(ka) K 

(%) 
U 

(ppm) 
Th 

(ppm) 

CHIM 7 460 0.82 1.89 4.4 1.5 0.104 1.77 15 22.07 
12.5 
± 1.1 

CHIM 6 404 0.83 1.89 4.5 1.5 0.180 1.77 15 24.45 
13.8 
±1.2 

CHIM 5 360 0.85 1.81 4.4 1.75 0.154 1.76 15 28.97 
16.5 
±1.5 

CHIM 4 270 0.82 1.69 4.5 2 0.163 1.70 15 31.74 
18.6 
±1.7 

CHIM 3 172 0.54 1.20 3.1 3 0.104 1.20 15 27.80 
23.2 
±2.0 

CHIM 2 130 0.46 1.19 2.5 4 0.180 1.06 15 19.27 
18.2 
±1.7 

 

Estimates of equivalent doses for each sample were calculated from >12 aliquots (table 8.5). The 
spread of equivalent doses gained from each aliquot display a unimodal, narrow distribution 
(figure 8.16). Test behaviour (RR and IR ratios) and narrow distribution of De values generated 
for each sample indicate that all samples were behaving well and therefore, should provide 
reliable OSL age estimates.  

Calculation of the environmental dose rate assumes closed system behaviour in the uranium and 
thorium decay chains (Olley et al. 1996). However, the presence of a later over printing of 
gypsum in the sequence indicates a geochemically active environment involving the fluctuation of 
water and solutes which is thought to be a principle mechanism responsible for disequilibrium 
(Olley et al. 1996). The timing of gypsum overprinting cannot be assessed; it is only possible to 
say that it is a later feature. As such, the likely introduction of U-series disequilibrium decay and 
the absorption of radiation by the presence of gypsum cannot be accounted for (e.g. Nathan and 
Mauz). Consequently it is possible that the measured present day dose rate does not truly reflect 
the dose rate during the entire burial period. 
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8.8 Pedo-sedimentary depositional models 

Stage 1: Only sub-units 1B and 1C were sampled, and therefore, only their formation and 
alteration is discussed. 1C was identified in the field as a potential soil horizon as a darkened, 
horizontally continuous feature. Bulk carbonate content indicates that the upper sediments of 1C 
are partially decalcified. Micromorphological evidence identifies calcitic pedofeatures present 
throughout, but increasing in abundance beneath the partially decalcified sediments. Evidence 
from these sediments is consistent with post-depositional pedogenic alteration at a stable land 
surface, partial decalcification of the upper horizons and accumulation of only small (<1cm) 
carbonate nodules at depth indicates only a short-lived episode of stability (Kemp 1985b, Kemp 
1995, Kemp 1999). 

Stage 2: Bulk carbonate content is relative stable through sub-unit 2A indicating no substantial 
dissolution and movement of carbonate. This is consistent with the distribution of calcitic 
pedofeatures which increase in abundance upwards through the bed. Interestingly, the pattern of 
calcitic pedofeature abundance seems to mirror the changes in median grain size, where coarser 
sediments are associated with fewer pedofeatures and fine sediments associated with increasing 
abundance. It is often assumed that dust input rates are proportional to grain size; where 
increased wind power results in accumulation of coarser material at greater rates (Lui and Ding 
1993, Xiao et al. 1995, Lu et al. 1999). Median grain size decreases upwards, associated with 
increasing occurrence of calcitic pedofeatures indicating that the sediments have been subjected 
to increasing localised redistribution of carbonate through accretionary pedogenic alteration 
associated with reduced sediment input. The oxygen isotopic composition of pedogenic 
carbonates derived from these sediments indicates that this decreasing sediment input was 
associated with a climatic warming. At the very top of 2A, there is an increase in median grain 
size associated with a slight decline in abundance of pedogenic calcite, isotopic evidence 
indicates that this increased sediment accumulation rate occurred within a still warming climate. 
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Stage 3: Calcitic pedofeatures occur throughout 2B suggesting that the unit may have undergone 
accretionary pedogenic alteration during accumulation. There is, however, an increase in the 
abundance of calcitic features towards the base of the sub-unit, associated with a progressive 
increase with depth in bulk carbonate content. Such a depth carbonate relationship indicates a 
degree of carbonate down-washing during stable land-surface conditions, resulting in increasing 
occurrence of pedogenic carbonates with depth. Pedogenic alteration of the sediments during the 
short-lived land surface is the dominant period of alteration of the sediments, and therefore the 
isotopic composition of carbonates formed during this period dominate the values gained through 
this sub-unit.  

Stage 4: Calcitic pedofeatures occur throughout 2C and 2D, again suggesting that the unit may 
have been subject to some degree of pedogenic alteration during accumulation. However, post-
depositional alteration of the sediments has resulted in the partial decalcification of 2D and the 
accumulation of calcitic pedofeatures at depth (2C). As the majority of soil carbonates are formed 
in response to the post-depositional alteration episode, the isotopic composition of the carbonates 
sampled from these sediments will be dominated by carbonates formed during this period. 

Stage 5: Sub-units 2E and 2F record the same pattern of alteration recorded through 2C-D. 

Stage 6: The very top of 2F records a peak in bulk carbonate content associated with a distinct 
coarsening. Both features could represent a return to loessic accumulation after the alteration of 
2F and 2E below, or these upper sediments could have been recalcified by overlying sediments. 
It is suggested that as the shift in carbonate content is associated with a definite coarsening of 
sediments that this represents a return to loessic accumulation, and therefore 2F should be split 
into two distinct sub-units; with the base representing post-depositional alteration during a stable 
land-surface and the upper part representing a return to loess accumulation. 

The oxygen isotopic composition of the soil carbonates contained within the lower and upper part 
of 2F reflect the different conditions during the time of their formation. The carbonates within 
lower 2F formed during a relatively warm climate associated with pedogenic alteration during the 
existence of a short lived stable land-surface. Whereas the oxygen isotopic composition of soil 
carbonates from upper 2F appear to record a progressive depletion in δ18O values, indicating a 
temperature shift of around -5˚C. This apparent marked temperature decline is associated with 
increasing grain size of the accumulating sediment, indicating increasing wind power and 
accumulation rates (Lui and Ding 1993, Xiao et al. 1995, Lu et al. 1999, King 2000) 

Stage 7: Marks the return to the accumulation of fluvial sands and gravels. 
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Stage 8: Throughout the sediments at Chimeneas micromorphological analysis revealed the 
extent and distribution of gypsum throughout the sequence. As shown in figure 8.11 and 
discussed previously, gypsum crystals appear within voids throughout and within the groundmass 
of the lower sediments. Where growth of interlocking gypsum crystals has occurred within the 
groundmass and within voids, it appears to have disrupted and broken up existing calcitic 
pedofeatures. This therefore, identifies that gypsum growth is a later overprinting feature 
associated with the movement of Ca2+ and SO2-4 enriched water. The distribution of gypsum 
appears similar to that suggested to occur via a per ascensum mode of formation (Candy and 
Black 2009), where groundwater is drawn upwards via capillary rise (Goudie 1983), likely to occur 
within the existing void network.  

8.9 Palaeoenvironmental significance 

The sequence at Chimeneas represents the first independently dated last glacial loess-palaeosol 
sequence in southern Spain. Mineralogy and geochemistry indicates that, at Chimeneas, last 
glacial loess was derived from local sediment sources (chapter 6). Despite evidence for local 
reworking of loess material, the accumulation of a thick, locally derived loessic sediment 
sequence indicates that during accumulation the surrounding area was significantly different to 
present. The fluvial sediment sequence at the base of Chimeneas ceased accumulating prior to 
18.2 ka ±1.7, providing a stable land surface upon which loess accumulation could occur.  

The sediment sequence at Chimeneas records alternating stages of loess accumulation and 
pedogenic alteration. Episodes of loess accumulation require the aeolian mobilisation and 
transport of large amounts of fine grained sediments originating from the area local to 
Chimeneas. Such a mobilisation would require a reduced vegetation cover in order that 
sediments were not prevented from being eroded by winds. Within the Mediterranean, it is 
suggested that vegetation type and cover is predominantly controlled by the volume of effective 
precipitation (e.g. Tzedakis 2003). Records of Mediterranean vegetation indicate a reduced 
vegetation cover through the last glacial, with steppic vegetation dominating (Sánchez Goñi et al. 

2008). It is unclear however, if this reduced vegetation cover is the result of an overall decrease 
in precipitation or increased seasonality limiting the growing season (Prentice et al.1992). The 
occurrence of multiple short-lived soil horizons within the sequence at Chimeneas indicates 
regular reductions or cessations in loess accumulation, linked to a reduction in wind energy 
and/or increased sediment stability due to an increase in vegetation cover.   

Micromorphological analysis of the sequence has enabled the origin of the isotopic composition 
of soil carbonates to be assigned to different periods and different styles of pedogenic alteration. 
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Oxygen isotopes through the lowest loess unit record a significant climatic amelioration (δ18O 
enrichment of 1.88‰) during accumulation of ~6˚C associated with increasing modification 
through accretionary pedogenesis. Isotopic composition of the soil carbonates above this horizon 
(up to mid 2F) relate to two separate periods of post-depositional alteration, with δ18O values 
indicating climatic conditions similar to those reached at the peak of the climatic amelioration 
recorded in the lower loess unit. At the very top of the sequence (upper 2F), it is suggested that 
there is a return to loessic accumulation subject to accretionary pedogenic alteration. The oxygen 
isotopic composition of soil carbonates formed within this small sediment horizon indicates a 
significant temperature drop in the region of -5˚C (δ18O depletion of 1.41‰). 

The lack of covariance between carbon and oxygen isotope values recorded within the soil 
carbonates at Chimeneas is in itself significant. It has been suggested previously (Candy et al. 

2012) that aridity is the main factor controlling the composition of soil carbonates within the 
Mediterranean, and as such a strong covariance between δ13C and δ18O should be evident. 
Despite elevated δ13C values from Chimeneas suggesting an increased atmospheric input to the 
soil environment linked to low vegetation cover (Quade et al. 1989a), the δ18O values do not 
indicate that the reduced vegetation cover was associated with strong evaporation of soil 
moisture during the formation of the carbonates. As discussed previously (chapter 2), there is 
strong evidence for enhanced aridity during the last glacial, so it is somewhat surprising that in a 
region where relatively humid periods (interglacials) produce soil carbonates whose isotopic 
composition is driven by aridity (Candy et al. 2012), the soil carbonates of the last glacial at 
Chimeneas are not.  

Candy et al. (2012) found significant covariance between δ13C and δ18O values of meteorological 
carbonates formed during the last glacial within both the Sorbas and Carboneras basins, located 
~160 km east of Chimeneas. Despite being relatively close geographically, there are significant 
differences which may explain the differences in the controls on the isotopic composition of soil 
carbonates from the two areas. Chimeneas is situated at an elevation of ~800 m.a.s.l whereas 
the Sorbas and Carboneras basins are much closer to sea level (~400 and ~100 m.a.s.l 
respectively). This difference in elevation results in a variation in the climate of the two regions, in 
terms of precipitation amount and temperature; total precipitation 361 mm, 15.2 °C average 
temperature at Chimeneas, and 196 mm total precipitation and an average temperature of      
18.7 °C for the region around Sorbas and Carboneras (data from Agencia Estatal de 
Meteorologia for nearest weather stations; Granada and Almeria respectively). 
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The last glacial is thought to be a more arid, cooler period within southern Spain (e.g. Sánchez 
Goñi et al. 2008, Fletcher and Sánchez Goñi 2008). The evidence for increased environmental 
aridity does not reveal whether the period is subject to an overall decline in annual precipitation, 
or a reduction in the length of the wet period resulting in reduced effective moisture availability 
(Prentice et al. 1992, Allen et al. 1999, Tzedakis 2003). Soil carbonates in regions where a winter 
rainfall regime exist usually form at the end of the wet period where soils began to dry out 
encouraging the precipitation of carbonate (e.g. Breecker et al. 2009). If, during the last glacial, 
there was a reduction in the length of the winter rainfall period, then it is likely that soil carbonates 
would be forming earlier in the year during colder months. If the modern day difference between 
temperatures at Chimeneas and Sorbas/Carboneras remained, or was exaggerated during the 
last glacial, then soil carbonates at Chimeneas would be forming at lower temperatures, and 
therefore, within soils experiencing lower rates of evaporation than  those of the warmer, coastal 
basins. 

The dating of the sequence suggests a remarkable similarity in the timing of climate changes 
recorded at Chimeneas and those seen within the proxy records of MD95-2043 and Greenland 
(figure 8.18). The correlations indicated in figure 8.18 are suggested on the basis of 
geomorphological interpretation of the sediment sequence; where loess accumulation occurs 
under reduced vegetation conditions associated with cooler, arid periods and soil formation 
occurs during relatively humid episodes under increased vegetation cover, these correlations are 
broadly supported by the OSL chronology produced for the sequence. 

The vegetation variations witnessed through the region during the last glacial are predominantly 
discussed in terms of shifts in aridity, with water availability being the dominant control on the 
region’s vegetation (Tzedakis 2003). However, the record at Chimeneas indicates that 
vegetational shifts were also associated with large temperature changes. This is evident through 
sub-unit 2A, where the isotopic composition of soil carbonates appears to reflect the climatic 
amelioration associated with increasing Greenland air temperatures and Iberian forest cover 
through Greenland Stadial 2, approaching the Greenland Interstadial 1 complex. 

The increasing dominance of pedogenic alteration upwards through the sequence recorded 
through both the bulk sedimentology and micromorphological analysis of the sediments is thought 
to reflect the warm, moist, forested conditions coincident with the timing of the Greenland 
Interstadial 1 complex. At the very top of the loess-palaeosol sequence at Chimeneas, there is a 
marked oxygen isotopic depletion in soil carbonate values, it is suggested that this may relate to 
the climatic cooling at the onset of Greenland stadial 1 (Younger Dryas). 
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Chapter 9 – Maro 

This chapter outlines the geological and geomorphological setting of the valley containing the 
Maro sediment exposures. Firstly, an introduction to the local geological setting of the site will be 
presented. This will be followed by a plan schematic of the valley, indicating the three sediment 
exposure locations. A brief overview of the sediments contained within section 3 will be presented 
with an interpretation of the sequence.  The remainder of the chapter will discuss the work 
undertaken at sections 1 and 2. The results of the work undertaken at the two sections will be 
discussed and pedo-sedimentary models of the formation of the sediment sequences contained 
within sections 1 and 2 will be presented. Finally, the palaeoenvironmental significance of the 
sediment sequences presented will be discussed. 

9.1 Site introduction 

9.1.1 Location 

Figure 9.1 shows the location of the site. The sediment sections are located ~53km east of 
Malaga, 2.5km east of the village of Maro. The site is located within a steep sided, north-south 
orientated valley where the Rio de la Miel joins the Mediterranean Sea. Located within the valley 
are three sediment exposures all studied; all were described and logged and each exposure was 
sampled for OSL dating. Only the sections containing a significant silt deposit (section 1 and 2) 
were studied in detail for sedimentology, micromorphology and stable isotopes (figure 9.1).  

9.1.2 Geological setting 

The sequences at Maro are located within the steep sided valley of Rio de la Miel. The landscape 
of the region is dominated by large-scale topographic features formed during the tectonic 
evolution of the Betic Cordillera. The Betic Cordillera is divided into Internal and External zones; 
with divisions based primarily upon composition and origin (Sanz de Galdeano and Andreo 1995). 
Maro is located within the Herradura units of the Alpujaride tectonic complex (Azañón et al. 1998) 
which forms part of the Internal zone. The sediment exposures at Maro are located close to the 
mouth of the Rio de la Miel, which flows into the Mediterranean Sea. The upper reaches of the 
river flow through predominantly marble bedrock, with a transition to schist bedrock occurring just 
prior to the location of the sediment exposures in the valley (figure 9.2). The Rio de la Miel is a 
perennial stream fed by spring located directly upstream at the study area (figure 9.1b). 
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Figure 9.2 Geological map of the region around Maro. Adapted from the geological map of Martin 
et al. (1977). 
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Figure 9.3 Schematic showing height above sea level of sections 1-3, indicating approximate 
distance from 0m levelling point. 

Due to the complex tectonics of the region, rates of uplift vary greatly along the southern coast of 
Spain (Zazo et al. 1999). Based on the dating (U-series) of sea levels relating to the MIS 5e high 
stands, Zazo et al. (1999) have provided a summary of high stand positions along the southern 
coast.  The sites at Maro are located within ‘zone G’ of the Zazo et al. (1999) study, where the 
uplift history of the section is interpolated from only one high stand record. The raised shoreline 
within zone G is located at 1.5m above modern sea level. Zazo et al. (1999) have assumed a 
+6m MIS 5e sea level (Chappell and Shackleton 1986), which implies that this coastal section 
has subsided ~4.5 m since MIS 5e. If the one site included within the study by Zazo et al. (1999) 
is truly representative of the stretch of coastline in question and estimates of MIS 5e sea levels 
are reasonable; it follows that the coastline around Maro is subsiding at a rate of ~0.36 mm/year 
assuming constant rates. Therefore at Maro, it is possible that over the last 125 ka sea level was 
up to 4.5 m higher than at present. 

9.2 Section 3 results 

Currently within the Rio de la Miel valley there is a tufa actively forming around a spring line 
(figure 9.4). The tufa can be classified as a cascade tufa according to Pedley (1990). On the 
opposite side of the valley is an exposure located at 10.15 m above sea level (figure 9.3), which 
due to the presence of cemented stem structures appeared also to be tufaceous. This section 
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(section 3) was logged and one OSL sample was taken to establish the depositional process 
responsible for its accumulation and its age. 

Section 3 is located above the Holocene terrace of the Rio de la Miel system, but below sections 
1 and 2 (figure 9.3). Understanding both the timing and depositional formation of the deposit may 
help further understanding of the Quaternary landscape of the valley.  

 

 

Figure 9.4 Photograph of active tufa formation from around springlines and contained drainage 
pipes. Photograph taken by author, geological hammer ~30 cm. 

9.2.1 Section 3 Field logging 

Two sediment logs were constructed for section 3 (figure 9.5); log 1 on the western face and log 2 
on the southern face (pictured above). These were positioned in order to fully characterise the 
changes occurring within the deposit. The entire of log 1 and the lowest ~1m of log 2 (figure 9.6) 
were comprised of a very fine grained material, with subtle colour variations and occasional 
coarser sediment pockets. Applying HCl to the sediment within the field indicated a high 
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carbonate content throughout the two logs. The upper part of log 2 was comprised of a darker 
coloured material in which it was possible to identify laminated calcified stem structures.  

 

 

Figure 9.5 Photograph (taken by author) of cemented outcrop. Log 2 is located on the south face 
pictured; Log 1 is located on the west face. 

9.2.2 Section 3 sampling  

Detailed laboratory analysis of the sediments was not undertaken as sections 1 and 2 are the 
focus of work within the valley. However, one OSL sample was taken from log 1 in order to 
constrain the timing of the formation of the deposit (figure 9.6). 
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9.2.3 Section 3 interpretation  

Based upon the apparent composition of the unit, the cemented structures present and the 
apparently very high carbonate content the exposure is described as tufaceous. The lower part of 
the exposure which is comprised of very fine material appears to fit with Pedley’s (1990) 
description of microdetrital tufa which forms through the precipitation of calcite in still water 
environments such as lakes and ponded areas. The mechanisms for this type of precipitation are 
thought to relate to photosynthetic processes of algaea (Pedley 1990). The material occurring 
towards the top of unit 2 can be classified as a phytoclastic tufa, where there has been significant 
carbonate deposition around roots and stems (Pedley 1990). The structure of the tufa deposit 
indicates deposition within a paludal or braided system (Pedley 1990). The transition from 
microdetrital deposition to calcified stems indicates deposition occurring within a shallow ponded 
area which becomes increasingly shallow and infilled by vegetation resulting in the deposition of 
phytoclastic tufa. 

 

9.3 Section 1 

 

Figure 9.7 Photograph (taken from Google street view) of section 1 within the valley. The section 
consists of the buff coloured sediments facing the camera, behind the post to the left of centre  

This section is located at ~28m above sea level, with the sediment exposure orientated 
perpendicular to the modern river channel. Due to the heavily vegetated valley sides it is not 
possible to assess how the sedimentary exposure fits in with other valley sediments. 
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9.3.1 Section 1 Field descriptions  
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Initial field observations enabled the division of the sediments within section 1 to be divided into 
units on the basis of distinct shifts in sediment composition. Unit divisions were assigned on the 
basis of definite, sustained shifts in texture and/or colour; within section 1 4 units were identified 
(figure 9.8). The section was logged extensively with logs levelled relative to each other in order 
that all major sedimentological changes within the section were included. As the main units within 
the section are horizontally continuous, logs were placed through sediments characteristic of the 
unit as a whole, but were not aimed at recording all intra-unit sediment variability.  

As shown in figure 9.8, the base of the section 1 occurs at unit 1, where slope material and 
vegetation prevented further excavation. Topping the sequence, above unit 4, is a gravel bed 
(figures 9.8, 9.19).These sediments were too high to be accessible and so were not included 
within the study. 

Sediment sampling was based upon the construction of a composite sediment log (figure 9.10) 
that would include the four unit divisions of section 1 and typical intra-unit variation. Sampling 
locations can be seen in the schematic diagram of figures 9.8, 9.11. 

9.3.2 Interpretation of field observations – section 1 

Field description of unit 1 identifies it as a poor to moderately sorted unit consisting primarily of 
clay to sand sized material, with very rare occasional fine gravel in places. The unit is 
unconsolidated, but relatively cohesive due to the apparently high clay content. The unit is lacking 
bedding structures. There are however clear colour changes identified within the field which in 
places correspond to a subtle shift in texture. The sorting of the unit indicates rapid deposition 
and appears similar in composition to the massive alluvial fines model suggested by Miall (1992). 
However, the dark, slightly-reddened colouration of the unit, clay rich nature of the sediments and 
presence of small (<1 cm), soft carbonate nodules may suggest that the unit has undergone 
pedogenic alteration.  

Unit 2 is identified as a well sorted deposit of interbedded clast supported and clast rich beds with 
sand lenses. The clasts contained within unit 2 are typically sub-rounded and consist of 
predominantly marble, quartzite and schist (although no quantitative analysis was undertaken in 
this study), a composition reflective of the surrounding geology (figure 9.2). This unit appears 
typical of sediments described by Miall (1992) as gravel bars and bedform sediments, consisting 
of stratified and crudely bedded clasts interbedded with sandy bedforms. Changes in grain size 
within the sediments relate to varying energy relating to stream power or proximity to channelised 
flow. 
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Unit 3 is similar in texture to unit 1, but distinctive due to the presence of two horizons of 
carbonate coated clasts, shells and stems. These carbonate forms are consistent with the 
description of oncoids (Pedley 1990) (figure 9.11), a form of tufa which occurs in slow flowing, 
stable channels (Pedley 1990). On the basis of field descriptions the fine grained sandy, clayey 
silts are interpreted as being deposited by floodplain processes. The lower oncoid bed, which 
appears as clast (oncoid) supported at the base is interpreted as being an in-situ channel deposit 
due to the well sorted nature of the deposit. The upper oncoid bed, is matrix (sandy, clayey silt) 
dominated and as such represents a poorly sorted sediment. This deposit may have been formed 
during proximal, or higher energy alluvial deposition incorporating previously deposited oncoids or 
through disruption of the oncoid bed via biological reworking through root growth. 

 

Figure 9.11 Photograph of oncoids removed from unit 3, photograph taken by author. 

Unit 4, is identified as a primarily silt deposit containing varying quantities of fine sands and clays. 
The unit is cohesive in nature and as such, appears to fulfil the requirements outlined in chapter 3 
to be identified as a loess or loessic sediment. The unit contains one horizon of well sorted fine 
sand, indicating a shift to higher energy deposition, potentially via channelized flow, aeolian 
deposition or slope wash. Within unit 3, it was possible to identify two horizons of slightly 
darkened sediments (405-412 cm and 440-463 cm) which were highlighted as possible weak soil 
horizons. The lower horizon appeared more darkened in nature and was a more readily 
horizontally traceable feature.  

9.3.3 Section 1 sampling 

The section was sampled for bulk sedimentology using continuous transects, Kubiena tins of 
undisturbed sediment were taken for micromorphological analysis and blocks removed for OSL 
dating. Sampling was undertaken at four transects through the sediment in order that each unit 
could be characterised (figure 9.8, 9.12) 
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9.3.3.1 Bulk sampling 

Continuous bulk sampling transects were taken through units 1, 3 and 4 (figure 9.13). Each 
transect was 10 cm wide with each sample being up to 5cm high. Sample heights were modified 
in line with sedimentological changes noted in the field. Three bulk samples (lower, middle and 
upper positions) were taken from unit 2 in order to characterise the sediments. 

9.3.3.2. Micromorphology sampling 

Kubiena tins were used to extract undisturbed sediment samples for micromorphological analysis 
as described in chapter 5. Fifteen kubiena tins were distributed through units 1, 3 and 4. Kubiena 
tins were placed in order to characterise intra-unit variability and horizons noted as possible soils.  

9.3.3.3 OSL sampling 

OSL samples were retrieved using the methods outlined in chapter 5.  Four samples were taken 
from section 1; one from unit 1, one from unit 3 and two from unit 4. Sample locations were 
selected in order that an age estimate could be established for each unit. The two samples in unit 
4 were taken towards the base of the unit, and above sediments identified as the lower possible 
soil horizon, in order that the age of the unit could be established and to attempt to constrain the 
timing of the potential soil forming interval. Unit 2 was not sampled directly due to the coarse 
nature of the unit making sampling difficult and because a minimum and maximum age of the unit 
could be established from the ages produced from the units above and below. 

9.3.3.4 U-series sampling 

Within unit 3 were abundant carbonate features identified in the field as oncoids. A selection of 
oncoids were removed from the lower (clast supported) oncoid bed. 

9.3.4 Particle size analysis 

All size fraction results are given in % total weight. PSA was undertaken following the methods 
outlined in chapter 5. 

Silt is the dominant particle size throughout unit 1, with the average median grain size of the unit 
being medium silt (~17 µm). The unit consists of varying quantities of sand, silt and clay and 
occasionally fine gravels (table 9.1), supporting the interpretation of the unit as a moderately to 
poorly sorted sediment. 
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Table 9.1 Summary of PSA results for each unit of section 1. Unit 2 results given as averages 
refer to one bulk sample only, all other results relate to all bulk samples from continuous transect 
sampling. Gravel data through unit 3 includes oncoids. 

  Unit 1 Unit 2 Unit 3 Unit 4 
.G

ra
ve

l ( 
%

 w
eig

ht)
 Max 27.30 88.63 15.50 0.00 

Min 0.00 73.60 0.00 0.00 
Avg 2.27 79.13 1.96 0.00 
St dev 6.31 8.27 4.55 0.00 

Sa
nd

 ( 
%

 
we

igh
t) 

Max 46.49 20.03 39.29 66.37 
Min 12.09 8.22 6.98 16.41 
Avg 24.85 14.36 22.44 39.06 
St dev 9.48 5.92 8.76 11.92 

Si
lt (

 %
 

we
igh

t) 

Max 61.71 6.92 56.40 55.25 
Min 34.03 2.12 30.94 24.31 
Avg 50.15 4.57 44.66 41.54 
St dev 8.32 2.40 6.96 7.65 

Cl
ay

 ( 
%

 
we

igh
t) 

Max 30.24 3.09 42.87 28.34 
Min 14.24 1.03 20.00 9.31 
Avg 22.73 1.94 30.94 19.40 
St dev 3.80 1.06 6.65 4.84 

Me
dia

n 
(µ

m)
 

Max 45.05 17580.39 36.73 95.10 
Min 9.29 5542.19 4.76 10.15 
Avg 21.33 12778.44 13.31 34.00 
St dev 9.65 6377.61 8.59 24.25 

 

 

Figure 9.13 Average % weight composition of each unit from section 1. 
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9.3.5 Calcium carbonate content 

Calcium carbonate content of unit 1 varies between 20.91 % and 9.02 % (table 9.2), with the 
areas of lowest carbonate content appearing to correspond to the darkest, clay enriched 
sediments (figure 9.14).  

Table 9.2 Summary of bulk carbonate content of sediments in section 1, Maro 

Unit maximum minimum average Standard deviation 
1 20.91 9.02 14.70 3.46 
2 43.46 29.08 38.08 7.84 
3 41.48 4.50 16.75 10.18 
4 23.73 7.09 17.92 4.38 

The calcium carbonate content of unit 2 follows a similar pattern as the median grain size through 
the unit; with a peak in both values occurring with the onset of oncoid deposition. Elevated 
carbonate content remains within the upper part of the unit alongside the occurrence of 
occasional oncoids (figure 9.14). 

Calcium carbonate content through unit 1 is generally around 20 %, however there is a significant 
depletion (to 7.09 %) which occurs in association with the darkened, clay enriched horizon 
beginning at ~410 cm. Above this horizon, carbonate content returns to ~20 % and remains 
relatively stable through the remainder of the unit. 

9.3.6 Magnetic Susceptibility 

Table 9.3 Summary of magnetic susceptibility measurements through section 1 at Maro 
Unit Proxy maximum minimum average Standard deviation 

1 

LF 35.18 4.25 8.50 6.33 
HF 32.40 3.98 8.02 5.81 

 % cfd 11.98 0.81 5.32 3.03 

2 

LF 22.45 2.00 10.23 10.79 

HF 22.15 1.85 9.99 10.73 

 % cfd 7.50 1.34 4.41 3.08 

3 
LF 15.40 3.98 7.73 3.20 
HF 14.85 3.63 7.41 3.16 

 % cfd 11.59 0.00 4.53 3.14 

4 

LF 11.05 3.88 5.79 1.80 

HF 10.35 3.48 5.52 1.75 

 % cfd 13.06 0.00 4.74 3.75 
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Low frequency magnetic susceptibility measurements through section 1 records relatively low 
values according to Dearing (1999); ranging from 2.00 to 35.18 10-8 m3 kg-1 (table 9.3).  %cfd 
values are dominantly within the medium range according to Dearing’s (1999) classification 
(indicated on figure 9.14). However, towards the top of units 1 and 3 %cfd values are just above 
10 % and as such can be classified as containing a high volume of superparamagnetic grains 
(Dearing 1999). A subsequent high %cfd section occurs in association with the darkened 
sediments occurring towards the middle of unit 4. 

9.3.7 Organic carbon 

Organic carbon content is consistently below 0.5 % with no significant enrichment occurring 
anywhere within section 1 (figure 9.14, table 9.4). Therefore, the organic carbon content of 
section 1 will not be discussed further. 

Table 9.4 Summary of organic carbon content of the four sediment units within section 1, Maro 

Unit maximum minimum average Standard deviation 
1 0.43 0.12 0.25 0.09 
2 0.17 0.08 0.12 0.04 
3 0.40 0.04 0.25 0.09 
4 0.35 0.04 0.17 0.07 

9.4 Section 2 

 

Figure 9.15 Photograph (taken by Mark Hardiman) of section 2 within the valley. The section 
consists of the buff coloured sediments in the centre of the photograph.  
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This section is located at ~27m above sea level, with the sediment exposure running parallel with 
the modern river channel. Vegetation cover and slope deposits means that it is not possible to 
identify how the sediments correlate with other exposures within the valley. 

9.4.1 Section 2 Field descriptions  

Section 2 contains three distinct sediment units. At the base is a fine grained, darkened unit (unit 
1) which is overlain by a cohesive, buff coloured silt unit (unit 2), and a pocket of clast supported 
sediments (unit 3) occurring to the right of the section (figure 9.16).  

UNIT 1: Is primarily a fine sandy, clayey silt containing very occasional gravels and oncoids. The 
unit is up to 45 cm high from the base of the exposure. The base of the unit is a darkened, slightly 
clay enriched sediment containing regular oncoids. The top of the unit is a siltier, paler coloured 
sediment containing fewer oncoid clasts. 

UNIT 2: Is a cohesive, buff coloured fine sandy silt appearing to be free from gravels and oncoids. 
There is some intra-unit textural and colour variability (figure 9.16), with a darkened band of 
material approximately halfway up the exposure and areas of sand dominant material present. 
Towards the base of the unit is a zone of large (>10 cm) carbonate nodules. It was not possible to 
reach sediments of this unit above head height and therefore, the full extent of the unit is not 
known. 

UNIT 3: Is a lens of clast supported cobbles overlain by clast supported oncoids. There is a lens 
of the material on the right and left of the exposure at the same height. Only the right hand side 
lens was included within the logging and sampling. 

Although there is some minor lateral variation within the sediments of section 2, the main 
sedimentological units and their intra-unit variability is contained within transect 1 (figure 9.17). As 
such, transect one provides a composite log for the section, enabling for sampling positions to be 
placed against log 6 which was taken through the same sediments as transect 1. 

9.4.2 Interpretation of field observations – section 2 

Unit 1 and unit 2 of section 2 share the same basic sedimentological characteristics as units 3 
and 4 (respectively) of section 1. Therefore, because of their shared characteristics and similar 
height within the valley (figure 9.3); unit 1 (section 2) is interpreted as being a continuation of the 
oncoid rich, floodplain sediments forming unit 3 of section 1 and unit 2 (section 2) is interpreted 
as being a further deposit of the loessic material of unit 4 from section 1. 
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Figure 9.17 Photograph (taken by author) of Maro section 2 labelled with unit numbers 

 

Figure 9.18 Proposed correlation of sediment from Maro sections 1 and 2 
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9.4.3 Section 2 sampling 

 

9.4.3.1 Bulk sampling 

Bulk sampling transects were located within logs 1, 4 and 5, bulk sedimentological results in 
appendix. As the continuous sampling transect from log 6 was representative of the intra-unit 
variability present at the section, only these results are presented in full. 

9.4.3.2. Micromorphology sampling 

Fifteen kubiena tin samples were taken for micromorphological analysis. Six tins were evenly 
distributed through unit 1. Nine tins were placed through unit 4, in order to fully characterise the 
sediments with a focus on the darkened horizon running through the middle of the sediments. 
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9.4.3.3 OSL sampling 

Four OSL samples were taken from section 2. One located at the base of unit 1, one located at 
the base of unit 2 and two samples placed above and below the darkened horizon. This sampling 
strategy was used in order to gain age estimates for each unit and to attempt to constrain the 
timing of formation of the possible soil horizon. 

9.4.4 Particle size analysis 

All results are given in  % total weight. PSA was undertaken following the methods outlined in 
chapter 5.  

The base of unit 1 contains some (up to 20 %) gravel sized material, predominantly made up of 
oncoids (table 9.5). The unit then fines rapidly from 15 cm upwards to a clayey sandy silt 
containing very occasional fine gravels and oncoids. The transition from unit 1 into unit 2 was not 
clearly defined in the field and is not identifiable by a clear shift in grain size. 

Table 9.5 Summary of PSA data, section 2 Maro. Gravel data through unit 1 includes oncoids. 

  Unit 1 Unit 2 Unit 3 

.G
ra

ve
l ( 

%
 w

eig
ht)

 Max 20.30 0 83.93 
Min 0.00 0 71.17 
Avg 5.04 0 77.55 

St dev 6.19 0 9.02 

Sa
nd

 ( 
%

 
we

igh
t) Max 43.06 59.75 26.86 

Min 18.53 15.88 12.76 
Avg 29.48 41.40 19.81 

St dev 9.75 11.68 9.96 

Si
lt (

 %
 

we
igh

t) Max 54.81 61.16 2.39 
Min 25.40 24.99 1.29 
Avg 41.63 40.02 1.84 

St dev 8.97 8.64 0.78 

Cl
ay

 ( 
%

 
we

igh
t) Max 31.37 27.29 0.92 

Min 12.57 12.10 0.68 
Avg 23.85 18.58 0.80 

St dev 6.59 3.73 0.17 

Me
dia

n 
(µ

m)
 Max 120.38 82.66 0.67 

Min 8.35 13.90 0.47 
Avg 33.63 41.62 0.57 

St dev 38.26 22.84 0.14 
Unit 2 is also defined as a mix of clay, sand and silt (table 9.5). However, as shown in figure 9.20, 
unlike unit 1, unit 2 contains no gravel sized material. Both the summary data (table 9.5) and PSA 
plotted by depth (figure 9.21) highlight the textural variability through unit 2. As with the silt unit 
previously discussed at section 1, the sediments within unit 2 contain regular inputs of sand; 
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ranging from 61 to 25 % silt and 60 to 16 % sand. The highest clay content (27 %) occurs where 
the darkened horizon was noted in the field. 

Unit 3 is the gravel lens to the right of the section; this unit is a clast supported unit containing 71 
to 84 % gravel within a predominantly sandy matrix (20 % average). 

Comparison of the average composition of the sediments from each unit of section 2 (figure 9.20) 
highlights the differences between the units; with unit 2 having no gravel component, unit 1 
minimal gravel and a higher clay content and unit 3 comprising almost entirely of gravels and 
sand. It is also useful to compare PSA from units correlated from sections 1 and 2 on the basis of 
field characterisation of the sediments. In both sections 1 and 2 the buff coloured, cohesive 
sediments (unit 4 and 2, respectively) appear to have a very similar average textural composition. 
The fine grained, oncoid containing sediments of unit 3 (section 1) and unit 1 (section 2) are also 
very similar in composition, with a small gravel component and significant clay component. 

 

 

Figure 9.20 Average textural composition of each unit of section 2, Maro. Equivalent data for 
correlated units in section 1 are given (faded) for comparison 
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9.4.5 Calcium carbonate content 

Calcium carbonate content of unit 1 is highest at the base (47 %), where the unit contains the 
most oncoidal clasts.  % carbonate then declines rapidly to 25 % at 15cm, remaining relatively 
stable at ~20 % through the rest of the unit (table 9.6, figure 9.21). 

Unit 2 has a fairly stable bulk carbonate content, averaging at 17 %. However, there are areas of 
lower carbonate content (~10 %) associated with the sand dominant horizons, particularly with 
the sandy horizon (81 to 98 cm) located beneath the darkened horizon (103 to 113 cm). 

Table 9.6 Summary of calcium carbonate content through section 1, Maro 

Unit maximum minimum average Standard deviation 
1 47.22 16.22 25.69 8.94 
2 22.32 9.21 16.68 3.70 
3 22.89 10.32 16.60 8.89 

9.4.6 Magnetic Susceptibility 

Through section 2 the sediments record relatively low levels of magnetic susceptibility ranging 
from 22.73 to 3.65 10-8 m3 kg-1 (table 9.7). All but one  % cfd values plot within the low to medium 
range (figure 9.21) (0-10 %); the highest value occurs in association with the darkened horizon of 
unit 2 (10.13 %). In the sediments above the darkened horizon  %cfd values remain elevated 
plotting mostly within the medium range. 

Table 9.7 Summary of magnetic susceptibility values through section 2, Maro 

Unit Proxy maximum minimum average Standard deviation 

1 

LF 22.73 3.65 12.76 7.33 
HF 22.30 3.45 12.46 7.27 

 % cfd 5.48 1.13 3.16 1.46 

2 

LF 14.80 7.78 11.39 2.26 

HF 14.70 7.20 10.91 2.16 

 % cfd 10.13 0.23 4.15 2.60 

3 
LF 8.58 7.35 7.96 0.87 
HF 8.38 6.85 7.61 1.08 

 % cfd 6.80 2.33 4.57 3.16 
9.4.7 Organic carbon 

All organic carbon values are extremely low at <0.5 % throughout (table 9.7, figure 9.21). As all 
values are consistently low organic carbon will not be discussed further. 
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Table 9.8 Summary of organic carbon values through section 2, Maro 

Unit maximum minimum average Standard deviation 
1 0.42 0.04 0.24 0.11 
2 0.20 0.04 0.09 0.04 
3 0.14 0.07 0.11 0.05 

9.5 Sedimentological interpretation of sections 1 and 2 

9.5.1 Section 1 Unit 1 

The basal unit of the sequence is classified as a poorly sorted unit composed of clay through to 
gravel sized material. The bulk sedimentological analysis of the sediments supports the 
interpretation discussed in section 9.3.2, with the unit being typical of deposition within a 
floodplain environment (Miall 1992). There are two lows within the  %carbonate curve which 
correspond the darkened clay enriched sediments at 15-39 cm and 80-90 cm. These sediments 
also contain the highest %cfd magnetic susceptibility values. This suggests that there may have 
been two periods of pedogenesis forming weakly decalcified, clay enriched sediments with a 
higher superparamagnetic mineral component. The occurrence of floodplain deposition within the 
valley is not necessarily indicative of a specific climate. If, however, the sediments have 
undergone pedogenic alteration, micromorphological analysis may aid the formation of a 
palaeoclimatic interpretation. 

9.5.2 Section 1 Unit 2 

The bulk sedimentology of unit 2 supports the interpretation offered in section 9.3.2 of deposition 
within a braided river system (Miall 1992). Within the unit is a bed rich in fragments of phytoclastic 
tufa and flowstone, these relatively fragile tufa forms are well preserved within the cobble beds. 
Their preservation within high energy deposits indicates that they are not far travelled and as 
such most likely represent erosion of a local tufa system. They occur in the bed with the largest 
clasts, indicating the highest energy flow which could relate to an erosive, high energy storm 
event. Despite tufa growth being linked to interglacial climates (chapter 2) they may have been 
eroded from an ancient exposure as opposed to an active tufa system. As such, unit 2 does not 
provide palaeoclimatic information. 

9.5.3 Section 1 Unit 3, Section 2, Unit 1  

These sediments have similar bulk properties to the basal sediments of unit 1 and as such are 
interpreted as deposited by floodplain processes. Within section 1 at 54-64 cm is a clast 
supported bed of oncoids. Oncoids are a form of tufa, produced within carbonate rich streams by 
the coating of detritus (clasts, shells vegetation) with precipitating carbonate (Pedley 1990). In 
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order for oncoids to be produced, the stream must be stable, low energy and with a very low 
sediment load otherwise full carbonate coating will not occur (Pedley 1990, 2009). As with other 
tufaceous deposits, oncoid formation occurs within interglacial conditions, where stable land 
surfaces (through soil formation and vegetation) result in low sediment loads. 

The occurrence of a clast supported bed of oncoids suggests they were deposited within a 
channelized setting. Above the clast supported oncoid bed the sediments of section 1 and the full 
deposit recorded at section 2 contain occasional oncoid clasts within a sandy, clayey silt matrix. 
This represents a return to floodplain deposition where high rainfall events leads to increased 
stream power and sediment load, resulting in floodplain deposition of poorly sorted sediments 
including the incorporation of the oncoids removed from the channel setting. 

Towards the top of the unit in section 1, there is an increase in  %cfd which may suggest some 
pedogenic alteration. No such signal is recorded within the sediments from section 2. The 
presence of oncoids in the sediments indicates deposition during warm, stable conditions (Pedley 
1990, 2009); possibly an interglacial. 

9.5.4 Section 1 Unit 4, Section 2 Unit 2 

At both sections 1 and 2 these sediments consist of a buff coloured, very cohesive silt unit which 
in the field lead to a depositional interpretation as loess. However, the sediments at both section 
contain a substantial sand component; varying from 66.37-16.41 % (section 1) and 59.75-15.88 
% (section 2). As discussed in chapter 3 loess typically comprises of ~60 % silt, however at Maro 
the sediments identified in the field as loess contain 55.25-24.31 % (section 1) and 61.16-24.99 
% (section 2) silt. This textural difference from ‘typical’ loess does not necessarily discount loess 
accumulation as the depositional mechanism of the sediments but it does highlight a significant 
coarse addition which cannot be entirely explained by the processes responsible for loess 
accumulation. It is interpreted that the sediments represent loess deposition with localised 
reworking of sediments, with peaks in sand content thought to relate to periods in which local 
sediment input is dominant. 

At section 1 the darkened horizon towards the middle of the unit is identifiable within the bulk 
sedimentological characteristics of the sediments through a peak in clay content and  %cfd 
values and a decline in carbonate content. These sedimentological changes support the field 
identification of the sediments representing a weak soil horizon, subjected to decalcification and 
pedogenic alteration of the textural and mineralogical composition. A similar sedimentological 
shift is recognisable within section 2, where the darkened horizon towards the middle of the 
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deposit is identified by a clay enrichment and a peak in  %cfd. However, the calcium carbonate 
content is relatively constant through the sediments at section 2. 

The constant calcium carbonate content through section 2 is somewhat counter intuitive. Towards 
the base of the loessic sediments is a horizon of large (>10cm), densely cemented carbonate 
nodules (figure 9.21). The formation of large carbonate nodules is usually associated with 
sustained decalcification of the overlying sediments under a stable land surface (e.g. Kemp 
1985b). The constant and relatively high calcium carbonate content of the sediments suggests 
recalcification may have occurred.  

9.6 Micromorphology of sections 1 and 2 

9.6.1 Groundmass and Skeleton grains 

Thin sections are described initially in terms of their general characteristics; texture, composition 
and structure. Texture is noted by the ratio between coarse (>20 µm), skeleton grains and fine 
(<20 µm), groundmass components given as c:f (Kemp 1985a, King 2000, Bullock et al. 1985). 
The c:f ratios through sections 1 and 2 range from 3:1 to 1:2, all showing open porphyric 
distributions (Bullock et al. 1985). Quantitative assessment of skeleton grain mineralogy was not 
undertaken through thin section analysis as bulk composition analysis was undertaken via XRD. 
However, particle shape, size and roundedness characteristics were noted for each section as a 
means of identifying shifting depositional processes and energies. 

Groundmass is described in terms of homogeneity (texture and colour) and preferred orientation 
in terms of birefringence fabrics (Kemp 1985a, Bullock et al. 1985). Within the sections at Maro, 
two b-fabric types are present; undifferentiated and crystallitic (figure 9.22b). Undifferentiated b-
fabric describes a lack of birefringence within the groundmass, while crystallitic describes the 
presence of small birefringent crystallites within the groundmass (Kemp 1985a) which may relate 
to original sediment composition or pedogenic alteration (Stoops 2010). All thin sections show 
apedal macro-structure (Kemp 1985a). In all cases microstructure consists of vughy, channel or 
chamber dominant voids within a dense groundmass (Kemp 1985a) (figure 9.22a). The presence 
of such voids is thought to relate to biological activity within soils (Kemp 1985a, Stoops 2010, 
King 2000) and therefore, the percentage cover of voids can enable interpretation of relative 
biological activity levels through a sediment sequence. 
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9.6.2 Concentration/depletion features 

Organics are frequently preserved within thin sections from sections 1 and 2 (figure 9.22c). 
Commonly, these have the form of amorphous black to reddish brown staining of groundmass or 
complete or partial infilling of void spaces. Typically, these amorphous organic structures are 
significantly decomposed with cellular structure absent, and at times, the shape of the original 
organic structure is no longer discernible appearing similar to class 3 or 4 decomposition (Stolt 
and Lindbo 2010). However, there are frequent occurrences of class 1 or 2 decomposition, where 
some cellular structure remains intact (Stolt and Lindbo 2010). The presence of organic material 
is noted through the estimation of  % area coverage. 

Calcitic pedofeatures form through the dissolution, redistribution and precipitation of calcite from 
leachates. This mechanism can occur through localised or substantial redistribution through the 
sequence, with the mechanism understood through the distribution of features and the bulk 
calcium carbonate content of the sediments. Calcitic features are described in terms of their 
morphology and crystalline form. Crystalline form is defined from individual crystal size; micrite <4 
µm, microsparite 5-20 µm and spar >20 µm (Bullock et al. 1985, Durand et al. 2010). Within the 
thin sections from Maro calcitic concentration features occur in the form of nodules, hypocoatings, 
linings and infillings and earthworm granules (figure 9.22d-g). Calcitic nodules can be authigenic 
(in-situ) or inherited, with authigenic concentrations identified by their diffuse, irregular outline 
(Durand et al. 2010). At Maro, authigenic carbonate nodules are small (<1 cm), irregular, strongly 
to moderately impregnated concentrations of micrite to microsparite. The hypocoatings are 
weakly to strongly impregnated, micrite to microsparite formed in the groundmass around voids. 
Calcitic linings and infillings consist of microsparite to occasional spar crystals, forming within the 
interior of voids. Earthworm granules are rare within the sediments from Maro; they are 
recognisable as granules of spar crystals arranged in a radial, parallel or random pattern (Canti 
1998, Durand et al. 2010 and references therein). 

Redoximorphic concentrations occur as iron or manganese irregular, weakly to strongly 
impregnated segregations within the groundmass. Such features form via the removal of iron or 
manganese oxides in a reduced soil environment caused by soil saturation in the presence of 
organic material. Once the iron/manganese solution moves into an aerobic (oxidising) 
environment such as dry sediment or an air filled void, precipitation occurs (Kemp 1985a, King 
2000, Lindbo et al. 2010). These occur only very rarely in the sediments at Maro. 
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9.6.3 Distribution of micromorphological features – Section 1 

Unit 1- constant low percentage cover of amorphous organics (up to %), presence within and 
around voids indicating in-situ root decay. Void cover appears to correlate to changes in grain 
size, with increased percentage void occurring at times of lower median grain size (figures 9.14, 
9.23). As the void forms found in these sections relates to veg growth, it appears that there is less 
vegetation growth during coarse sediment accumulation, which may reflect increased 
sedimentation rates during input of coarse bedload relating to increased stream power. 

Although percentage cover of calcitic features is low throughout the unit (up to 10 %), there are 
two apparent peaks. Firstly at 40cm (section 1, thin section 3 (S1-3)), a peak in percentage cover 
is associated with abundant hypocoatings (i.e. 30-70 % of voids associated with hypocoatings) 
and frequent void linings. This peak in calcitic pedofeature occurrence occurs during one of the 
darkened, clay enriched horizons, but within sediments with a relatively low bulk carbonate 
content. Thin section analysis highlights the lack of groundmass calcite within this thin section, 
indicating that primary calcite has been totally re-precipitated in the form of pedofeatures within 
this area of sediment. This is similar to the processes recorded within the thin section taken from 
the top of the unit; where a peak in calcitic pedofeatures is associated with an absence of 
groundmass calcite. The peak in pedofeatures (S2-6) at the top of the unit is also associated with 
a peak in superparamagnetic minerals (% cfd) (figure 9.14). 

Unit 3- There is a peak in calcitic pedofeatures at the base of the unit (S1-7) and again at the top 
(S1-11) of the unit. At the base of the unit (S1-7) the peak in calcitic pedofeatures occurs beneath 
an area of sediment with a very low bulk carbonate content (300-310 cm). It is possible that the 
peak in pedofeatures recorded in S1-7 relates to a period of post-depositional alteration affecting 
sediments up to 310 cm, prior to the deposition of the overlying clast supported oncoid bed. 
Leading to the reduced carbonate content of the upper sediments (300-310 cm) and relatively 
enriched underlying sediments (S1-7). Above the clast supported oncoid bed there is a steady 
increase in percentage cover of calcitic pedofeatures, reaching a peak of 30 % slide cover at 350 
cm (S1-11). This steady increase upwards (from S1-9 to S1-11) is suggestive of accretionary 
pedogenesis; with pedogenic alteration of sediment increasing in response to a climatic 
amelioration (warmth and/or moisture) and/or steadily declining sediment input. 

Unit 4 – There are two significant reductions in bulk carbonate content through unit 4, at 415 cm 
and 450 cm, both correlating to darkened, clay enriched horizons. The sediments beneath these 
horizons are relatively enriched in bulk carbonate and importantly these sediments also record 
increased percentage cover of pedogenic calcite (S1-13 and S1-14, respectively). 
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9.6.4 Distribution of micromorphological features – Section 2 

It is suggested that the sediments at the base of section 2 represent floodplain deposition and 
incorporation of previously deposited oncoids, in this respect, it appears to correlate with the 
sediments above the clast supported oncoid bed of unit 3, section 1. As with the sediments above 
the oncoid bed in section 1, micromorphological analysis from section 2 shows a steady increase 
in the % cover of calcitic features upwards through the sediments (S2-15 to S2-10). This pattern 
of increasing occurrence of pedogenic calcite upwards indicates increasing effectiveness of 
accretionary pedogenesis suggesting accumulation under conditions increasingly favourable to 
pedogenic alteration; e.g. increased warmth and moisture and/or declining accumulation rates. 

A correlation between the upper sediments of section 2 and section 1 has been suggested. 
However, the two sequences record very different distribution of micromorphological features. 
Unlike section 1, section 2 records increased occurrence of pedogenic calcite with depth (S2-1 to 
S2-7. Such a profile suggests post-depositional alteration under a stable land surface (Kemp 
1985b). Taken together with the occurrence of large carbonate nodules towards the base of the 
profile, the sediments appear to record sustained down-washing of carbonate towards the base of 
the sequence. The peak in nodule occurrence is within a sand horizon within the profile. It is likely 
that the increased pore spacing associated with a sand (as opposed to a silt) bed would provide 
aerated sediments favouring calcite precipitation from saturated solution. However, the bulk 
carbonate content of the sediments does not show the same depth/content trend. 
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9.7 δ18O and δ13C composition of carbonates 

Samples were taken from the tufa forms located in the valley; modern tufa (figure 9.4), section 3 
tufa outcrop (figure 9.6), tufa fragments contained within the clast supported sediments of unit 2, 
section 1 and oncoids from within unit 3 of section 1. As previously discussed (chapter 2), tufa 
growth is associated with warm stable climates such as those present during Interglacials. 
Therefore, the isotopic composition of the tufaceous carbonates should provide a warm climate 
analogue for comparison. 

Micromorphological analysis of the sediments in sections 1 and 2 identified pedogenic carbonate 
forms present throughout. Samples were hand-picked following the methods outlined in chapter 
5. Only samples through the loessic sediments were selected, as thin section analysis identified 
reworked carbonate forms present throughout the other sediments. Sampling sediments where 
carbonate forms are authigenic minimises possible complications associated with understanding 
the origin of the isotopic composition.   

All values are quoted in reference to V-PDB. Associated uncertainties for isotopic analysis are 
0.02‰ for δ13C values and 0.06‰ for δ18O values. Raw data in appendix. 

9.7.1 Results 

Values obtained from the various tufaceous forms within the valley give isotopic compositions of -
7.59 to -10.95 δ13C and -6.56 to -7.38 δ18O. The variability in the values results from differences 
between the tufaceous deposits, not from intra-unit variability (figure 9.25). Values measured in 
pedogenic carbonates from the loessic unit of section 1 range from -3.28 to -10.16‰ δ13C 
(average: -6.28‰) and -2.78 to -6.54‰ δ18O (average: -4.13‰). Isotopic composition of 
pedogenic carbonates collected from the loessic unit of section 2 show less variation; -3.23 to -
6.81‰ δ13C (average: -5.19‰) and -3.77 to -5.20‰ δ18O (-4.57‰). 

All values are significantly depleted in 13C indicating that they cannot be derived from limestone 
sources (~0‰; Hudson 1977). All values are within the range of isotopic composition of soil 
carbonates previously reported from the Mediterranean (Candy et al. 2012). 

9.7.2 Co-variance 

Figure 9.25 demonstrates that there is clear covariance between δ18O and δ13C values across the 
dataset from Maro (r2=0.63, p=2.05). However, this apparent covariance appears in part to be 
driven by the strongly depleted values gained from the tufa samples and the relatively enriched 
values gained from the pedogenic carbonates (figure 9.26 a,b). 
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Figure 9.25 Isotopic composition of carbonates sampled from Maro. r2 value refers to relationship through 
entire dataset. 

 

Figure 9.26 Breakdown of covariance within isotopic compositions of carbonates from different 
sources 

9.7.3 Tufa values 

The tufa values provide the most depleted δ13C and δ18O values from Maro; with δ13C values 
averaging -9.35‰ (range -7.59 to -10.95‰) and δ18O values averaging -7.11‰ (range -6.56 to -
7.59‰). There is no covariance present within the tufa dataset. 
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Tufas form in streams, rivers and lake systems under open air environments and as such can be 
considered meteoric carbonates. Andrews (2006) outlines the primary controls on the oxygen 
isotopic composition of tufas as being water temperature and water composition, although 
modification of the signal can occur through evaporation. In systems driven by evaporation there 
is strong covariance between oxygen and carbon isotope values, as evaporation results in the 
preferential degassing of the light isotopes; 12C and 16O (Candy et al. 2012, Andrews 2006). The 
isotopic composition of the tufa samples provides the most depleted δ18O values, indicating that 
the tufa carbonates formed in a system with relatively low evaporation rates. Therefore, other 
factors must be the main drivers of the isotopic composition of the tufa carbonates. 

Tufas are typically groundwater fed systems in which the composition of groundwater is 
controlled by the composition of the recharging meteoric waters (Andrews 2006). A clear 
relationship exists between mean annual temperature and the composition of meteoric waters 
exists (Rozanski et al. 1993) (chapter 4). It follows, therefore, that the two main controls on the 
oxygen isotopic composition of tufa (water temperature and composition of precipitation) are 
controlled by mean annual air temperature. 

δ13C within tufas is primarily a function of dissolved inorganic carbon, from either soil sources or 
dissolution of limestone (Andrews 2006). The values obtained from tufa samples at Maro are 
typical of a system deriving its carbon primarily from soil organic matter under vegetation utilising 
a C3 photosynthetic pathway (Andrews 2006, Candy et al. 2012). 

There is minimal variation within the δ18O (<1‰) values from the tufa samples indicating all were 
formed during periods experiencing similar temperatures. Although there is greater variation 
within the δ13C values from the tufas, values are consistent with the potential range of values 
derived from soil organic matter formed under C3 photosynthetic vegetation (Quade et al.1989) 
and variability seen in modern systems (Andrews et al. 1997, Andrews and Brasier 2005, 
Andrews 2006). 

9.7.4 Section 1 – pedogenic carbonates 

Comparison of δ13C and δ18O values retrieved from pedogenic carbonates within the loessic unit 
of section 1 shows that there is strong covariance (r2= 0.69, p=1.49) between the two isotope 
systems (figure 9.26c). At section 1 this strong covariance occurs whether or not the tufa values 
are included. This therefore implies that pedogenic carbonates found in section 1 are recording 
variations in relative aridity. 
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As discussed in chapter 4 pedogenic carbonates are meteoric carbonates. As with tufaceous 
carbonate, the δ18O signal is driven primarily by the temperature and the composition of 
precipitation and the δ13C signal driven by vegetation composition (e.g. Cerling and Quade 1993). 
However, as with tufa systems the isotopic composition of pedogenic carbonates may be 
significantly modified or even driven by evaporation (Candy et al. 2012, Ufnar et al. 2008). The 
strong covariance between δ13C and δ18O within the pedogenic carbonates from the loessic 
material of section 1 demonstrates that they are both are being driven by the same environmental 
control. 

Increasing aridity causes soil moisture evaporation rates to increase. Soil moisture is provided by 
the local precipitation, the composition of which is primarily temperature driven, evaporation of 
soil moisture significantly modifies the composition of the water through the preferential loss of 
light H216O (Dever et al. 1987, Quade et al. 1989, Ufnar et al. 2008). Preferential removal results 
in relative enrichment of the soil moisture with δ18O, and therefore any carbonate precipitating 
from the modified soil moisture will also be enriched with δ18O. 

Candy et al. (2012) suggest that aridity modifies carbon isotope ratios of soil carbonates through 
modifying the soil environment in two ways. Firstly, evaporation of soil moisture results in 
degassing of CO2 with preferential degassing of 12CO2, enriching the soil environment with 13C 
(Dever et al. 1987). Secondly, increased aridity results in reduced vegetation cover allowing more 
of the soil CO2 to be derived from atmospheric CO2, which is more enriched in 13C than plant 
respired CO2 (Quade et al., 1989; Cerling and Quade, 1993). 

As discussed previously, the increasing occurrence of pedogenic calcites upwards through the 
sediments, together with relatively stable the bulk carbonate values suggest that pedogenic 
modification has occurred during the accumulation of the sediments. Therefore, the isotopic 
composition of the pedogenic carbonates provides a record of climate during accumulation of 
these sediments. There is a general trend towards more enriched values upwards through the 
sequence (figure 9.27). With the isotopic composition of soil carbonates in this system being 
driven by aridity, a trend towards increasingly heavy (enriched) isotopic values indicates 
increasing aridity during sediment accumulation. 
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There are however, two notable fluctuations which oppose the general trend towards heavier 
isotopic values. At 395-400 cm and 430-440 cm are significantly lighter (depleted) isotopic values 
(δ18O: -5.16, -6.41, -6.54‰, δ13C: -8.06, -10.16, -9.78‰). These isotopic excursions correlate with 
the peaks in calcitic pedo-feature occurrences which are located ~15-25cm below each of the 
darkened horizons. The depleted bulk carbonate values associated with these darkened horizons 
may indicate that decalcification of these horizons took place during a period of land surface 
stability (Kemp 1985b). However, the incomplete decalcification indicates a relatively short lived 
episode of post-depositional pedogenic alteration. The increased occurrence of pedogenic 
carbonates at a depth of ~15-25cm below the weak soil horizon is consistent with the depth of 
peak carbonate accumulation beneath soil horizons (Gocke et al. 2012). It is therefore likely that 
the isotopically light values are gained from carbonates likely to have formed in response to the 
weak post-depositional pedogenic episodes. The depleted isotopic composition (δ13C and δ18O) 
of the carbonates suggests that episodes of soil formation occur in association with decreased 
environmental aridity.  

9.7.5 Section 2 – pedogenic carbonates 

The isotopic composition of pedogenic carbonates from the loessic material in section 2 is 
markedly different to those gained from section 1. The average values obtained from section 2 
are not dissimilar to those from section 1; however, the variability within values from section 2 is 
much smaller (figure 9.28). This clumping of values means that when plotted alone, values from 
section 2 do not display covariance (9.29d) (r2= 0.12, p=0.11). However, by including the values 
from the tufa samples in order to supply isotopically light values, there is a strong degree of 
covariance (r2=0.78, p=0.89). This apparent covariance, together with the similarity to average 
values obtained from section 1, suggests that aridity may also be driving the signal from section 
2. As discussed previously, the depleted δ18O composition of the tufas corresponds to formation 
under less arid conditions. As the values from pedogenic carbonates in section 2 are all 
significantly more enriched in both δ18O and δ13C than the tufa values, it is likely that section 2 
pedogenic carbonates formed during a more arid period.  

Sedimentological and micromorphological analysis of the sediments from section 2, indicates that 
there is progressive enrichment of calcitic features towards the base of the sediments, highlighted 
by the increase in micromorphological calcitic pedo-features and the occurrence of a horizon of 
large carbonate nodules (>10cm) towards the base of the section. However, the bulk carbonate 
content of the sediments does not show a progressive enrichment down through the sediments 
(figure 9.28). This suggests that the overlying sediments may be the source of the carbonate.  
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Unlike section 1 which has ~3 m of sediment overlying it, section 2 is relatively close (~1m) to the 
land surface sediments. These sediments are not directly accessible, but have the appearance of 
being overprinted by calcrete development.  

If the interpretation of later carbonate overprinting of the sediments is correct, then it is likely that 
most of the carbonates present within the section will relate to this. If the sediments above are a 
calcrete horizon, it is likely that this sustained carbonate movement occurred during an 
interglacial climate (Candy and Black 2009). This potential overprinting is highlighted by the 
differences in both morphology of carbonates and distribution of pedogenic carbonate features 
between the loess sediments of sections 1 and 2, where section 2 contains a concentration of 
large carbonate nodules towards the base of the unit typical of sustained carbonate accumulation 
and calcrete horizons (Wright 2007, Alonso-Zarza and Wright 2010) 

Therefore, the stability of the isotopic signal gained from the pedogenic carbonates present within 
section 2 reflects their post-depositional formation, most likely to have occurred during an 
interglacial climate. 

9.8 Chronology 

9.8.1 OSL dating of sections 1-3 

One sample was taken from section 3 (sample location shown in figure 9.6). Four samples were 
taken from section 1 (figures 9.9, 9.12) and section 2 (figures 9.16, 9.7). A minimum of 12 
aliquots were used to produce equivalent dose estimates from which to calculate an age estimate 
using the methods outlined in chapter 5. Sample run conditions are given in table 9.9, sample 
dosimetry data is given in table 9.10. 

For each aliquot of each sample, growth curves were generated using an exponential plus linear 
saturating exponential curve, as this proved to be the curve of best fit in all instances. For all 
samples the laboratory produced equivalent dose plots onto the linear part of the growth curve 
(figure 9.29), while there remains a steady increase in sensitivity corrected OSL intensity with 
increasing regenerative dose. Therefore the sample is not saturated and a geologically 
meaningful De can be calculated. 

Estimates of equivalent doses for each sample were calculated from >12 aliquots (table 9.10). 
The spread of equivalent doses gained from each aliquot display a unimodal, relatively narrow 
(given the high De values) distribution (figure 9.30). Test behaviour (RR and IR ratios) and narrow 
distribution of De values generated for each sample indicate that all samples were behaving well 
and therefore, should provide reliable OSL age estimates.  
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Table 9.9 Run conditions for OSL samples from sections 1-3, Maro. 

Se
cti

on
 Sample 

Al
iqu

ots
 PH 1 

(˚C) 
PH 2 
(˚C) 

Post heat 
(˚C) 

Given doses (Gy) 

1 Rdm091 17 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

Rdm092 15 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

Rdm093 24 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

Rdm094 23 260 220 280 9, 19, 45, 90, 180, 358, 0, 9, 9 

2 Rdm083 11 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

Rdm084 12 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

Rdm085 12 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

Rdm086 12 260 220 280 19, 58, 93, 193, 290, 385, 0, 19, 19 

3 Rdm0822 12 260 220 280 19, 57, 96, 192, 288, 385, 0, 19, 19 

 

Table 9.10 Summary of dosimetry and dating results for samples from Maro sections 1-3. 

Se
cti

on
 

Sample 

Radionuclide 
concentration 

Sample 
depth 
(m) 

Cosmic 
dose 
rate 

(Gy/ka) 

Total 
dose 
rate 

(Gy/ka) 

Water 
content 

(%) 

Equivalent 
dose, De 

(Gy) 

Age 
(ka) K ( 

%) 
U 

(ppm) 
Th 

(ppm) 

1 

Rdm091 1.06 1.98 7.3 6 0.104 2.09 15 263.8 
125.9 
±12.7 

Rdm092 0.94 2.21 7.6 1.2 0.180 2.15 15 259.8 
120.6 
±13.1 

Rdm093 0.76 2.58 6.6 2.5 0.154 2.02 15 281.2 
139.3 
±15.3 

Rdm094 0.62 2.08 5.7 2 0.163 1.70 15 253.1 
149.1 
±15.7 

2 

Rdm083 0.92 2.45 8.5 6 0.104 2.20 15 265.5 
124.6 
±12.1 

Rdm084 1.07 2.55 8.9 1.2 0.180 2.46 15 268.4 
109.3 
±10.5 

Rdm085 0.80 2.60 8.1 6.5 0.098 2.10 15 292.9 
139.5 
±14.5 

Rdm086 1.07 2.97 9.1 3 0.145 2.56 15 288.1 
112.5 
±11.4 

3 Rdm0822 0.4 1.28 2.1 1.6 0.170 1.04 
 15 118.3 114.2 

±12.3 
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9.8.2 U-series dating of section 1 

One U-series age was calculated from an oncoid sampled from unit 3 of section 1. The age of 
115 ka ±9 was produced by Ian Candy at RHUL. Age estimates are given relative to stratigraphy 
below. 

 

 

Figure 9.31 Age estimates plotted against stratigraphy for sections 1-3. 
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9.9 Pedo-sedimentary depositional models 

9.9.1 Section 1 

Pedo-sedimentary evolution of section 1 sediment sequence shown in figure 9.32. 

Stages 1-3: During deposition of unit 1, there is evidence to support three periods of sediment 
accumulation. Between each accumulation episode a short lived period of land surface stability 
occurs, allowing for partial decalcification of the upper sediments and redistribution of carbonate 
downwards, occurring as calcitic pedo-features. 

Stage 4: Deposition of fluvial sediments. 

Stage 5:  A return to floodplain deposition, possibly associated with very partial decalcification of 
the upper horizon and downward transport of carbonate. 

Stage 6: Deposition of the clast supported oncoids bed. 

Stage 7: Return to floodplain deposition. Occurrence of calcitic pedo-features increases upwards 
through the sediments, suggesting accretionary pedogenic modification during deposition. 

Stage 8 and 9: Accumulation of loessic sediments. Consistent presence of calcitic-pedo-features 
in thin sections supports some accretionary pedogenic modification. A decalcified upper horizon 
marked by darkened, clay enriched sediments indicates pedogenic modification of the sediments 
occurring at a stable land surface. This decalcification of the upper horizon resulted in significant 
enrichment in the occurrence of calcitic-pedo-features at 15-25 cm depth below the upper 
horizon.  

Stage 10: Return to loessic accumulation. The presence of calcitic pedo-features indicates 
accretionary modification during deposition. 

9.9.2 Section 2 

Pedo-sedimentary model shown in figure 9.33. 

Stage 1: Floodplain accumulation of sediments. Occurrence of calcitic pedo-features increases 
upwards through the sediments, indicating increasing modification of accretionary pedogenesis 
during accumulation. Increasing accretionary modification could be due to increasingly favourable 
climatic conditions or due to reducing sediment accumulation rates. 
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Stage 2: Loessic accumulation. As the sediments through section 1 were subject to accretionary 
pedogenic modification it is assumed that this would also have affected the sediments of section 
2. It is also assumed that the darkened horizon (100-115 cm) would have formed during a period 
of land surface stability, resulting in some decalcification of the upper horizon and redistribution of 
carbonate below. 

Stage 3: Loessic accumulation with assumed accretionary pedogenic modification. 

Stage 4: The stratigraphy of the section makes it clear that unit 3 cuts into unit 2. Therefore an 
erosive event removed sediments to the right of the section, cutting down through unit 2 and 
resulting in the deposition of unit 3.  

Stage 5: A return to loessic accumulation, with assumed accretionary pedogenic modification. 

Stage 6. Re-calcification of the sediments from a source above the section. This period of re-
calcification is marked by the sustained down-washing of carbonate, resulting in the formation of 
a nodular horizon towards the base of unit 2 and overprinting the original pedogenic alteration of 
the sediments. 

9.10 Palaeoenvironmental significance 

The palaeoenvironmental significance of the sequences at Maro will be discussed only briefly in 
this section. A full examination of the significance of the sediments and the proxy records derived 
from them will be dealt with in discussion chapters 10-13. 

Due to the large uncertainties associated with the OSL age estimates produced for Maro, the 
chronologies for each section are not capable of constraining the timing of deposition of individual 
units or for identifying specific intervals of sediment accumulation. The ages produced however, 
are all consistent with the sediments at all three sections being of MIS 6 to MIS 5 age (see figure 
9.34). 

The lowest unit within the valley is section 3. This extensive tufa formation is located south of the 
loessic sequences, towards the Mediterranean Sea at a height of 10.15 m above current sea 
level. As previously discussed, tufa formation is often linked with interglacial conditions requiring 
landscape stability and high vegetation levels (Goudie et al. 1993, Domínguez-Villar et al. 2011, 
Pedley 2009, Martín-Algarra et al. 2003). Indeed, the isotopic composition of the sediments from 
section 3 indicates that climate during formation was similar to that recorded by the active tufa 
system within the valley. Therefore, given the stage 5 OSL age derived from the sediments and 
the apparent interglacial stable isotopic composition of the tufa, section 3 is interpreted as 
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representing tufa formation during MIS 5e. The presence of a large tufa system during this period 
supports the evidence presented by palynological and geomorphological studies which suggest 
that MIS 5e was marked by forested conditions and stable land systems (e.g. soil formation) 
within the region (e.g. Sánchez Goñi et al. 2008 and Rose et al. 1999) (figure 9.35).  

Figure 9.34 Comparison of Maro section chronologies against records of stage 5 insolation, 
Mediterranean Sea records and western Mediterranean vegetation composition. A. Insolation 
curve for June 65oN (W/m2) redrawn from Laskar et al. (2004). B. MD95-2042 benthic d18O 
record redrawn from supplementary data of Martrat et al. (2004). C. ODP-977A alkenone derived 
SST record from the Alboran Sea, redrawn from supplementary data of Martrat et al. (2004). D. 
MD95-2042 Portuguese margin record of Iberian pollen variations redrawn from Sánchez Goñi et 
al. (2008). 

The basal units of section 1 (units 1 and 2) are records of sediment accumulation associated with 
floodplain and active channel conditions. These processes are not restricted to occurring within 
specific climatic intervals and as such, little palaeoclimatic information can be gained from their 
analysis. However, the basal floodplain sediments do seem to record repeated episodes of minor 
pedogenic alteration between depositional events. Such pedogenic activity may be indicative of 
accretion during a relatively mild climate. The clast supported sediments of unit 2 contain large, 
well preserved tufa fragments. The presence of these fragments indicates local reworking of 
interglacial tufa sediments. However, the isotopic composition of the fragments is significantly 
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enriched with regards to 18O compared to the modern and MIS 5e tufa fragments (figure 9.25). 
This isotopic enrichment suggests that they formed during different climatic conditions (e.g. 
Andrews 2006) compared to the other tufas analysed and as such, most likely represent 
reworking of tufa sediments formed during a previous, unknown interglacial. Given the OSL date 
calculated for the basal sediments (125.9 ka ±12.7), it is possible that the sediments represent 
deposition in late MIS 6 or early MIS 5 (figure 9.35). 

The oncoidal beds are the first sediments within section 1 and 2 from which there is a clear 
palaeoclimatic indicator. The presence of an in-situ oncoid horizon, noted as the clast supported 
oncoid bed present within section 1 demonstrates active tufa formation during the accumulation 
of the sediments. In order for such tufa clasts to form Pedley (1990, 2009) states that the channel 
is required to be stable, with a low sediment load and of relatively low energy. It is important that 
there is a low sediment yield as otherwise carbonate coating of clasts would be prevented, 
additionally it is necessary that clasts can be rolled occasionally to become fully coated but not 
removed from the system prior to complete coating. Therefore, oncoid formation requires the 
same landscape stability necessary for the production of larger scale tufa features. 

The isotopic composition of the oncoid clasts compare closely with values derived from the MIS 
5e tufa (section 3) and from the Holocene tufa supporting an interglacial origin for the sediments. 
The environmental requirements, isotopic composition and OSL age for the units (figures 9.31 
and 9.34) support an MIS 5e correlation for the oncoidal units. Within the thin sections there is 
however, evidence to suggest only moderate levels of pedogenic modification of the sediments. 
This is contrary to the evidence of well-developed palaeosol horizons being associated with MIS 
5e (e.g. Rose et al. 1990). It is suggested that the sediments at Maro were part of an actively 
accumulating floodplain sequence, subjected to periodic inflows of sediments. This active 
accumulation prevented significant modification of sediments even during full interglacial 
conditions (figure 9.35). 

The floodplain sediments are overlain by loessic accumulation at both section 1 and section 2. 
Within the Mediterranean, loess accumulation is often associated with localised silt deflation 
occurring during the last glacial (e.g. Garcia et al. 2011 and Günster et al. 2001). At Maro, 
however, chronological constraints on the timing of accumulation places deposition within stage 
5. Additionally, the composition of the sediments (chapter 6) indicates that the sediments are not 
wholly locally derived, but may have a significant far travelled component. Accumulation of loess 
during stage 5 indicates a period in which local conditions were very different from those during 
the full interglacial. As outlined in chapter 3, dust supply needs to be relatively high in order for 
loess to accumulate (Tsoar and Pye 1987), but vegetation levels are a significant control where 
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steppic type vegetation would act as a dust trap, whereas dense vegetation would result in dust 
being incorporated into soils (Tsoar and Pye 1987, Pye and Tsoar 1987, Pye 1995). Full 
interglacial conditions in Southern Spain are thought to be associated with forested conditions 
(Shackleton et al. 2000), therefore a significant reduction in vegetation cover from interglacial 
conditions would be required to make the landscape suitable for loess to accumulate. 

In order for loess accumulation to occur there would need to be a large shift in conditions from 
those recorded within the MIS 5e floodplain below. There would need to be a large reduction in 
vegetation cover in order for sediments to be mobilised and in order for deposited silts to be 
trapped but not incorporated into soils (chapter 3). Within Mediterranean settings a reduction in 
vegetation cover is likely to be related to a reduction in effective precipitation (e.g. Prentice et 

al.1992, chapter 2). Therefore, the accumulation of loessic sediments at Maro occurred in 
association with periods of reduced vegetation cover during stage 5. As shown in figure 9.34, 
there is a trend towards steppic vegetation cover recorded in Iberia associated with the decline in 
peak interglacial conditions of MIS 5e, this trend towards declining forest conditions peaks in 
association with stadial events 5d and again at 5b. 

The pedo-sedimentary histories of section 1 and section 2 are very different, however, and this 
affects that palaeoclimatic information recorded by the two sections. Through section 1 bulk 
sedimentology and micromorphology indicates predominantly accretionary pedogenic 
modification, resulting in the isotopic composition of soil carbonated through the section reflecting 
climate during accumulation of the sediments. The strong covariance of δ18O and δ13C values of 
pedogenic carbonates through section 1 demonstrates an evaporation driven system. The 
general trend towards isotopically lighter values upwards through the sequence indicates 
deposition under increasing arid conditions. There are, however, two exceptions to this general 
trend. Within the sequence there are two weak soil horizons which have resulted in downward 
leaching of carbonate during stable land surface conditions, resulting in enrichment of carbonate 
15-25cm below the soil. The carbonates found within these horizons reflect the climate of the soil 
forming intervals, with the isotopic composition of the carbonates giving relatively depleted δ13C 
and δ18O values, indicating a less arid climate. Although the chronology of the sequence does not 
allow for the timing of accumulation or soil forming intervals to be constrained, the sequence does 
record strong aridity post MIS 5e. This arid, loessic accumulation period was marked by two 
significant climate variations, during which conditions were significantly less arid. This reduction in 
aridity appears to have been associated with reduced sediment input resulting in the formation of 
a stable land-surface and the onset of post-depositional pedogenic alteration. 
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Through section 2 there is significant overprinting of carbonate through sustained downward 
leaching from overlying sediments. Therefore, the isotopic record through section 2 reflects a 
period of alteration occurring sometime after deposition of the loessic sediments. As the overlying 
horizon appears to be a calcrete forming at the land-surface it is likely that this subsequent 
alteration occurred during the Holocene. There is however, still important palaeoclimatic evidence 
contained within section 2. Unit 3 is a clast supported oncoid channel which has cut down through 
the loessic sediments of unit 2, above the oncoid filled channel feature, deposition returns to 
loessic accumulation. This sequence of events therefore represents loessic accumulation during 
arid conditions occurring post MIS 5e, then a shift to less arid conditions. The onset of less arid 
conditions appears to be marked by the down-cutting of a relatively high energy channel recorded 
through the deposition of a clast supported pebble bed. The sedimentology then records a shift to 
oncoid formation, through the preservation of a clast supported oncoid bed, indicating stable land-
surface conditions. The sediments of unit 3 and then overlain by loessic sediments, marking a 
return to arid conditions. 

There is evidence within southern Spain that tufa systems can become active again during the 
interstadials of stage 5 (MIS 5c, 5a) (Domínguez-Villar et al. 2011, Martín-Algarra et al. 2003), 
where vegetation must recover close to interglacial values in order to facilitate tufa formation. 
Sánchez Goñi et al. (2008) suggest that Iberian vegetation was unstable during MIS 5c and 5a, 
although values do recover close to peak interglacial % forest conditions. Therefore, it is likely, 
that at Maro the second occurrence of oncoid formation represents formation during and 
interstadial of stage 5. 

 

Figure 9.35 Compilation of palaeoclimatic data derived from the sediment sequences at Maro  
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Chapter 10 – The palaeoclimatic potential of the stable 
isotopic composition of soil carbonates in loess-palaeosol 

sequences 

This discussion chapter outlines both the importance of loess-palaeosol sequences as 
palaeoenvironmental archives and the potential of analysing the isotopic composition of soil 
carbonates commonly found within these sequences. An outline of the current understanding of 
controls on the isotopic composition of soil carbonates within the Mediterranean and mid-latitudes 
is presented and how the results gained from Maro and Chimeneas fit in with current 
understanding. The discussion focusses on the importance of the record presented from 
Chimeneas and how this study changes our understanding of the controls on the isotopic 
composition of Mediterranean soil carbonates.  

10.1 Introduction 

Thick loess accumulations are widely used as sedimentary records of Quaternary climate 
changes and associated geomorphic response over both Milankovitch and sub-Milankovitch 
timescales (Kukla, 1987, Vandenberghe et al. 1998, Rousseau et al. 2002, Frenchen et al. 2003, 
Moine et al. 2008, Markovíc et al. 2011). Bulk sedimentological proxies such as grain size, 
magnetic susceptibility and calcium carbonate content are commonly used to identify shifts 
between loess accumulation and pedogenic alteration. Typically periods of loess accumulation 
are associated with glacial climates and pedogenic alteration occurring during cessation of 
sediment input in interglacial climates (Dearing et al. 2001, Muhs and Bettis 2003, Markovíc et al. 
2011). However, micromorphological analysis of loess-palaeosol sequences identified a more 
complex pedo-sedimentary balance (e.g. Kemp et al. 1996). Kemp (1995, 1999, 2001) identified 
the existence of two styles of pedogenic alteration; syn-depositional (alteration during 
accumulation) and post-depositional (alteration at a stable land surface). The style of pedogenic 
alteration is often recorded through the distribution and morphology of calcitic pedo-features. As 
such, the distribution of pedogenic carbonates can provide important information on the pattern 
and style of loess accumulation. The δ18O and δ13C values of soil carbonate are widely used as a 
palaeoenvironmental indicator; however, this has rarely been applied to loess profiles. The 
isotopic composition of soil carbonates formed in loess are therefore capable of recording 
conditions during loess accumulation and/or during alteration at a stable land-surface. The work 
presented in this thesis highlights the importance of understanding the origin of the signal 

298



Chapter 10 – The palaeoclimatic potential of the stable isotopic composition of soil carbonates in 
loess palaeosol sequences 

contained within soil carbonates of loess-palaeosol sequences through the construction of pedo-
sedimentary models developed via micromorphological and bulk analysis of sediment 
characteristics.  

10.2 Controls on isotopic composition of soil carbonates 

Soil carbonates are commonly found within loess-palaeosol sequences (Becze-Deák et al. 1997, 
Jiamao et al.1997, Kemp 1995) and it has previously been demonstrated that both the oxygen 
and carbon isotopic composition of soil carbonates are important palaeoclimatic proxies (e.g. 
Cerling and Quade 1993). All isotope values are reported relative to V-PDB unless otherwise 
stated. The origin of the carbon and oxygen isotope signal is discussed below. 

10.2.1 Carbon isotopes 

As discussed previously (chapter 4), δ13C values of soil carbonates are controlled by the δ13C 
composition of the soil atmosphere, which is a product of plant respiration (Quade et al. 1989b). 
The soil atmosphere CO2 δ13C values under dominantly C3 or C4 photosynthetic pathways will be 
-23 to -27‰ or -10 to -13‰ respectively (Cerling et al. 1989, Quade et al. 1989b, Cerling and 
Quade 1993). Gaseous diffusion and temperature controlled fractionation during calcite 
precipitation result in an enrichment of 14-15‰ (Quade et al. 1989b, Cerling and Quade 1993). 
Therefore δ13C values of soil carbonates under C3 photosynthetic vegetation will be around -8 to 
-12‰ and those formed under C4 photosynthetic vegetation will be around 1 to 4‰ (Cerling and 
Quade 1993, Wang and Greenberg 2006).This technique has been used within the Chinese 
Loess Plateau in order to investigate vegetational shifts occurring in association with monsoonal 
changes through the Quaternary (Frakes and Jianzhong 1994, Wang and Zheng 1989, Sun et al. 
2012, Yang et al. 2012).  

10.2.2 Oxygen isotopes 

At mid-latitudes the δ18O of soil carbonates has been shown to be closely related to mean annual 
temperature during the time of precipitation (Cerling 1984, Candy et al. 2011). δ18O values of soil 
carbonates result from the composition of soil moisture and the fractionation of calcite during 
precipitation, both of which are controlled by temperature (Dansgaard 1964, Rozanski et al. 1993, 
Cerling and Quade 1993, Hays and Grossman 1991). The combined effect of these two controls 
means that in a system responding solely to mean annual temperature a 1oC rise in temperature 
should result in an increase of ~0.3‰ in the δ18O value of a soil carbonate (Candy et al. 2011). 
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There are however, a number of factors that can influence the δ18O of soil moisture and these 
require further discussion. 

10.2.3 Mediterranean soil carbonates 

 

Figure 10.1 Comparison of typical Mediterranean (evaporation driven) and temperate 
(temperature driven) region δ18O and δ13C values with those from Maro and Chimeneas. A. Soil 
carbonate composition from Sorbas and Carboneras, Spain (Candy et al. 2012), B. Values from 
Maro (chapter 9), C. Values from the Kärlich loess-palaeosol sequence (Candy et al. 2012, 
Gallant et al. in prep.), D. Chimeneas values (chapter 8) 

It has recently been demonstrated that the isotopic composition of Mediterranean meteoric 
carbonates is driven by evaporation (Candy et al. 2012). Candy et al. (2012) compiled an 
extensive dataset of oxygen and carbon isotope values of meteoric carbonates from the 
Mediterranean (southern Spain and Greece) and compared them with isotope values from 
temperate European meteoric carbonates (Britain and Germany). This comparison revealed that 
carbon and oxygen isotope values of Mediterranean meteoric carbonates forming during glacial 
(stadial and interstadial) and interglacial periods displayed strong covariance (figure 10.1a), 
whereas those from temperate climates displayed negligible covariance (figure 10.1c). Candy et 

al. (2012) suggest that the covariance of Mediterranean values demonstrates that both carbon 
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and oxygen isotope systems are being driven by the same environmental factor; evaporation.  
Increasing environmental aridity results in increased evaporation of soil moisture leading to 
enrichment with 18O through preferential loss of light H216O (Dever et al. 1987, Quade et al. 
1989b, Ufnar et al. 2008) and enrichment with 13C via preferential degassing of 12CO2 (Dever et 

al. 1987) and increasing atmospheric CO2 contribution due to reduced vegetation cover (Quade 
et al. 1989b; Cerling and Quade, 1993). 

10.3 Maro 

As shown in figure 10.1b there is a strong covariance between δ18O and δ13C values of soil 
carbonates at Maro, indicating a typical Mediterranean signal driven by evaporative processes. 
The record from Maro indicates shifting aridity through Stage 5. With the most depleted values 
relating to tufa deposition within MIS 5e indicating humid conditions (figure 10.2). The loess-
palaeosol sequence at Maro deposited during the sub-stages of MIS 5 indicate increased aridity 
associated with loess deposition and relative humidity associated with carbonates formed during 
post-deposition alteration of the sediments at a stable land surface (figure 10.2). 

 

Figure 10.2 Oxygen and carbon isotope values from section 1, Maro 
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Although stage 5 loess has been identified previously within the western Mediterranean (Rose et 

al. 1999), the isotope record at Maro provides the first proxy record of shifting aridity during   
stage 5 through loess accumulation and pedogenic alteration. 

10.4 Chimeneas  

Contrary to our current understanding of environmental controls on the δ18O and δ13C values of 
Mediterranean soil carbonates, this thesis has demonstrated that not all Mediterranean soil 
carbonates record covariance between oxygen and carbon isotopes. This can be seen in the 
Chimeneas sequence. The lack of covariance at this site indicates that the two isotope systems 
are driven by different environmental factors. As such, this thesis provides a unique record of the 
isotopic composition of Mediterranean soil carbonates in a system where evaporation is not the 
dominant environmental control. 

 

Figure 10.3 Isotopic composition of soil carbonates from Chimeneas  
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10.4.1 δ13C composition of soil carbonates 

The δ13C values from Chimeneas range from -7.99 to -4.61‰, which is more enriched than 
values produced by soil carbonates formed under a purely C3 photosynthetic vegetation (Quade 
et al. 1989b, Cerling and Quade 1993, Wang and Greenberg 2006). There is however, no 
evidence of C4 photosynthetic vegetation in southern Spain through the Quaternary (Quade 
1994, Cerling et al. 1997, Woodward et al. 2004) and so it is likely that enrichment of δ13C values 
relates to an increased contribution of atmospheric CO2 to the soil environment (Quade et al. 

1989b, Candy et al. 2012). Such values indicate soil carbonates forming under low vegetation 

levels where there is increased gaseous exchange with the atmosphere (Quade et al. 1989b). 

 
10.4.2 δ18O composition of soil carbonates 

The lack of covariance in the isotope values from Chimeneas soil carbonates indicates that 
oxygen and carbon δ18O values are not being driven by evaporation. If evaporation is discounted, 
the δ18O signal is most likely to be driven by changing soil moisture composition as a result of 
changing composition of precipitation. There are a number of factors which can influence the 
δ18O of soil moisture and soil carbonates which need to be discussed in order to clarify the origin 
of the δ18O values recorded at Chimeneas. Firstly, the oxygen isotopic composition of the soil 
carbonates at Chimeneas will be discussed in terms of factors which can influence the δ18O of 
precipitation. Secondly, the site specific conditions which may be responsible for the absence of 
an evaporation driven signal at Chimeneas will be discussed.  

Controls on δ18O value of precipitation: 

• Changes in the ocean isotopic composition 

• The ‘amount’ effect  

• Change in moisture source 

• Temperature 

Site specific influences: 

• Precipitation (seasonality and amount) 

• Temperature 

• Altitude 
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10.5 Composition of precipitation 

The oxygen isotope composition of the oceans is known to vary in response to changing ice 
volume (e.g. Shackleton 1967). Therefore, a period such as the last glacial which experienced 
significant, and sometimes abrupt changes in ice volume (e.g. Lambeck et al. 2000, Clark and 
Mix 2002), would have also experienced significant changes in oceanic composition. At the last 
glacial maximum (peak ice volume) composition of the North Atlantic was up to 1‰ enriched in 
18O (Schrag et al. 2002) compared to Holocene values and the Mediterranean Sea was up to 
1.2‰ enriched in 18O (Paul et al. 2001). Changes in the composition of precipitation sources for 
Chimeneas can therefore account for a maximum of 1.2‰ change in δ18O. However, the oceans 
are enriched in 18O at the last glacial maximum, with steadily decreasing δ18O values towards the 
onset of the Holocene; this is the opposite of what is seen at Chimeneas. Therefore, changing 
composition of the oceans cannot account for the oxygen isotopic shifts recorded in the soil 
carbonates at Chimeneas. 

The amount effect (Dansgaard 1964; chapter 4) describes a phenomenon in high rainfall regions 
(>2000 mm/yr) such as the tropics where δ18O values vary with the amount of rainfall (Rozanski 
et al. 1993). This phenomenon has been invoked to explain δ18O variations in the Soreq cave 
record (Bar-Matthews et al. 2000) based upon the modern relationship between δ18O values of 
cave water and precipitation levels (Bar-Matthews et al. 1997), where more negative δ18O values 
are correlated with higher rainfall. Therefore, warmer, wetter interglacials and interstadials are 
marked by depleted δ18O values (Bar-Matthews et al. 1997, 2000). Evidence from the western 
Mediterranean however, indicates that the amount effect is not the primary environmental factor 
driving δ18O values of precipitation (Mattey et al. 2008), and, unlike the eastern Mediterranean, 
no clear relationship between amount and δ18O values exists. Mattey et al. (2008) suggest that 
based upon analysis of modern isotope data from Gibraltar δ18O values of precipitation are driven 
primarily by temperature. As such, the amount effect can be discounted as being a driving factor 
of the record at Chimeneas.  

The western Mediterranean weather is dominated by North Atlantic influence (Harding et al. 
2009); however, precipitation in the region can be sourced from a number of regions (Cruz-San 
Julian et al. 1992). At present, winter precipitation in Iberia is sourced primarily from the North 
Atlantic and summer precipitation from within the Mediterranean region (Gimeno et al. 2010). 
Each of these source regions produces precipitation over Iberia with very different δ18OSMOW 
values; Atlantic precipitation -14.54‰, North African air masses with Mediterranean recharge -
7.95‰ and eastern Mediterranean sourced precipitation -6.43‰ (Cruz-San Julian et al. 1992). It 
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has been suggested (e.g. Moreno et al. 2002, 2004) that through the Last Glacial there was a 
shift in precipitation source driven by changing strength of pressure systems in the North Atlantic 
in response to D-O climate cycles. If this proposed mechanism is correct, it would suggest that 
precipitation during the last glacial would have different composition during different climatic 
episodes. However, such changes in source region would not result in a progressive enrichment 
or depletion of δ18O values, but rather a sudden shift. Such a response is not captured in the soil 
carbonate δ18O record from Chimeneas, and as such, shifting precipitation source cannot be 
responsible for the isotopic shift recorded at Chimeneas. 

As previously mentioned, there is a strong correlation between the δ18O value of soil carbonates 
and mean annual temperature in mid-latitude regions (Cerling 1984). This relationship is due to 
the temperature dependent composition of precipitation and fractionation of soil moisture. There 
is a strong linear relationship between mean annual temperature and δ18O of precipitation in mid-
latitude regions (Dansgaard 1964, Rozanski et al. 1993), where a 1oC increase in temperate 
results in an enrichment of 18O by 0.6‰ (Rozanski et al. 1993). As precipitation is the source of 
soil moisture, the δ18O value of the soil environment is also governed by this relationship. The 
composition of soil carbonates formed from soil moisture is then further modified by the 
temperature dependent fractionation of calcite during precipitation; where a 1°C temperature 
increase results in a depletion of δ18O by -0.3‰ (Craig 1965, Hays and Grossman 1991, White et 
al 1999, Leng and Marshall 2004). The combined effect of these temperature dependent 
relationships means that for each 1°C temperature rise soil carbonates are enriched in 18O by 
0.3‰. Therefore, at a given study site where evaporation is discounted, soil carbonates formed 
under higher temperatures should have higher δ18O values than soil carbonates formed in cooler 
conditions.  

As all other drivers of precipitation composition changes have been discounted, the origin of the 
shifts in δ18O at Chimeneas (chapter 8) must result primarily from temperature driven changes. 
As shown in figure 10.3 the oxygen isotope values from soil carbonates at Chimeneas record a 
progressive enrichment of 1.88‰ upwards through sub-unit 2A, this could represent a climatic 
amelioration of around 6°C. The δ18O values from 2B through to the lower part of 2F provide a 
record of climate during the weak soil forming intervals, which appear to occur in temperatures 
similar to those recorded by the carbonates at the top of unit 2A. Soil carbonates from the top of 
2F record a depletion of 1.41‰ (figure 10.3), which could indicate a temperature shift of around   
-5˚C. 
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10.6 Site specific conditions 

Candy et al. (2012) have previously stated that the isotopic composition of Mediterranean 
meteoric carbonates formed during both glacial and interglacial periods is driven by evaporation. 
This thesis has produced an isotopic record of last glacial soil carbonates at Chimeneas which 
suggests the theory of Candy et al. (2012) may not apply to all Mediterranean environments. A 
comparison of local conditions at Mediterranean sites where evaporative processes drive isotopic 
composition of soil carbonates with conditions at Chimeneas where composition appears driven 
by vegetation and temperature may help identify potential reasons for the existence of different 
controlling factors (table 10.1).  

Table 10.1 Chimeneas data from Granada data, Sorbas/Carboneras data from Almeria, Maro 
data from Malaga (1971-2000, Agencia Estatal de Meteorologia.). Dry months calculated 
according to Baileys Indices (1979) cited by Dietz et al. (2004).  

Site m.a.s.l 
Average temperature (˚C) Total 

precipitation 
(mm) 

# Dry 
months 

Evaporation 
driven 18O 

13C? 
Annual Minimum Maximum 

Sorbas/ 
Carboneras 21 18.7 14.3 23.1 196 3 Yes 

Maro 16 18 13.1 22.9 524 3 Yes 
Chimeneas 690 15.2 8.7 21.7 361 2 No 

10.6.1 Precipitation amount and regime 

Table 10.1 indicates that a similar precipitation regime exists in the three localities with 2-3 dry 
months occurring in the summer, where a dry month indicates a period where evaporation 
potential is greater than the precipitation total received. It is suggested that during the last Glacial 
the Mediterranean experienced increased seasonality of precipitation with a greater period of 
summer drought (Prentice et al. 1992). Climate models do not suggest that regional variations in 
precipitation regime were greater during the LGM than at present (Arpe et al. 2011). It is therefore 
assumed that the similarity between modern day precipitation seasonality at the three locations 
would exist through Late Quaternary changes in precipitation regime. 

Modern precipitation levels at Chimeneas are between the extreme low of the Sorbas and 
Carboneras basins and the high coastal values at Maro (table 10.1). Through the last glacial it is 
suggested that there may have been an overall increase in the total amount of rainfall received in 
the region, but over a shorter season (Prentice et al. 1992 and references therein). As with 
changes in seasonality, climate models do not suggest large spatial variability in the total rainfall 
amounts (Arpe et al. 2011), although this could be a product of the coarseness of the models. It 
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has been suggested that the incursion of cold, arctic air masses into the Mediterranean during the 
last glacial associated with the southerly position of the polar front (chapter 2) could produce 
steeper vertical precipitation gradients, favoring precipitation at lower altitudes generally 
associated with warmer coastal positions buffered by sea temperatures (Kuhlemann et al. 2008). 
If the scenario suggested by Kuhlemann et al. (2008) is correct, then it would suggest that 
Chimeneas may have experienced reduced precipitation levels relative to coastal sites through 
the last glacial. This site-specific dryness would increase evapotranspiration potential at 
Chimeneas and means, if correct, that it is even more surprising that the isotope signal is not 
evaporation driven. As such, there is no evidence to suggest that seasonality and/or amount of 
precipitation is a viable mechanism for producing the regional variability in the controls on δ18O 
and δ13C values of soil carbonates during the Late Quaternary.  

10.6.2 Temperature and Altitude 

The greatest differences between the three sites are temperature and elevation, with Chimeneas 
being the highest and coolest site. These differences are due to adiabatic temperature changes 
(Barry and Chorley 2003) and increased distance from the Sea. There is a strong relationship 
between air temperature and evapotranspiration rates (Allen et al. 1998, Moratiel et al. 2010) and 
therefore Chimeneas has a lower evapotranspiration potential than the warmer, coastal sites. 

During the last glacial, Alboran SSTs were significantly reduced (10-13°C) compared to modern 
day values (Cacho et al. 1999, Kuhlemann et al. 2008). These reduced sea temperatures would 
still have provided warmth to coastal sites compared to the interior regions, such as the glaciated 
Nevada range (Hughes et al. 2006) located close to the Granada basin. It is therefore proposed 
that Chimeneas would have experienced cooler conditions during the last glacial than the coastal 
sites contained within Candy et al. (2012). Lower temperatures would be associated with reduced 
evapotranspiration potential (Allen et al. 1998, Moratiel et al. 2010) and therefore evaporation 
rates may not have been high enough to be the dominant environmental factor controlling the 
isotopic composition of soil moisture at Chimeneas. 

It is suggested however, that some soil carbonate isotope records from semi-arid regions can 
reflect seasonal temperature rather than mean annual temperature (e.g. Breecker et al. 2009). 
Breecker et al. (2009) identified that in semi-arid climates with highly seasonal rainfall 
precipitation of carbonate in the soils occurred at the end of the wet season. As southern Spain 
experiences a strongly seasonal precipitation regime, which is thought to have become 
increasingly seasonal through the last glacial (Prentice et al. 1992) it is likely that soil carbonates 
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at Chimeneas were formed at the start of the dry season, when soil moisture composition is the 
result of wet season precipitation. As such, the isotope values from Chimeneas could reflect 
changing temperatures during the wet (winter) season in southern Spain and therefore the 
suggested temperature changes within the sequence would reflect changing autumn/winter 
temperatures not mean annual temperature changes.  

It has however, been suggested that the large vegetation changes seen in the Mediterranean 
during the last glacial occurred in response to the extension and contraction of the length of the 
wet season (Prentice et al. 1992, Tzedakis et al. 2001), with warm/wet interstadials having longer 
wet seasons and cool/dry stadials having shorter wet seasons. This would suggest that during the 
last glacial the timing of soil drying would have occurred at different times of the spring/summer 
and therefore, changing the timing of soil carbonate formation. If such seasonal variations 
significantly altered the timing of carbonate formation at Chimeneas, then variations in δ18O 
values of soil carbonates could reflect precipitation during earlier (cooler) months or later 
(warmer) months, complicating the palaeoclimate signal derived from the soil carbonates. 

10.6.3 Control on the δ18O signal at Chimeneas 

The lack of covariance between carbon and oxygen isotope values in the soil carbonate record 
from Chimeneas indicates that this system is not driven by evaporation, as has previously been 
suggested for Mediterranean systems (Candy et al. 2012). It was therefore important to assess 
the possible factors which could be driving the strong δ18O variations captured by the Chimeneas 
record. Although there are numerous factors which can drive changes in the δ18O of precipitation, 
it has been possible to discount the influence of all, except air temperature. It is therefore 
suggested that the δ18O fluctuations in soil carbonates at Chimeneas can be used as a semi-
quantitative proxy for shifting air temperatures, where a 1°C temperature rise results in an 18O 
enrichment of 0.3‰ in the δ18O of soil carbonates (Craig 1965, Hays and Grossman 1991, White 
et al 1999, Leng and Marshall 2004, Andrews 2006). 

As previously mentioned, during the last glacial the Mediterranean is thought to have experienced 
higher levels of aridity than during other times of the Late Quaternary (e.g. Prentice et al. 1992). It 
is, therefore, surprising that the δ18O composition of soil carbonates from the last glacial site at 
Chimeneas appears to be a temperature rather than an evaporation driven signal. There is, 
however, a significant geographical difference between Chimeneas and previously studied sites 
where soil carbonates displayed an aridity driven isotope signal (figure 10.1, table 10.1). The 
relatively high altitude and inland location of Chimeneas result in it having a much cooler local 
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climate than the previously studied Mediterranean sites. It is suggested that this cooler climate 
resulted in a significantly reduced evaporation potential, allowing temperature to be the main 
driving factor of the oxygen isotopic composition of soil carbonates.  

10.7 Significance 

This thesis has demonstrated that the isotopic composition of Mediterranean meteoric carbonates 
is not always driven by evaporation contrary to previous work in the region (Candy et al. 2012). It 
is suggested that in cooler regions of the Mediterranean, i.e. those at higher altitudes, 
evapotranspiration potential is lower and therefore isotopic composition of soil carbonates is 
driven by the same environmental factors as those forming in temperate regions, namely 
vegetation composition (δ13C) and temperature (δ18O).  It is unclear, however, within the 
Mediterranean, if the origin of soil carbonate isotopic signals present a seasonal or annual record 
of environmental conditions. 

The Mediterranean is an extremely diverse region in terms of temperatures, precipitation amounts 
and precipitation regimes (figure 10.4). This heterogeneity exists as an east-west gradient 
associated with the strength of North Atlantic influence, as a north-south gradient associated with 
atmospheric circulation and solar radiation and finally, due to the orographic diversity of the 
region (Harding et al. 2009, Sanchez-Goñi et al. 2008). This complexity means that there are 
likely to be different climatic controls upon meteoric carbonates forming in different areas of the 
Mediterranean. It is suggested that in regions with high evapotranspiration potential where total 
rainfall is low and strongly seasonal and temperatures are relatively warm the isotopic 
composition of meteoric carbonates is likely to be driven by evaporation following the mechanism 
proposed by Candy et al. (2012). However, in regions with lower evapotranspiration potential 
where there is a higher rainfall total, less seasonality of precipitation and/or lower temperatures, 
oxygen and carbon isotopes will not be driven by evaporation but by temperature and vegetation 
respectively. Given the modern day temperature and precipitation gradients that exist within the 
region (figure 10.4) related both to longitude and latitude but also to altitude, it may be possible to 
identify isotopic records from meteoric carbonates recording aridity or temperature and vegetation 
both seasonally and annually. 
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Figure 10.4 Taken from Harding et al. (2009) a) mean annual rainfall (mm), b) rainfall seasonality 

 

310



Chapter 11 –Geomorphic response of landscapes in southern Spain to rapid climate events 

Chapter 11- Geomorphic response of landscapes in 
southern Spain to rapid climate events 

 
The results presented in chapters 7-9 represent the first detailed study of loess in southern Spain 
and the first time loess deposits in the Mediterranean region have been independently dated. As 
such, it is now possible to discuss the timing of loess accumulation in southern Spain. Although 
this study only focuses on three sites, the number of dates and the repeatability of the derived 
ages means that this is the first study in the region to robustly constrain multiple phases of loess 
deposition. Consequently, it is felt that a summary of the general characteristics and timing of 
loess deposition is justified. Furthermore, independently dating episodes of loess accumulation 
allows for the comparison with regional environmental records in order that the climatic and 
environmental conditions associated with loess accumulation may be understood. This chapter 
summarises the sediment sequences at the three sites studied and through comparison with 
regional records of environmental conditions, compares and contrasts conditions present during 
loess accumulation events of the Late Quaternary. A regional model of the timing of optimum 
loess accumulation conditions is presented and its applicability through the Mediterranean is 
discussed.  

11.1 Introduction 

Through the late Quaternary the Mediterranean region underwent large scale climate changes 
(chapter 2) which appear similar in both timing and expression to those witnessed within 
Greenland and North Atlantic records (Oppo et al 2006, McManus et al. 2002, Shackleton et al. 
2000, Martrat et al. 2004). Our understanding of how these Milankovitch and sub-Milankovitch 
climate events affect the landscape of the region is poorly understood and is largely inferred from 
pollen records contained within western Mediterranean marine cores (Shackleton et al. 2000, 
Sánchez Goñi  et al. 2000, 2005, 2008, Fletcher and Sánchez Goñi  2008) or central and eastern 
lacustrine sequences (Allen et al. 1999, Tzedakis 2003, 2005, 2009, Tzedakis et al. 2001, 2004).  

As a semi-arid region the land systems of southern Spain are particularly sensitive to climatic 
changes and as such the region has been referred to as a ‘fragile’ landscape (Fletcher et al. 
2012). As discussed previously, it is thought that through the late Quaternary the region 
experienced significant changes in precipitation regime, which resulted in large shifts in 
vegetation type and cover (Prentice et al. 1992, Tzedakis et al. 2004, Tzedakis 2005, 2009). As 
discussed in chapter 1, vegetation composition, precipitation volume and seasonality has large 
impacts upon erosion rates and sediment availability within the region (Thornes et al. 2009) and 
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therefore, it is likely that the region experienced large geomorphic changes through the late 
Quaternary in association with both Milankovitch and sub-Milankovitch climate changes. 

11.2 Western Mediterranean geomorphic response 

As shown in figure 11.1 and discussed in chapter 2, there is a clear vegetation response through 
the Mediterranean in association with interglacial/glacial changes and interstadial/stadial events. 
During warm climate episodes the region records increased forest cover and during cool climates 
there is a shift towards steppic conditions. This vegetational response is thought to reflect 
changing moisture availability through the Late Quaternary, with warmer periods associated with 
an increase in effective precipitation and cool periods being increasingly arid (e.g. Prentice et al. 
1992, Bar-Matthews et al. 1997, 2000). These changes in water availability are thought to reflect 
changes in the seasonality of rainfall, with a shortened rainfall season associated with cold 
climate episodes (Prentice et al. 1992). This pattern of vegetational response to climate events is 
also thought to be reflected within the geomorphic response of the region through the Late 
Quaternary.  

As discussed within chapter 1, vegetational shifts and changes in seasonality of the rainfall 
received by the region will control the sediment mobilisation and availability within the landscape 
(e.g. Thornes et al. 2009). Through the compilation of fluvial records through the Mediterranean, 
Macklin et al. (2002) identified that episodes of incision and alluviation are generally associated 
with cold climate events (figure 11.1). This response indicates enhanced stream power and 
sediment availability during these climate episodes. Rose et al. (1999) also identified this pattern 
of fluvial response in Mallorcan sediment sequences, and additionally constrained periods of soil 
formation to warm climate episodes (figure 11.1) indicating that warm, humid climates are 
associated with landscape stability. Evidence of landscape stability during warm climate episodes 
is also supplied by records of tufa formation through southern Spain (Domínguez-Villar et al. 
2011, Martín-Algarra et al. 2003) where tufa growth is restricted to periods of low sediment supply 
and high vegetation levels (Goudie et al. 1993, Pedley 2009). Within southern Spain tufa 
precipitation occurs within full interglacial conditions (MIS 5e) and within the warm sub-stages 
MIS 5c and 5a (Domínguez-Villar et al. 2011). 

Previous studies of loess in the Mediterranean region have identified deposits as being locally 
derived sediments which have accumulated through the last glacial (Coude-Gaussen 1991, 
Garcia et al.2010, 2011, Bonifay 1965, Mücher et al. 1991, Günster et al. 2001). However, 
contrary to previous studies of Mediterranean loess, Rose et al. (1999) identified that loess 
accumulation on Mallorca was not restricted to MIS 4-2 but occurred also within stage 5. 
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Additionally, the accumulation of loess on Mallorca was suggested to have derived from far-
travelled silts, although no potential source region was identified. Loess is an important 
geomorphic indicator as it has been shown to record both Milankovitch and sub-Milankovitch 
climate changes (e.g. Kukla 1987, Moine et al. 2008, Markovic et al. 2011) and it requires certain 
conditions in order for accumulation to occur; the most important of which have been suggested 
to be silt supply, vegetation cover and landscape stability (Tsoar and Pye 1987, Pye and Tsoar 
1987, Pye 1995). Firstly, silt supply must be sufficient to enable accumulation on the land surface 
as a discrete unit rather than incorporation or reworking into underlying sediments via soil 
processes (Tsoar and Pye 1987). Secondly, vegetation must be sufficient to act as a trap for silt, 
but not dense enough to incorporate accumulating silt into the soil (Tsoar and Pye 1987, Pye and 
Tsoar 1987, Pye 1995). Finally, in order for silt deposition to result in an accumulation of loess, 
the landscape must be stable enough that the sediments are not eroded once deposited. As 
these factors are directly related to the patterns of environmental change that occur in the 
Mediterranean during the Quaternary, it is important to constrain the timing, reworking and 
provenance of loess in southern Spain.  

11.3 Stage 5 – Evidence from Maro 

The results from Maro are presented and discussed in detail in chapter 9. The sediment 
sequence records geomorphic response of the landscape to Milankovitch and possibly sub-
Milankovitch climate changes through MIS 6-5 (figure 11.2).  

At the base of the sequence are overbank sediments dating to late MIS 6. MIS 5e is recorded by 
the occurrence of oncoids within sections 1 and 2 and by the large tufa lower in the valley 
(section 3) dated by OSL and U-series. The occurrence of the tufa deposits within the valley 
indicates a stable landscape with low sediment mobilisation and high vegetation levels, which are 
conditions reported elsewhere in southern Spain where MIS 5e is also marked by tufa growth 
(Domínguez-Villar et al. 2011, Martín-Algarra et al. 2003). Above the oncoidal unit (section 1 unit 
3, section 2 unit 1) is the onset of loess accumulation within the valley. The size of the 
uncertainties associated with the OSL ages are precise enough to show that these deposits 
record environmental change within MIS 5, but not precise enough to allow robust correlation with 
individual sub-stages within MIS 5. The following correlation, therefore, uses the stratigraphic 
succession of the deposits and their environmental significance to generate a tentative correlation 
with MIS 5e through to MIS 5a. The dating of the loess material is not precise enough to constrain 
the timing of accumulation to a sub-stage of MIS 5, however, it is unlikely that deposition occurred 
during the Interglacial where vegetation levels appear consistently high (figure 11.2b). A post-MIS 
5e age is supported by the isotopic composition of soil carbonates from the unit, which indicate  
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deposition during a period of strong aridity, it is therefore suggested that loess accumulation at 
Maro occurred during MIS 5d. 

Within the loess sediments at Maro there is evidence for development of two weak soil horizons 
(section 1), indicating two short-lived episodes of landscape stability, possibly associated with a 
warm sub-stage of intra-stadial variability. Within section 2, however, there is evidence of a 
sustained episode of landscape stability due to the occurrence of a second in-situ oncoid horizon 
which has cut down through the loess (figure 11.2a). As with the previous tufa deposits at Maro, 
the occurrence of the second oncoid horizon within late stage 5 indicates a period of landscape 
stability where sediment supply was sufficiently low and vegetation levels were high enough to 
support tufa growth (Goudie et al. 1993, Pedley 2009, Domínguez-Villar et al. 2011). As shown in 
figures 11.1 and 11.2b, vegetation levels within the Mediterranean recover to near Interglacial 
levels during sub-stages MIS 5c and 5a and it is therefore likely that the upper oncoid bed 
occurred during one of these interstadial episodes. 

The record from Maro supports the broad geomorphic understanding of the western 
Mediterranean landscape, with warm climate intervals associated with landscape stability through 
tufa development and soil formation and cold climate episodes associated with sediment 
accumulation. Maro also supports the work of Rose et al. (1999) in identifying loess accumulation 
within the Mediterranean as a non-glacial stage process, where accumulation at Maro and 
Mallorca occurs during a cool (non-Interglacial) period but not during full glacial conditions. 

The geochemistry of the loess at Maro (chapter 6) indicates that, as with the Mallorcan loess of 
Rose et al. (1999), stage 5 loess is not locally derived. The geochemistry (figure 11.3) of the 
loess at Maro indicates that North Africa is a potential source region for a significant proportion of 
the sediments. However, the loess from Maro records lower Sr ratio values than the modern river 
and palaeo-fluvial sediments from the same site, and therefore plots further from the North 
African aerosol data. This indicates that the loess contains a greater proportion of mantle derived 
sediments, appearing more closely related in composition the fluvial sediments from within the 
Granada basin. This may indicate that the loess contains a greater proportion of sediments 
derived from the Spanish interior regions than the fluvial systems at the site.  
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11.4 The last glacial – Evidence from Chimeneas 

The last glacial is recorded as a period of climatic instability within Greenland and the North 
Atlantic, marked by oscillation between rapid sub-Milankovitch stadial and interstadial events 
(Bond et al. 1992, 1993, Dansgaard et al. 1993). The pacing and amplitude of these events 
appears to be recorded within the marine records of the western Mediterranean (e.g. Cacho et al. 
1999) with the pacing of SST changes apparently near-synchronous to those of the North Atlantic 
(Shackleton et al. 2000, Abreu et al. 2003). These rapid oscillations between warm interstadial 
and cold stadials are recorded within western and eastern Mediterranean vegetation records by 
increasing forest or steppic conditions respectively (Allen et al. 1999, Tzedakis et al. 2004, 
Roucoux et al. 2001, Sánchez Goñi et al. 2000, 2001, 2008, Combourieu Nebout et al. 2002, 
Fletcher and Sánchez Goñi  2008) (figures 11.1 and 11.4). Prentice et al. (1992) suggest that the 
vegetation changes witnessed in Mediterranean records through the last glacial occur due to 
changes in effective precipitation; with stadials marked by lower effective precipitation due to 
increased seasonality of rainfall.  

It is suggested that through the last glacial the fluvial systems of the Mediterranean are driven by 
these sub-Milankovitch oscillations, with stadials associated with alluviation and interstadials 
marked by channel stability (Macklin et al. 2002) (figure 11.1). Although there are issues 
associated with the dating and correlation of fluvial response through this period (chapter 2), 
there are too many alluviation events through this period to be driven by Milankovitch forcing 
alone. Therefore, it appears that the landscape of the Mediterranean demonstrates a strong 
response to sub-Milankovitch events, with landscape stability during interstadials and increased 
sediment supply and instability during stadials. 

The sediment sequence at Chimeneas records the transition from overbank sedimentation during 
the last glacial maximum into a loess-palaeosol complex through to the Younger Dryas (GS-1) 
and then a return to fluvial deposition. The loess at this site appears to be heavily reworked, 
because both the mineralogy (chapter 6) and geochemistry (figure 11.3) indicate a local source 
for the sediments. However, the median grain size of the loess (5-20 µm) is very fine which 
usually indicates a far-travelled silt (Muhs and Bettis 2000, Lui and Ding 1993), in this instance 
appears to indicate a form of localised sorting. Therefore, on the basis of the composition of the 
sediments and micromorphological evidence of flow structures, it is suggested that Chimeneas is 
the most heavily reworked of the three loess deposits detailed in this study.  

The loess-palaeosol sequence at Chimeneas records increasing pedogenic alteration upwards 
through the sediments (figure 11.4), which appears to correspond with regional and Greenland 
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records that indicate a general climatic amelioration peaking at the GI-1 complex. This climatic 
amelioration is also recorded by the temperature driven δ18O signal derived from soil carbonates 
at Chimeneas (figure 11.4). The OSL dating of the Chimeneas sequence is robust enough 
correlate to sub-Milankovitch climate events, and the record appears to show a remarkable level 
of correlation to regional and Greenland climate events. Accumulation of reworked loess at 
Chimeneas occurs during cold, stadial events with low vegetation levels. Pedogenic alteration of 
the sediments at Chimeneas occurs in association with increased levels of vegetation, generally 
associated with interstadial periods. 

The sequence at Chimeneas represents the first independently dated last glacial loess in 
southern Spain. As has been suggested for other last glacial loess deposits in the Mediterranean, 
it appears that the silt is locally derived, although at Chimeneas it has been heavily reworked prior 
to deposition. The sequence indicates sediment accumulation during cold climate events and 
landscape stability during warmer climate events, with geomorphic response in association with 
sub-Milankovitch climate events. 

11.5 The Holocene – Evidence from La Malaha 

The Holocene is a period of relative climatic stability, with a return to forested conditions within 
the Mediterranean (figure 11.1) and the return or tufa precipitation in southern Spain (Domínguez-
Villar et al. 2011, Martín-Algarra et al. 2003). However, there is evidence within Greenland ice 
cores (O’Brien et al. 1995, Vinthner et al. 2006) and North Atlantic marine cores (Bond et al. 
1997) which suggests that the Holocene contains low-amplitude climatic fluctuations. Although 
muted in comparison to the events of the last glacial, these climatic coolings appear to be paced 
at 2800-2000 and 1500 yr intervals (Mayewski et al. 2004 and references therein). 

Evidence indicates that there has been a transition towards increasing regional aridity within the 
Mediterranean since the mid-Holocene (Jalut et al. 2000, Davis et al. 2003, Magny et al. 2002, 
Fletcher and Sánchez Goñi 2008, Carrión et al. 2010, Bar-Matthews and Ayalon 2011). It is 
however, suggested that this general trend is punctuated by aridification phases (figure 11.5) 
associated with Holocene low amplitude cooling events (Fletcher and Zielhoef 2012).  Fletcher 
and Zielhoef (2012) argue that Holocene cooling events in the North Atlantic and Greenland 
appear to correlate with increased aridity in the western Mediterranean, marked by increases in 
steppic taxa and lake level drops (Jalut et al. 2000, Carrión 2002, Fletcher and Sánchez Goñi  
2008).  
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La Malaha is a short sediment sequence (1.5 m), at the base recording deposition in a floodplain 
setting overlain by loess. Micromorphological evidence from the sequence indicates increasing 
pedogenic alteration upwards through the sediments, associated with declining sediment input 
and/or a climatic amelioration. OSL dating of the sequence identifies that it was deposited 
between 2.2 ka ±0.2 and 1.4 ka ±0.1. This places the timing of deposition in line with a Holocene 
cooling event, marked by an increase in steppic taxa associated with aridity (figure 11.5), but also 
coincident with the Roman occupation of the region. The evidence for climatically driven 
landscape changes is particularly difficult to resolve during the late Holocene as the period is 
often correlated with significant sediment mobilisation in response to widespread land clearance 
for agricultural purposes (e.g. Pantaléon-Cano et al. 2003 and references therein). 

Importantly, the geochemical composition (chapter 6) of the loess from La Malaha appears to 
indicate a clear far-travelled origin (figure 11.3). The Sr Nd content of the loess is significantly 
different to that of locally derived sediments (slope, fluvial and palaeo-fluvial) and plots extremely 
close to North African aerosol data. It is likely that this short, Holocene loess sequence 
accumulated via silt transported from North Africa. However, it remains unclear if vegetation 
levels at La Malaha were low enough to facilitate loess accumulation due to anthropogenic or 
climatic changes. 

11.6 Mediterranean loess as a geomorphic indicator 

This study has identified and independently dated loess accumulations in southern Spain 
deposited during MIS 5, MIS 2 and MIS 1 (figure 11.1).  

• The loess at Maro is dated to post-MIS 5e; on the basis of stratigraphy and isotopic 
evidence from soil carbonates it is suggested to have been deposited during a cool 
stadial of stage 5 (5d or 5b). Geochemical data from Maro indicates that the loess is not 
locally derived (figure 11.3), but may have been derived from the Spanish interior, 
possibly from the continental basins of the Betic-Cordillera. The timing of loess 
accumulation at Maro is similar to that reported by Rose et al. (1999) for loess on 
Mallorca.  

• The last glacial loess accumulation at Chimeneas records heavily reworked, locally 
derived silts (figure 11.3) and as such, is similar to descriptions of southern and central 
Spanish last glacial loess (Mucher et al. 1991, Garcia et al. 2010, 2011).  

• The sequence at La Malaha is the first report of Holocene loess accumulation within 
southern Spain. In order for loess to have accumulated during the Holocene, vegetation 
levels must have been significantly reduced compared to full Interglacial conditions. The 
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timing of loess accumulation at La Malaha makes it difficult to assess if vegetation cover 
was reduced because of climatic or anthropogenic forcing. The geochemical composition 
(figure 11.3) of the sediments indicates a probable North African origin. 
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As such, it is suggested that optimum conditions for ‘pristine’ loess accumulation in southern 
Spain occur within ‘warm isotope-stage stadial’ type climates, where vegetation levels are 
between those of Glacial minima and Interglacial maxima (figure 11.1). Such an environment 
would have sufficient vegetation levels to act as a sediment trap, but would not be sufficiently 
vegetated to result in the incorporation of loess into soils. Consequently, relatively thick beds of 
primary loess are preserved (figure 11.6). At Maro, such an environment is present during the 
stadials of stage 5, where palynological records indicate warm isotope-stage stadial levels of 
vegetation cover associated with insolation minima (Sánchez Goñi et al. 2000, 2008). Although 
loess deposition at Malaha occurred within the full Interglacial conditions of the late Holocene, it is 
suggested that anthropogenic landscape clearance and/or reduced vegetation cover associated 
with arid conditions occurring after the Holocene optimum and possible enhanced by a late 
Holocene rapid cooling event, produced an ‘warm isotope-stage stadial’ type climate effect, 
facilitating the accumulation of loess.  

The sediment sequence at Chimeneas highlights the effects on accumulation during a period 
associated with Glacial vegetation minimum conditions (figure 11.1). The low vegetation levels of 
the last glacial period would be associated with the mobilisation of large volumes of sediment 
within the region. Low vegetation cover would enable silt sized material to be readily removed via 
deflation from exposed soils and surface sediments (Pye and Tsoar 1987) providing a local silt 
source, and, it is argued, that there is an increased North African dust supply through the last 
Glacial (e.g. Moreno et al. 2002). Despite the potential for increased supply of dust during this 
time, the sediment sequence at Chimeneas is heavily reworked compared to the sediments at 
Maro and Malaha. It is suggested that this increased reworking and remobilisation of loess during 
the last glacial results from the lack of vegetation, enabling surface sediments to be easily 
reworked by slope and surface wash processes (figure 11.6) (Pye and Tsoar 1987).  

Therefore, it is suggested that loess accumulation in southern Spain should not be thought of as 
purely a glacial/interglacial process, but also as a warm isotope-stage stadial climate process 
where moderate vegetation and precipitation levels facilitate accumulation (figure 11.6). This 
does not mean that loess is not a major part of Mediterranean environments during glacial 
episodes. However, the mechanisms for its widespread accumulation as a coherent sediment unit 
are only present during these ‘interstadial’ climates. 
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Figure 11.6 Model of climatic optimum conditions for loess accumulation within southern 
Spain. A. Schematic diagram showing the relationship between climatic periods and 
landscape stability and vegetation cover and dust supply, illustrating a warm isotope-stage 
stadial climate provides the best preservation potential for accumulating loess. B. Landscape 
processes occurring during interglacial, warm isotope-stage stadial and glacial climates and 
their effect on loess accumulation. 
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This model of the timing of loess accumulation in southern Spain is contrary to the model 
suggested by Coude-Gaussen (1990) which stated that loess in the southern Europe 
accumulates during glacial conditions and loess in North Africa accumulates during ‘pluvial’ 
conditions. However, the study by Coude-Gaussen (1990) compiled evidence from all previously 
identified Mediterranean loess sequences, most of which are from latitudes above 40oN. 
Mediterranean regions above 40oN are associated with a more typically temperate climate with 
greater rainfall totals and lower seasonality of precipitation (Sanchez-Goni et al. 2008, Harding et 

al. 2009; chapter 10 figure 10.4). The existence of strong latitudinal, longitudinal and altitudinal 
climate gradients within the Mediterranean region mean that the region displayed a 
heterogeneous response in terms of the amplitude of vegetational changes in response 
glacial/interglacial and stadial/interstadial climate changes (chapter 10). Figure 11.1 shows 
vegetational responses through the Mediterranean to Milankovitch and sub-Milankovitch climate 
events of the Late Quaternary with changing longitude and latitude. Although latitude and 
longitude are not the only variations between the site locations shown in figure 11.1, it does 
demonstrate that vegetation levels and in particular Interglacial maximum and Glacial minimum 
levels vary significantly through the region. Such regional variation in vegetation cover suggests 
corresponding variability in sediment availability and preservation potential through the Late 
Quaternary. As such, it is likely that the timing of the geomorphic optimum conditions for loess 
accumulation varies through the Mediterranean region according to vegetation, precipitation and 
silt supply characteristics. 

Although this study is somewhat limited, the clearest evidence for a high North African dust input 
occurs during the Holocene. This study, in addition to existing literature suggests that glacial 
climates in the Mediterranean are dominated by local dust supply (Coude-Gaussen 1991, Garcia 
et al.2010, 2011, Bonifay 1965, Mücher et al. 1991, Günster et al. 2001). This is perhaps 
counterintuitive given the suggested dominance of North African dust supply during the stadial 
episodes of the last glacial (e.g. Moreno et al. 2002). It is clear, therefore, that the factors driving 
dust supply and those resulting in dust accumulation are poorly understood within the 
Mediterranean. This study highlights the need for independent dating of Mediterranean loess, 
rather than an assumption of glacial age. In addition, the characteristics and origin of 
Mediterranean loess deposits may help further understanding of Mediterranean geomorphic 
processes. 
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Chapter 12 – Loess deposition in southern Spain: 
Implications for understanding palaeoenvironments 

This chapter explores the palaeoclimatic significance of the loess studies presented here with 
particular reference to existing models of regional dust flux. The chapter firstly provides an outline 
of the palaeoenvironmental interpretation of the three study sites and summarises the timing of 
loess accumulation, silt sources and degree of local modification. Secondly, the chapter will 
describe existing records and models of Late Quaternary regional dust flux. Finally the implication 
of the results from this thesis on such models is discussed. The chapter concludes by discussing 
the remaining uncertainties associated with understanding the importance of loess within the 
Mediterranean as well as mechanisms driving dust transport and supply.  

12.1 Summary of palaeoclimatic interpretations 

This thesis provides the first detailed study of loess deposits in southern Spain. Sedimentological 
and mineralogical examination of the sediments has highlighted similarities in composition of the 
deposits between the three study sites. This study has, however, identified significant differences 
in the timing and style of accumulation (e.g. degree of reworking) as well as differences in the 
geochemical (Sr-Nd) composition of the sediments indicating differences in provenance.  

12.1.1 Chimeneas 

The exposure of loess at Chimeneas occurs during the transition from the last glacial maximum 
towards the onset of the Holocene (23.2 ±2 ka to 12.5 ±1.1 ka). The timing of accumulation at 
Chimeneas is in keeping with the majority of loess deposits previously identified within the 
Mediterranean (Bonifay 1965, Coude-Gaussen 1991, Mücher et al. 1991, Günster et al. 2001, 
Garcia et al.2010, 2011). Unlike the previously documented last glacial loess deposits, the record 
at Chimeneas has been independently dated rather than assigned a last glacial age on the basis 
of assumed ages of underlying soil horizons (e.g. Günster et al. 2001). Based upon 
sedimentological characteristics previously identified last glacial loess in the Mediterranean has 
typically been described as locally derived and heavily reworked. This view is supported by 
Chimeneas, where Sr-Nd isotope values indicate that silt was sourced from within the Granada 
basin and micromorphology and PSA indicate that the sediments were heavily reworked by slope 
and/or fluvial processes (chapters 6 and 8). 

The sequence at Chimeneas indicates a strong geomorphic response to sub-Milankovitch climate 
events of the late last glacial; micromorphological analysis of the sediments supported field 
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observations of four weak soil horizons present within the sediments. The occurrence of weak soil 
horizons indicates periods of landscape stability due to a reduced sediment input, typically 
associated with a warming climate (Kemp 1995a, 1995b, 2001). Vegetation records of the last 
glacial within the western Mediterranean indicate that the rapid transitions between stadial and 
interstadial climates were associated with shifts between steppic and increasingly forested 
conditions respectively (Sanchez Goni et al. 2002, 2008). Such changes in vegetation would 
drastically alter the potential for sediment erosion and mobility (e.g. Thornes 2009), and, as such, 
it is likely that such vegetational changes are, at least in part, responsible for the change in 
landscape stability recorded within the Chimeneas sediments. It is also thought that, during the 
glacial minimum, low vegetation density is responsible for not only increasing sediment 
availability for aeolian mobilisation, but also for increasing landscape instability enabling 
increased reworking of the aeolian sediments that were deposited during this period. 

The record at Chimeneas highlights that, in southern Spain, such vegetational and landscape 
changes of the last glacial were associated with large temperature variations. Contrary to 
previous understanding of the controls on the isotopic composition of soil carbonates within the 
Mediterranean (Candy et al. 2012), the record from Chimeneas provides a temperature, as 
opposed to an evaporation driven, δ18O signal. Variations in the δ18O values of soil carbonates at 
Chimeneas indicate that soil forming intervals were up to ~6°C warmer than periods of loess 
accumulation.  

12.1.2 Maro  

Rose et al. (1999) previously identified an accumulation of loess in Mallorca dating to the post-
interglacial sub-stages of MIS 5, representing the first Mediterranean loess outside of North Africa 
to have been dated to before the last glacial. Recognition of the deposit as loess is made on the 
basis of textural characteristics; Rose et al. (1999) do not, however, suggest a source for this silt. 
Loess that was deposited during the later sub-stages of MIS 5 is identified at Maro (chapter 9). 
Sub-stage correlation based upon OSL age estimates is not possible due to the large 
uncertainties associated with each age. The loess at Maro is however, underlain by an MIS 5e 
tufa deposit, suggesting, if continuity of deposition is assumed, that loess accumulation occurred 
within MIS 5d. It has not been possible to source the sediments through sedimentological or 
mineralogical methods (chapter 6). However, Sr-Nd isotope data indicates that there may be a 
far-travelled dust component within the loess deposits. PSA and micromorphological analysis 
indicate that the sediments were subject to some reworking and periods of local non-aeolian 
sediment input (chapter 9). 
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The occurrence of two soil horizons within the loess exposure of Maro indicates the occurrence of 
two episodes of short lived land-surface stability, unfortunately it is not possible to constrain the 
timing of these events as Milankovitch or sub-Milankovitch type changes. The evaporation driven 
δ13C and δ18O record of composition of soil carbonates at Maro indicates that episodes of soil 
formation were associated with increased environmental humidity; most likely associated with 
increased effective moisture availability and increasing vegetation cover. Additionally, within the 
loess at Maro, there is a channel fill feature containing oncoidal forms (tufa), indicating a period of 
sustained landscape stability and increased vegetation cover (Goudie et al. 1993, Pedley 2009, 
Domínguez-Villar et al. 2011), most likely associated with a later warm sub-stage of MIS 5. 

12.1.3 La Malaha 

The sediment sequence at Malaha is a short (~1.5m) sediment exposure located within a valley 
cutting. Deposition of loess at the site occurs between 2.2 ± 0.2 ka to 1.4 ± 0.1 ka and, as such, 
is the first record of Holocene loess reported within southern Spain. The timing of accumulation at 
La Malaha appears to correspond to a short lived cooling/aridity event (e.g. Fletcher and Zielhofer 
2011), but also with the Roman occupation of the region (Pantaléon-Cano et al. 2003 and 
references therein). Both of these events are thought to have resulted in a decline in vegetation 
cover, and, as such, it is not possible to state if climate or anthropogenic modification of the 
landscape made it suitable for loess accumulation (e.g. Tsoar and Pye 1987). Importantly 
however, Sr-Nd isotope data indicate that the loess sediments are significantly different in 
composition to other Granada basin sediments and appear to have a very high proportion of 
North African dust (chapter 6). As such, regardless of the mechanisms responsible for 
modification of the Spanish landscape, a significant increase in supply of North African dust must 
have occurred during this period.  

12.1.4 Summary 

This first comprehensive study of loess in southern Spain identifies that deposition can occur 
within a range of climatic settings, namely Interglacial (Malaha), Glacial (Chimeneas) and warm 
isotope-stage interstadial (Maro). Additionally, through the use of Sr-Nd isotopes, this study has 
identified that loess accumulation in southern Spain can be locally-derived or far-travelled, with 
the far travelled dust component most likely being derived from North African sources. It is clear, 
therefore, that regional processes responsible for accumulation of loess within this semi-arid 
region are complex and are not comparable with the classical model of loess accumulation 
developed for western and central Europe where loess accumulation is routinely a phenomenon 
of glacial  climates (e.g. Muhs and Bettis 2003). 
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12.2 Dust flux in the Mediterranean 

The Mediterranean region currently receives an annual dust flux of 0.2-100 g m-2  supplied from 
the arid and semi-arid regions of North Africa, with southern Spain reported to receive around 23 
g m-2 annually with a mean grain size of 4-30 µm (Goudie 2009 and references therein). The 
composition of this dust varies through the Mediterranean, but modern dust of North African origin 
sampled in northeastern Spain has been reported as being rich in clay minerals, particularly Illite 
(Avila et al. 1996, Chester et al. 1984). However, the composition of the resulting dust is 
dependent upon the precise source region (Avila et al. 1996), and it is reported that some 
potential source regions (e.g. Algeria) may have a quartz dominant composition (Guieu and 
Thomas 1996), although this difference in composition may be due to sampling of sediment 
outcrops in potential source regions (Guieu and Thomas 1996) as opposed to atmospheric dust 
sediments (Avila et al. 1996). Transport of North African dust to the western Mediterranean is 
greatest during the summer months, but occurs throughout the year (Rodriguez et al. 2001). The 
transport of North African dust to southern Spain can be invoked through a number of 
atmospheric scenarios relating to the position of cyclonic and anticyclonic weather systems in the 
region (figure 12.1) (Rodriguez et al. 2001). 

 

Figure 12.1 Atmospheric scenarios associated with transport of North African dust to southern 
Spain (Rodriguez et al. 2001). A. Low pressure to the west, B. High pressure south east of Iberia, 
C. High and low pressure systems to the south east and north west respectively, D. Trajectories 
of North African dust associated with cyclonic (grey lines) and anticyclonic systems (black lines). 

329



Chapter 12 – Loess deposition in southern Spain: Implications for understanding palaeoenvironments 

12.2.2 Late Quaternary dust flux 

Current understanding of North African dust flux to the Mediterranean during the Late Quaternary 
is based on only a very limited number of studies which are heavily focussed on the last glacial 
record of marine sediment cores from the Alboran Sea (figure 12.2) (Moreno et al. 2002, 2004, 
2005, Bout-Roumazeilles et al. 2007, 2012).  

Moreno et al. (2002) suggested that North African dust flux to the western Mediterranean Basin 
was driven by D-O cycles, with increased dust deposition within the Alboran Sea being correlated 
with arid stadial episodes (figure 12.2 a,b,c). This hypothesis is primarily constructed from 
evidence of changes in grain size and mineralogical composition of the sediments recovered from 
these cores. Moreno et al. (2002) used end member modelling in order to mathematically 
constrain the number of sediment inputs required to account for the grain sizes present in MD95-
2043, stating that a three end member model adequately accounted for the particle size data of 
the core. EM3 is the finest fraction (<6 µm) and EM1 and EM2 have similar median values, but 
EM1 has the coarsest modal value. Moreno et al. (2002) compared these end member 
populations (EM1, EM2, EM3) with a sample of modern Saharan aerosol with a modal grain size 
of 10-15 µm. Moreno et al. (2002) state that this comparison identified that EM3, the finest 
fraction (<6 µm), was too fine to be consistent with Saharan aerosol deposition, but that EM1 and 
EM2 were closely comparable with the modal grain size of Saharan aerosols. As EM2 was the 
dominant population present through the core (~60%), Moreno et al. (2002) state that if EM2 was 
Saharan dust, then dust flux would need to be in the order of ≈90 g m−2 yr−1 in order to account 
for the sedimentation rate at the site. Moreno et al. (2002) argue that as this dust flux value is 
around four times higher than measurements of the modern dust flux, EM2 cannot represent 
Saharan aerosol input. EM1 has a similar modal grain size to present day Saharan aerosol and 
as it only constitutes around 10-12% of core sedimentation, Moreno et al. (2002) argue that it is 
the most likely population to represent Saharan aerosol input.  

Additionally, Moreno et al. (2002) use the Si:K ratio (Si/Si+K) as a measure of aeolian vs. fluvial 
input respectively, arguing that Saharan dust has a high quartz content whereas fluvial systems 
feeding into the Alboran Sea have a high potassium rich (particularly Illite) clay content. Bout-
Roumazeilles et al. (2007, 2012) also use clay as an indicator of sediment origin within the 
Alboran Sea, but this time argue that palygorskite can only be transported via aeolian pathways 
and as such, represents Saharan aerosol deposition at the site (figure 12.2 f). 

These records appear to show increases in Saharan aerosol input associated with the very cold, 
arid stadial episodes of the last glacial and have been used by both Moreno et al. (2002, 2004, 
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2005) and Bout-Roumazeilles et al. (2007, 2012) to construct atmospheric scenarios associated 
with D-O cycle climate events for the Mediterranean (figure 12.3). These articles invoke a positive 
NAO type atmospheric scenario, where displacement of the jet stream results in increased 
regional aridity as well as the occurrence of an anticyclonic pressure system to the south east of 
Iberia (figure 12.3). Such an atmospheric scenario is proposed on the basis of the modern day 
relationship between NAO phase, regional precipitation and wind regimes. 

There are, however, a number of issues associated with the studies of Moreno et al. (2002) and 
Bout-Roumazeilles et al. (2007). Firstly, Moreno et al. (2002) reference Guieu and Thomas 
(1996) in support of their statement that North African aerosols have a high quartz content. In 
fact, Guieu and Thomas (1996) measured the composition of sedimentary exposures within the 
potential source region of Algeria, but do not discuss actual aerosol composition. As previously 
mentioned, Saharan aerosols collected from within Spain have shown quartz content to be 
relatively low and Illite to be dominant. Caquineau et al. (1998) also suggest that the quartz 
content of Saharan aerosol vary greatly with source region, but in all cases the aerosol is 
reported to be rich in clay minerals. This therefore implies that Moreno et al. (2002) were 
mistaken in their use of Si:K ratio as a tracer of aeolian vs. fluvial input, as it is likely that both 
Saharan aerosol and local fluvial sediments can be rich in clay minerals. It is likely, therefore, that 
the close relationship reported by Moreno et al. (2002) between EM1 and Si:K ratios exists 
because EM1 is the coarsest fraction found within the core and would therefore be associated 
with periods where the input of clay sized material (K rich) was relatively reduced. As such, it is 
possible that both EM1 and the Si:K ratio reflect periods where there is an increase in the size of 
material reaching the core site, but not necessarily reflecting increased aeolian content. 

Secondly, Moreno et al. (2002) state that EM2 could not be aeolian in origin as, due to the 
proportion of material it represents it would require a much higher dust flux than is currently 
suggested to exist. However, the rate of dust flux stated by Moreno et al. (2002) as being 
required to explain EM2 as an aeolian product is not much greater than some eastern 
Mediterranean regions currently receive (Goudie et al. 2009). As the record reflects sediment 
accumulation during the last glacial, a time of vastly reduced vegetation cover (figure 12.3 e), it is 
likely that there was a greater sediment availability and, therefore, potential for an increased dust 
flux within the region during this time. This increased potential for aeolian sediment supply to the 
Alboran Sea means that it is perhaps not justifiable to discount a high sedimentation rate end 
member on the basis of modern day supply rates. 
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Finally, Bout-Roumazeilles et al. (2007, 2012) use the presence of palygorskite clay within the 
core to indicate aeolian deposition associated with stadial events. Bout-Roumazeilles et al. (2007, 
2012) argue that palygorskite is commonly found within North African sediments, but that it can 
only be transported via aeolian processes. Although there is evidence that some North African 
deposits are rich in palygorskite (Avila et al. 1996, Molinaroli 1996, Avila et al. 1997, Bout-
Roumazeilles et al. 2007), there is also evidence that areas of Iberia have extensive palygorskite 
deposits, particularly within the continental basins (Lopez-Aguayo and Gonzalez-Lopez 1995, 
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Sanchez and Galan 1995, Dias et al. 1997) and as such North Africa is not the only local source 
of the clay mineral. Additionally, there is contradictory evidence surrounding the survival of the 
fibrous clay by differing transport mechanisms (e.g. Aqrawi 1993, Khademi and Mermut 1998), 
and so it is not clear, if Bout-Roumazeilles et al. (2007, 2012) are correct in their assertion that it 
is a clear aeolian transport indicator. 

A further complication comes from the record of Cedrus pollen within MD95-2043 (figure 12.2 d) 
(Sanchez Goni et al. 2002). It is suggested that Cedrus pollen is an indicator of North African 
sediment origin, as Cedrus occurrence is limited to cool, high areas of North Africa such as the 
Atlas mountains (Magri and Parra 2002). Cerus pollen is present throughout the core and 
appears to be more closely correlated with post-stadial environments than stadial climates. 
However, this pattern is driven in part by shifts in pollen composition as well as changes in 
Cedrus population. Importantly, however, the continuous presence of Cedrus indicates that 
sediments of North African origin arrive at the core location throughout the last glacial, contrary to 
the evidence suggested by the fluctuations in EM1. 

12.2.3 Significance of the timing of loess accumulation in southern Spain 

Although limited by the number of sites included within this study, loess accumulation has been 
identified within southern Spain in association with Interglacial, Glacial and warm isotope-stage 
stadial climates. The occurrence of loess is not restricted solely to the coldest, most arid stadial 
periods, as might be suggested based upon the evidence of Moreno et al. (2002) and Bout-
Roumazeilles et al. (2007). Additionally, Sr-Nd isotope data from the study sites indicates that 
loess with a significant North African dust component is associated with warm climate intervals, 
but not with Glacial conditions (chapter 6). This finding implies that North African dust flux to the 
region is significantly high outside of the extreme climate conditions of last glacial stadial episode. 
Importantly, it also highlights the availability of fine silt sized material within southern Spain during 
the last glacial. The occurrence of large volumes of fine grained silts in southern Spain during this 
time implies that southern Spain may also be an important source of silts to the Alboran Sea 
during the last glacial.  

Identification of a high North African dust contribution to Holocene loess is perhaps not altogether 
surprising if considered within the context of North African aridification through the Holocene. The 
abrupt end of the African Humid Period (AHP) at ~ 5.5 ka BP marks the onset of late Holocene 
North African aridification recorded through the reduction in lake levels and the mobilisation of 
large volumes of dust from North Africa (e.g. Gasse and van Campo 1994, deMenocal et al. 
2000, Cole et al. 2009). It is possible that increased North African dust supply during the late 
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Holocene, coincident with the agricultural and/or climatic reduction in vegetation cover in southern 
Spain (Jalut et al. 2000, Davis et al. 2003, Magny et al. 2002, Pantaléon-Cano et al. 2003, 
Fletcher and Sánchez Goñi 2008, Carrión et al. 2010, Fletcher and Zielhoef 2011) enabled the 
accumulation of loess at La Malaha.  

12.3 Unresolved issues 

1. Is dust flux in the Alboran Sea purely North African in origin? 

This thesis has documented the existence of a locally sourced last glacial loess deposit within 
southern Spain. This indicates that during the last glacial North Africa was not the only potential 
source of dust to the Alboran Sea. As such, it may not be necessary to invoke atmospheric 
circulation changes to explain an increased dust flux to the Alboran Sea, as it is likely that the 
regions to the north and the south of the basin had an increased potential to supply dust to the 
core location. This increase in regional dust availability is directly associated with the regional 
decrease in vegetation cover during the last glacial (figure 12.2 e).  

It may be possible to distinguish between different sources of the dust supplied to the Alboran 
Sea through the use of Sr-Nd isotopes, which would enable dust to be provenanced and 
potentially their source pin pointed to specific areas of North Africa or elsewhere in the 
Mediterranean (e.g. Stumpf et al. 2012). Such resolution would enable the generation of source 
specific atmospheric circulation models. However, it would be necessary to demonstrate that the 
sediments analysed were aeolian in origin, and that changes in isotopic composition were not 
related to differential weathering effects (e.g. Cole et al. 2009). 

2. What are the proxy records of Moreno et al. (2002) actually recording? 

Firstly, if we assume that Moreno et al. (2002) are correct in their assertion that EM1 represents 
aeolian input and that this is also reflected by increasing Si content, how can we be sure what is 
driving the relative changes? As all data is given as percentages, a change in one component will 
drive a change in another. For example, a decrease in potassium content will produce a relative 
increase in Silica content. It is therefore not possible to identify if there is a true negative 
correlation between Si and K content, or if the supply of one element is switching on/off whilst the 
other remains relatively constant.  

Secondly, changes in the median grain size through MD95-2043 are shown in figure 12.2b, 
indicating a definite coarsening of sediments associated with stadial events, which Moreno et al. 
(2002) have taken as primarily representing an increase in aeolian sediment inputs. However, the 
end member populations are assigned on the basis of similarities to present day sediment supply 
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to the core site, a relationship which may not be true through the last glacial. Evidence from 
Mediterranean fluvial sequences indicate that stadial events are correlated with increased 
sediment transport due to: (1) increased sediment supply because of reduced soil and vegetation 
cover, (2) increased weathering, (3) increased surface flow events resulting in increased stream 
power and transport ability due to a reduced precipitation storage potential in vegetation and soils 
and an increase in seasonality of flow events (Fuller et al. 1998, Macklin et al. 2002, Candy et al. 
2004a). This would imply a greater fluvial input to the Alboran Sea during stadial events, which, 
due to the strongly seasonal high flow events thought to characterise the period, would result in 
an increase in both fine and coarse sediment supply to the Alboran Sea.  

3. What is the Mediterranean record of loess accumulation? 

Although limited in its scope to southern Spain, this study has found no relationship between the 
proposed increase in North African dust flux during the extreme stadials of the last glacial and 
loess accumulation within southern Spain. Loess deposition in southern Spain during the last 
glacial appears to be a local phenomenon subject to heavy reworking due to the lack of land-
scape stability. It has previously been suggested that other last glacial Mediterranean loess 
accumulations are locally derived (Bonifay 1965, Cremaschi et al. 1990, Coude-Gaussen 1991, 
Mücher et al. 1991, Günster et al. 2001, Garcia et al. 2010, 2011), which indicates a regional 
increase in silt availability through the last glacial. Such an increase in dust availability within the 
Mediterranean and North Africa could potentially complicate the interpretation of aeolian supply to 
marine records which have been used to construct atmospheric circulation models.  

Additionally, the presence of a North-African derived Holocene loess deposit in southern Spain 
indicates that a period of sustained dust transport occurred during full Interglacial conditions. This 
study has also identified a warm isotope-stage interstadial (stage 5) loess, which may have a 
North African component. This study has therefore demonstrated that the extreme climate 
conditions of a glacial stadial are not required to produce a sustained supply of North African dust 
to Iberia.  

A full assessment of the timing and provenance of loess in the Mediterranean region would 
enable further understanding of the local vs. far travelled sources and their relationships to 
climate and atmospheric conditions, but would also enable regional variability of the conditions 
optimum for loess accumulation to be understood.  
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Chapter 13 – Conclusions 
This research has, for the first time, provided a comprehensive analysis of loess-palaeosol 
sequences in southern Spain. Independent dating of these sequences has identified episodes of 
loess accumulation within MIS 5, 2 and 1. Utilising a multi-proxy approach to analyse loess-
palaeosol sequences, it has been possible to highlight their value as palaeoenvironmental 
archives within the Mediterranean as records of land system response to Late Quaternary climate 
changes. The principal findings of this study are listed below: 

• Previous work has suggested that loess accumulation in southern Spain occurs within 
Glacial periods, resulting from the deflation of local silt sources. This study provides the 
first independently dated record of loess accumulations in southern Spain, and identifies 
that loess deposition occurs during Interglacial, Glacial and warm isotope stage stadials. 

• Through the comparison of the sedimentology, grain morphology and geochemistry of 
loess sediments with local system sediments at each study site, it is clear that loess in 
southern Spain is not always a locally derived sediment. 

• Glacial accumulation of loess (Chimeneas) derives from local silt sources, whereas 
Holocene loess deposition (La Malaha) records a strong North African dust component. 

• Loess deposition in southern Spain is linked to dust supply and vegetation cover, which 
are both ultimately controlled by climate. It is suggested that, in southern Spain, the 
potential for loess accumulation and preservation is greatest during ‘warm’ climate 
intervals such as Interglacial stadial periods. 

• Micromorphological and sedimentological analysis of loess-palaeosol sequences has 
identified that each loess sequence records both accretionary and post-depositional 
pedogenic alteration. It has been demonstrated that soil forming intervals occur in 
response to both Milankovitch and sub-Milankovitch climate changes, highlighting the 
ability of the landscape in southern Spain to respond to rapid climate fluctuations. 

• This thesis has demonstrated and highlighted the importance of contextualising analysis 
of the stable isotopic composition of soil carbonates within a pedo-sedimentary 
framework, constructed through sedimentological and micromorphological analysis of the 
sediments, in order to fully understand the origin of the isotopic values recorded. 

• Furthermore, contrary to current understanding of the controls on the isotopic 
composition of soil carbonates within the Mediterranean, this thesis has demonstrated 
that both temperature and aridity are possible climatic controls.  
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Malaha Appendix 

sample depth 
gravel 
% 

sand 
% silt % 

total 
clay % 

fine 
clay % MEDIAN 

CaCo3 
(%) 

LF 
mean 

HF 
mean % cfd 

% 
organic 
carbon 

3623 149.00 0.03 1.19 55.81 42.97 25.39 2.87 15.46 64.92 59.30 8.66 0.32 
3624 144.00 0.19 1.06 56.58 42.17 26.07 2.96 20.50 63.62 58.06 8.74 0.29 
3625 139.00 0.04 1.39 56.68 41.89 26.61 2.98 21.59 62.92 57.66 8.36 0.27 
3626 134.00 0.05 1.31 56.03 42.61 28.21 2.96 22.57 63.14 57.78 8.49 0.39 
3627 129.00 0.09 1.25 58.02 40.65 27.43 3.14 24.15 60.88 55.24 9.26 0.23 
3628 124.00 0.15 1.38 55.24 43.23 27.57 2.77 24.06 66.38 57.34 13.62 0.27 
3629 119.00 0.00 1.04 55.52 43.44 26.32 2.75 23.92 68.65 60.84 11.38 0.42 
3630 114.00 0.09 1.04 55.27 43.60 26.99 2.68 24.04 71.90 63.18 12.13 0.45 
3631 109.00 0.14 1.18 52.40 46.28 27.93 2.36 23.42 71.90 65.98 8.23 0.05 
3632 104.00 0.04 1.21 54.21 44.54 27.95 2.57 23.79 72.34 66.10 8.63 0.59 
3633 99.00 0.07 0.73 54.56 44.64 28.57 2.61 23.97 72.98 66.04 9.51 0.46 
3634 94.00 0.09 0.78 53.33 45.79 29.44 2.43 23.48 70.96 64.46 9.16 0.48 
3635 89.00 0.19 1.10 54.19 44.52 27.84 2.57 24.01 72.92 66.52 8.78 0.43 
3636 85.00 0.25 1.18 55.30 43.27 27.60 2.74 23.88 77.48 70.40 9.14 0.49 
3637 80.00 0.21 1.01 55.02 43.76 28.35 2.73 23.44 77.85 71.56 8.08 0.51 
3638 75.00 0.41 1.20 54.02 44.37 27.84 2.63 24.11 76.87 69.66 9.38 0.40 
3639 70.00 0.22 1.40 54.50 43.88 27.15 2.64 20.54 68.00 62.36 8.29 0.39 
3640 65.00 0.78 1.57 56.24 41.40 25.58 3.04 22.88 70.42 64.84 7.92 0.36 
3641 60.00 0.30 2.13 56.20 41.37 25.56 3.04 23.02 67.50 61.98 8.19 0.32 
3642 55.00 1.04 2.92 53.88 42.16 25.55 2.96 24.14 64.40 59.24 8.01 0.36 
3643 50.00 1.60 3.37 50.84 44.19 27.94 2.70 20.58 67.88 62.40 8.07 0.33 
3644 45.00 0.41 5.90 47.79 45.91 27.73 2.50 22.35 69.26 64.00 7.59 0.28 
3645 40.00 10.42 6.09 42.75 40.74 26.21 3.30 23.04 66.64 61.66 7.47 0.34 
3646 35.00 32.14 6.56 31.82 29.49 18.51 10.44 21.63 65.94 60.62 8.07 0.28 
3647 15.00 4.19 4.15 51.60 40.06 25.57 3.56 15.79 60.36 55.50 8.05 0.36 

Table a1.1 La Malaha sedimentology data 
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Chimeneas Appendix 

 sample 
number 

depth 
(cm) 

gravel 
% 

sand 
% silt % 

total 
clay 
% 

fine 
clay 
% 

MEDIAN % 
CaCO3 LF HF % 

CFD 
% 

organic 
carbon 

Lo
g 6

 

3937 120 0.00 29.28 48.16 22.56 15.13 21.39 26.36 5.90 5.54 6.10 0.11 
3938 125 0.00 27.12 51.16 21.72 14.58 21.29 25.60 5.40 5.38 0.37 0.00 
3939 130 0.00 29.04 50.95 20.01 13.77 22.43 25.74 6.06 5.38 11.22 0.18 
3940 135 0.00 25.90 52.54 21.56 13.93 20.10 21.33 5.88 5.36 8.84 0.15 
3941 140 0.00 27.17 51.20 21.63 13.77 18.95 28.54 5.50 5.28 4.00 0.20 
3942 143 0.00 29.75 50.72 19.53 10.89 20.41 22.40 7.72 7.02 9.07 0.00 
3943 148 0.00 34.83 43.60 21.57 15.38 23.68 22.16 9.84 9.30 5.49 0.15 
3944 153 0.00 27.69 50.11 22.20 18.44 20.50 18.74 16.34 14.58 10.77 0.22 
3945 158 0.00 32.55 45.13 22.33 16.46 23.01 25.34 24.46 21.96 10.22 0.09 
3946 163 0.00 36.67 41.42 21.91 14.44 25.77 36.53 19.98 17.64 11.71 0.00 

Lo
g 7

 

3947 5 0.00 21.27 52.83 25.90 16.14 29.24 33.31 5.98 5.60 6.35 0.14 
3948 10 0.00 21.27 52.83 25.90 16.14 17.81 31.96 6.92 6.58 4.91 0.09 
3949 15 0.00 25.48 49.63 24.89 16.40 17.12 33.64 6.84 6.30 7.89 0.14 
3950 20 0.00 25.94 48.44 25.63 17.18 17.02 32.35 6.68 6.08 8.98 0.17 
3951 25 0.00 26.56 47.07 26.36 21.44 17.08 23.26 6.06 5.50 9.24 0.04 
3952 30 0.00 24.52 48.84 26.65 17.29 15.23 28.47 5.84 5.82 0.34 0.30 
3953 35 0.00 38.44 38.97 22.59 13.79 25.85 24.19 5.34 5.14 3.75 0.13 
3954 40 0.00 37.17 37.38 25.45 16.40 22.73 22.09 6.70 6.22 7.16 0.00 
3955 45 0.00 37.43 37.29 25.28 18.15 23.18 22.61 10.02 9.00 10.18 0.09 
3956 51 0.00 27.61 48.72 23.67 16.58 18.50 24.95 16.10 14.56 9.57 0.32 
3957 56 0.00 36.03 42.47 21.49 14.65 23.97 23.38 17.30 15.20 12.14 0.12 
3958 61 0.00 33.66 43.19 23.15 14.79 21.25 30.23 13.10 11.72 10.53 0.09 
3959 66 0.00 34.63 42.43 22.95 15.23 22.85 29.99 13.34 12.30 7.80 0.04 
3960 71 0.00 28.75 46.31 24.94 15.82 17.58 30.94 12.50 11.52 7.84 0.08 
3961 76 0.00 29.26 44.00 26.74 18.04 16.65 29.39 12.58 11.46 8.90 0.00 
3962 81 0.00 29.12 43.02 27.85 15.45 15.95 27.66 14.92 13.46 9.79 0.10 
3963 86 0.00 32.98 40.41 26.61 17.16 18.02 26.14 19.02 16.60 12.72 0.15 
3964 91 0.00 29.66 46.78 23.56 14.07 18.77 26.57 16.66 15.18 8.88 0.09 
3965 96 0.00 28.27 46.91 24.82 14.49 16.79 28.17 18.46 16.36 11.38 0.13 
3966 101 0.00 25.06 49.76 25.18 15.14 14.93 26.97 14.98 13.22 11.75 0.00 
3967 106 0.00 30.52 45.23 24.25 14.94 19.02 28.87 15.44 14.14 8.42 0.00 
3968 111 0.00 28.93 44.91 26.15 15.56 15.25 35.09 13.42 12.00 10.58 0.04 
3969 116 0.00 30.13 43.95 25.92 16.42 16.52 35.63 19.32 17.42 9.83 0.00 
3970 121 0.00 28.36 43.20 28.44 18.98 13.20 31.97 17.32 15.46 10.74 0.00 
3971 126 0.00 36.04 38.38 25.58 17.14 20.51 29.72 15.30 14.24 6.93 0.28 
3972 131 0.00 25.06 46.24 28.70 18.51 12.49 30.23 17.74 16.36 7.78 0.09 
3973 136 0.00 23.40 49.18 27.42 18.46 13.86 27.95 21.66 19.68 9.14 0.10 
3974 141 0.00 18.71 51.38 29.91 21.30 11.06 26.11 20.88 18.62 10.82 0.13 
3975 146 0.00 23.91 47.56 28.53 18.19 12.33 25.28 22.36 19.74 11.72 0.24 
3976 151 0.00 29.10 41.83 29.07 20.06 12.65 25.25 19.28 16.98 11.93 0.00 
3977 156 0.00 36.77 35.72 27.50 17.51 14.91 26.00 13.56 12.46 8.11 0.14 
3978 161 0.00 38.33 34.78 26.89 18.69 16.47 22.04 17.04 15.62 8.33 0.00 
3979 166 0.00 35.92 35.95 28.13 19.09 15.34 27.23 16.78 15.02 10.49 0.00 

Lo
g 8

 

3980 5 0.00 21.12 48.59 30.29 19.17 9.58 31.46 29.50 26.84 9.02 0.00 
3981 10 0.00 32.98 40.01 27.01 18.77 14.91 31.34 24.52 21.76 11.26 0.00 
3982 15 0.00 32.91 40.32 26.77 17.51 14.57 32.44 26.02 23.26 10.61 0.04 
3983 20 0.00 32.52 40.01 27.46 18.69 13.96 32.53 28.74 25.74 10.44 0.18 
3984 25 0.00 29.45 39.93 30.62 19.47 10.44 31.59 32.26 28.50 11.66 0.18 
3985 30 0.00 33.22 37.73 29.05 18.43 11.57 30.05 27.64 24.22 12.37 0.20 
3986 35 0.00 33.01 38.05 28.94 18.02 10.72 29.07 21.38 18.98 11.23 0.04 
3987 40 0.00 32.11 35.71 32.18 20.84 8.86 31.50 23.60 20.96 11.19 0.14 
3988 45 0.00 31.60 37.07 31.33 19.90 9.62 33.26 23.74 21.46 9.60 0.00 
3989 50 0.00 31.31 35.72 32.97 21.71 8.01 28.19 25.82 23.08 10.61 0.05 
3990 55 0.00 32.74 36.18 31.07 20.78 10.40 32.96 26.38 23.56 10.69 0.04 
3991 60 0.00 40.65 33.36 26.00 19.29 22.63 36.81 23.00 22.92 0.35 0.00 
3992 65 0.00 39.95 32.97 27.08 17.59 20.67 41.44 22.42 22.40 0.09 0.08 
3993 70 0.00 36.65 35.67 27.68 18.88 16.34 37.72 24.36 24.36 0.00 0.00 
3994 75 0.00 33.83 36.99 29.18 19.72 13.45 37.60 26.68 25.98 2.62 0.08 
3995 80 0.00 33.22 37.06 29.72 20.17 12.74 34.33 28.86 25.60 11.30 0.18 
3996 85 0.00 30.65 37.03 32.32 20.80 9.26 33.77 28.00 25.30 9.64 0.32 
3997 88 0.00 27.93 42.23 29.84 16.36 8.86 30.61 27.16 24.68 9.13 0.21 
3998 93 0.00 23.77 43.60 32.63 18.14 6.67 31.79 41.32 37.28 9.78 0.51 
3999 98 0.00 23.91 46.19 29.90 15.98 8.24 32.59 43.50 38.96 10.44 0.05 
4000 103 0.00 22.08 46.44 31.48 17.14 7.31 34.16 47.34 42.02 11.24 0.34 
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sample 
number 

depth 
(cm) 

gravel 
% 

sand 
% silt % 

total 
clay 
% 

fine 
clay 
% 

MEDIAN % 
CaCO3 LF HF % 

CFD 
% 

organic 
carbon 

4001 108 0.00 22.56 44.06 33.38 20.37 6.77 34.77 40.40 36.18 10.45 0.05 
4002 113 0.00 23.94 45.63 30.42 15.97 7.94 31.94 37.86 33.74 10.88 0.14 
4003 118 0.00 23.52 46.04 30.44 17.05 7.65 31.57 45.20 40.10 11.28 0.19 
4004 123 0.00 21.32 48.15 30.53 16.68 6.90 31.10 48.04 43.06 10.37 0.00 

Lo
g 8

 

4005 128 0.00 21.27 46.69 32.04 17.72 6.48 28.67 44.94 40.36 10.19 0.05 
4006 133 0.00 17.48 46.87 35.65 19.64 4.69 30.02 49.68 44.18 11.07 0.23 
4007 138 0.00 20.43 45.83 33.74 18.30 5.54 28.69 45.98 40.54 11.83 0.15 
4008 143 0.00 19.71 46.08 34.20 19.59 5.59 30.49 49.08 44.20 9.94 0.14 
4009 148 0.00 21.47 42.96 35.58 20.26 4.80 29.89 43.46 38.56 11.27 0.39 
4010 153 0.00 19.61 45.91 34.49 20.26 5.46 30.09 40.34 35.88 11.06 0.30 
4011 158 0.00 18.84 47.40 33.76 20.45 5.49 31.21 39.70 35.50 10.58 0.14 
4012 163 0.00 18.89 47.05 34.07 19.87 5.66 33.73 24.30 21.32 12.26 0.04 
4013 168 0.00 21.10 44.74 34.16 20.44 5.78 33.91 19.64 17.76 9.57 0.18 
4014 173 0.00 21.38 46.47 32.16 19.42 6.48 33.25 23.56 20.96 11.04 0.17 
4015 178 0.00 18.34 47.28 34.38 20.09 5.61 34.85 26.70 23.40 12.36 0.23 
4016 183 0.00 16.73 47.63 35.64 22.15 5.40 36.18 25.72 23.18 9.88 0.19 
4017 187 0.00 17.64 46.87 35.50 20.84 5.45 35.88 21.88 19.44 11.15 0.15 
4018 192 0.00 15.90 49.20 34.90 20.35 5.16 35.96 28.96 25.68 11.33 0.21 
4019 197 0.00 16.02 47.19 36.78 21.92 4.57 34.68 40.36 35.98 10.85 0.29 
4020 202 0.00 15.30 48.79 35.91 20.67 4.58 33.37 44.10 39.14 11.25 0.20 
4021 207 0.00 17.99 48.39 33.63 19.52 5.76 33.77 39.90 39.92 -0.05 0.24 
4022 212 0.00 17.81 45.62 36.57 22.11 5.15 37.49 38.64 34.14 11.65 0.25 
4023 217 0.00 19.68 45.70 34.62 20.64 6.02 41.11 33.62 29.84 11.24 0.22 
4024 222 0.00 19.65 48.69 31.66 19.53 7.79 44.86 34.02 30.30 10.93 0.18 
4025 227 0.00 16.80 48.25 34.94 20.88 5.52 40.74 40.34 36.02 10.71 0.14 
4026 232 0.00 13.72 54.79 31.49 17.52 6.59 42.10 45.58 40.56 11.01 0.14 
4027 237 0.00 16.91 47.53 35.56 19.94 4.72 36.59 43.84 39.06 10.90 0.13 
4028 242 0.00 16.30 45.95 37.75 21.76 4.14 38.60 44.98 40.04 10.98 0.25 
4029 247 0.00 19.57 49.62 30.80 17.29 7.43 42.12 45.84 41.00 10.56 0.22 
4030 250 0.00 22.75 49.60 27.66 20.78 10.99 46.99 42.60 37.96 10.89 0.12 

5 4031 85 30.39 57.43 8.79 3.38 1.83 1175.36 16.22 8.04 7.74 3.73 0.04 
5 4032 102 0.00 27.93 53.33 18.74 7.28 14.04 0.61 5.82 5.50 5.50 0.05 
6 4033 30 1.83 31.09 43.74 23.35 11.27 10.77 0.22 3.42 3.42 0.00 0.09 
6 4034 95 0.00 31.85 51.25 16.90 8.18 19.81 0.64 8.44 7.54 10.66 0.08 
9 4035 100 3.08 13.89 47.99 35.04 20.09 5.24 0.15 58.72 52.28 10.97 0.30 

Table a2.1 Chimeneas sedimentology data from logs 5-9 (continued from previous page) 
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sub-
unit 

sample 
number 

depth 
in log 
(cm) 

depth in 
composite 

gravel 
% 

sand 
% silt % 

total 
clay 
% 

fine 
clay 
% 

MEDIAN %CaCO3 lf hf % cfd %organic 
carbon 

1a 4033 30 30 1.83 31.09 43.74 23.35 11.27 10.77 25.17 3.42 3.42 0.00 0.09 
1a 4034 95 95 0.00 31.85 51.25 16.90 8.18 19.81 28.52 8.44 7.54 10.66 0.08 
1b 3937 120 115 0.00 29.28 48.16 22.56 15.13 21.39 26.36 5.90 5.54 6.10 0.11 
1b 3938 125 120 0.00 27.12 51.16 21.72 14.58 21.29 25.60 5.40 5.38 0.37 0.00 
b 3939 130 125 0.00 29.04 50.95 20.01 13.77 22.43 25.74 6.06 5.38 11.22 0.18 
1b 3940 135 130 0.00 25.90 52.54 21.56 13.93 20.10 21.33 5.88 5.36 8.84 0.15 
1b 3941 140 135 0.00 27.17 51.20 21.63 13.77 18.95 28.54 5.50 5.28 4.00 0.20 
1c 3942 143 138 0.00 29.75 50.72 19.53 10.89 20.41 22.40 7.72 7.02 9.07 0.00 
1c 3943 148 143 0.00 34.83 43.60 21.57 15.38 23.68 22.16 9.84 9.30 5.49 0.15 
1c 3944 153 148 0.00 27.69 50.11 22.20 18.44 20.50 18.74 16.34 14.58 10.77 0.22 
1c 3945 158 153 0.00 32.55 45.13 22.33 16.46 23.01 25.34 24.46 21.96 10.22 0.09 
1c 3946 163 158 0.00 36.67 41.42 21.91 14.44 25.77 36.53 19.98 17.64 11.71 0.00 
2a 3957 56 163 0.00 36.03 42.47 21.49 14.65 23.97 23.38 17.30 15.20 12.14 0.12 
2a 3958 61 168 0.00 33.66 43.19 23.15 14.79 21.25 30.23 13.10 11.72 10.53 0.09 
2a 3959 66 173 0.00 34.63 42.43 22.95 15.23 22.85 29.99 13.34 12.30 7.80 0.04 
2a 3960 71 178 0.00 28.75 46.31 24.94 15.82 17.58 30.94 12.50 11.52 7.84 0.08 
2a 3961 76 183 0.00 29.26 44.00 26.74 18.04 16.65 29.39 12.58 11.46 8.90 0.00 
2a 3962 81 188 0.00 29.12 43.02 27.85 15.45 15.95 27.66 14.92 13.46 9.79 0.10 
2a 3963 86 193 0.00 32.98 40.41 26.61 17.16 18.02 26.14 19.02 16.60 12.72 0.15 
2a 3964 91 198 0.00 29.66 46.78 23.56 14.07 18.77 26.57 16.66 15.18 8.88 0.09 
2a 3965 96 203 0.00 28.27 46.91 24.82 14.49 16.79 28.17 18.46 16.36 11.38 0.13 
2a 3966 101 208 0.00 25.06 49.76 25.18 15.14 14.93 26.97 14.98 13.22 11.75 0.00 
2a 3967 106 213 0.00 30.52 45.23 24.25 14.94 19.02 28.87 15.44 14.14 8.42 0.00 
2a 3968 111 218 0.00 28.93 44.91 26.15 15.56 15.25 35.09 13.42 12.00 10.58 0.04 
2a 3969 116 223 0.00 30.13 43.95 25.92 16.42 16.52 35.63 19.32 17.42 9.83 0.00 
2a 3970 121 228 0.00 28.36 43.20 28.44 18.98 13.20 31.97 17.32 15.46 10.74 0.00 
2a 3971 126 233 0.00 36.04 38.38 25.58 17.14 20.51 29.72 15.30 14.24 6.93 0.28 
2a 3972 131 238 0.00 25.06 46.24 28.70 18.51 12.49 30.23 17.74 16.36 7.78 0.09 
2a 3973 136 243 0.00 23.40 49.18 27.42 18.46 13.86 27.95 21.66 19.68 9.14 0.10 
2a 3974 141 248 0.00 18.71 51.38 29.91 21.30 11.06 26.11 20.88 18.62 10.82 0.13 
2a 3975 146 253 0.00 23.91 47.56 28.53 18.19 12.33 25.28 22.36 19.74 11.72 0.24 
2a 3976 151 258 0.00 29.10 41.83 29.07 20.06 12.65 25.25 19.28 16.98 11.93 0.00 
2a 3977 156 263 0.00 36.77 35.72 27.50 17.51 14.91 26.00 13.56 12.46 8.11 0.14 
2a 3978 161 268 0.00 38.33 34.78 26.89 18.69 16.47 22.04 17.04 15.62 8.33 0.00 
2a 3979 166 273 0.00 35.92 35.95 28.13 19.09 15.34 27.23 16.78 15.02 10.49 0.00 
2b 3998 93 278 0.00 23.77 43.60 32.63 18.14 6.67 31.79 41.32 37.28 9.78 0.51 
2b 3999 98 283 0.00 23.91 46.19 29.90 15.98 8.24 32.59 43.50 38.96 10.44 0.05 
2b 4000 103 288 0.00 22.08 46.44 31.48 17.14 7.31 34.16 47.34 42.02 11.24 0.34 
2b 4001 108 293 0.00 22.56 44.06 33.38 20.37 6.77 34.77 40.40 36.18 10.45 0.05 
2b 4002 113 298 0.00 23.94 45.63 30.42 15.97 7.94 31.94 37.86 33.74 10.88 0.14 
2b 4003 118 303 0.00 23.52 46.04 30.44 17.05 7.65 31.57 45.20 40.10 11.28 0.19 
2b 4004 123 308 0.00 21.32 48.15 30.53 16.68 6.90 31.10 48.04 43.06 10.37 0.00 
2b 4005 128 313 0.00 21.27 46.69 32.04 17.72 6.48 28.67 44.94 40.36 10.19 0.05 
2b 4006 133 318 0.00 17.48 46.87 35.65 19.64 4.69 30.02 49.68 44.18 11.07 0.23 
2b 4007 138 323 0.00 20.43 45.83 33.74 18.30 5.54 28.69 45.98 40.54 11.83 0.15 
2b 4008 143 328 0.00 19.71 46.08 34.20 19.59 5.59 30.49 49.08 44.20 9.94 0.14 
2b 4009 148 333 0.00 21.47 42.96 35.58 20.26 4.80 29.89 43.46 38.56 11.27 0.39 
2b 4010 153 338 0.00 19.61 45.91 34.49 20.26 5.46 30.09 40.34 35.88 11.06 0.30 
2c 4011 158 343 0.00 18.84 47.40 33.76 20.45 5.49 31.21 39.70 35.50 10.58 0.14 
2c 4012 163 348 0.00 18.89 47.05 34.07 19.87 5.66 33.73 24.30 21.32 12.26 0.04 
2c 4013 168 353 0.00 21.10 44.74 34.16 20.44 5.78 33.91 19.64 17.76 9.57 0.18 
2c 4014 173 358 0.00 21.38 46.47 32.16 19.42 6.48 33.25 23.56 20.96 11.04 0.17 
2c 4015 178 363 0.00 18.34 47.28 34.38 20.09 5.61 34.85 26.70 23.40 12.36 0.23 
2c 4016 183 368 0.00 16.73 47.63 35.64 22.15 5.40 36.18 25.72 23.18 9.88 0.19 
2c 4017 187 372 0.00 17.64 46.87 35.50 20.84 5.45 35.88 21.88 19.44 11.15 0.15 
2d 4018 192 377 0.00 15.90 49.20 34.90 20.35 5.16 35.96 28.96 25.68 11.33 0.21 
2d 4019 197 382 0.00 16.02 47.19 36.78 21.92 4.57 34.68 40.36 35.98 10.85 0.29 
2d 4020 202 387 0.00 15.30 48.79 35.91 20.67 4.58 33.37 44.10 39.14 11.25 0.20 
2d 4021 207 392 0.00 17.99 48.39 33.63 19.52 5.76 33.77 39.90 39.92 -0.05 0.24 
2e 4022 212 397 0.00 17.81 45.62 36.57 22.11 5.15 37.49 38.64 34.14 11.65 0.25 
2e 4023 217 402 0.00 19.68 45.70 34.62 20.64 6.02 41.11 33.62 29.84 11.24 0.22 
2e 4024 222 407 0.00 19.65 48.69 31.66 19.53 7.79 44.86 34.02 30.30 10.93 0.18 
2e 4025 227 412 0.00 16.80 48.25 34.94 20.88 5.52 40.74 40.34 36.02 10.71 0.14 
2e 4026 232 417 0.00 13.72 54.79 31.49 17.52 6.59 42.10 45.58 40.56 11.01 0.14 
2f 4027 237 422 0.00 16.91 47.53 35.56 19.94 4.72 36.59 43.84 39.06 10.90 0.13 
2f 4028 242 427 0.00 16.30 45.95 37.75 21.76 4.14 38.60 44.98 40.04 10.98 0.25 
2f 4029 247 432 0.00 19.57 49.62 30.80 17.29 7.43 42.12 45.84 41.00 10.56 0.22 
2f 4030 250 435 0.00 22.75 49.60 27.66 20.78 10.99 46.99 42.60 37.96 10.89 0.12 
3 4035 100 475 3.08 13.89 47.99 35.04 20.09 5.24 39.27 58.72 52.28 10.97 0.30 

Table a2.2 Chimeneas composite log sedimentology data 
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sample 

ID 
original 
depth 

composite 
depth 

Weight 
(µg) 

Peak 2 
height (nA) 

d13C corr 
(‰) 

error 
(1s) 

d18O corr 
(‰) 

error 
(1s) 

Est % 
carb 

4030 250 440 1045 7.13 -6.58 0.04 -6.23 0.03 59.41 
4029 247 437 1102 2.05 -5.45 0.07 -5.42 0.03 18.57 
4027 237 427 1017 5.75 -5.75 0.01 -4.82 0.02 56.42 
4025 227 417 1014 5.60 -5.94 0.00 -4.87 0.07 48.11 
4024 222 412 1036 6.19 -6.35 0.04 -5.22 0.04 59.65 
4022 212 402 990 5.58 -6.38 0.03 -5.27 0.04 49.06 
4021 207 397 1106 6.75 -6.18 0.00 -5.24 0.03 60.87 
4020 202 392 1023 6.37 -6.48 0.00 -5.37 0.01 54.23 
4019 197 387 988 7.27 -6.57 0.02 -5.20 0.01 64.12 
4016 183 373 963 6.10 -6.03 0.01 -5.03 0.02 55.16 
4015 178 368 1084 3.88 -5.97 0.02 -5.05 0.00 35.68 
4013 168 358 958 5.84 -6.11 0.02 -5.04 0.01 53.09 
4012 163 353 995 1.68 -6.28 0.05 -5.16 0.07 16.81 
4011 158 348 1129 6.81 -6.09 0.01 -4.97 0.09 52.56 
4008 143 333 997 4.94 -6.42 0.00 -4.95 0.02 43.18 
4006 133 323 948 5.00 -5.19 0.01 -4.77 0.06 52.66 
4005 128 318 958 5.70 -5.14 0.03 -4.90 0.02 51.78 
4003 118 308 969 3.43 -6.48 0.01 -5.35 0.01 35.31 
4002 113 303 943 8.14 -4.61 0.03 -4.94 0.07 75.14 
3979 166 278 1101 1.65 -6.15 0.04 -4.96 0.11 14.91 
3976 151 263 954 4.71 -5.95 0.04 -5.07 0.09 49.29 
3973 136 248 1059 4.16 -6.03 0.02 -5.48 0.06 34.18 
3970 121 233 945 4.22 -6.25 0.01 -5.30 0.04 38.92 
3967 106 218 1101 4.08 -6.03 0.03 -5.88 0.00 32.28 
3964 91 203 999 3.03 -5.82 0.02 -5.87 0.03 26.38 
3961 76 188 989 3.92 -7.99 0.03 -6.84 0.07 34.50 
3958 61 173 979 3.35 -6.25 0.01 -6.20 0.02 29.77 
3946 163 163 999 5.54 -5.66 0.01 -5.52 0.00 48.25 
3944 153 153 1052 2.84 -6.43 0.02 -6.10 0.02 23.46 

Table a2.3 Carbon and oxygen isotope data for Chimeneas 
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Table a2.4 Aliquot data used to construct OSL age estimate chim2 
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Table a2.5 Aliquot data used to construct OSL age estimate chim3  
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Table a2.6 Aliquot data used to construct OSL age estimate chim4 
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Table a2.7 Aliquot data used to construct OSL age estimate for chim5 
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Table a2.8 Aliquot data used to construct OSL age estimate chim6 
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Table a2.9 Aliquot data used to construct OSL age estimate chim7 
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Table a3.1 Sedimentology data for section 1, transect 1 (composite log depth given) 
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Table a3.2 Sedimentology data for section 1, transect 2 (composite log depth given) 
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Table a3.3 Sedimentology data for transect 3(composite log depth given) 
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Table a3.4 Sedimentology data for transect 4 (composite log depth given) 
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Table a3.5 Sedimentology data Section 1, transect 1 (composite log) 

 

385



Maro Appendix 

 

Table a3.6 Sedimentology data Maro section 2, transect 2 
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Table a3.7 Sedimentology data Maro section 2, transect 3 
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Table a3.8 Maro isotope data (all samples) 
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Table a3.9 Isotope standards (for Chimeneas and Maro data) 
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Table a3.10 Aliquot data for OSL age estimate RDM083  
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Table a3.11 Aliquot data for OSL age estimate RDM084 
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Table a3.12 Aliquot data for OSL age estimate RDM085 

392



Maro Appendix 

 

Table a3.13 Aliquot data for OSL age estimate RDM086  
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Table a3.14 Aliquot data for OSL age estimate RDM091  
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Table a3.15 Aliquot data for OSL age estimate RDM092  
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Table a3.16 Aliquot data for OSL age estimate RDM093  
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Table a3.17 Aliquot data for OSL age estimate RDM094  
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Table a3.18 Aliquot data for OSL age estimate RDM0822  
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