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SAMENVATTING 
 

In de laatste decennia was er een opmerkelijke stijging van onderzoek in klimaat reconstructies van 

de voorbije 1000 jaar. Deze reconstructies moeten een bijdrage leveren aan het begrijpen van de 

recente klimaatsveranderingen. Klimaatsreconstructies van het laatste millennium kunnen 

informatie geven over de significantie van deze stijgende trend, de oorzaak van de opwarming en de 

invloed ervan op andere omgeveingsmechanismes op Aarde. Doorheen de tijd werd een uitgebreid 

netwerk van reconstructies opgebouwd voor de noordelijke hemisfeer en dan vooral voor Europa en 

Noord-Amerika. Klimaat studies uitgevoerd in de zuidelijke hemisfeer, en meer bepaald in Zuid-

Amerika, vormen een minderheid van het onderzoek (Jones et al., 2001). Dat zorgt voor een relatieve 

schaarste aan gegevens voor deze delen van de wereld. Wanneer men echter uitspraken wil doen 

over klimaatsveranderingen in een globale context, is het belangrijk om over voldoende gegevens te 

beschikken over alle delen van de wereld. Deze thesis speelt in op de stijgende vraag naar 

klimaatreconstructies met een hoge resolutie van het Laat-Holoceen in Zuid-Amerika. 

Klimaatsvariaties in het laatste millennium kunnen ruwweg ingedeeld worden in drie duidelijk 

afgelijnde periods (Mann et al., 2009). Tussen de jaren 450 en 1300 AD, was er een periode van 

relatief warmere condities in de noordelijke hemisfeer. Ook in de rest van de wereld werden er 

bewijzen  gevonden die het bestaan van een periode van uitzonderlijke klimaats condities aangeven, 

die net noodzakelijk bestaan uit een stijging van de temperatuur. Hiernaar wordt gewoonlijk 

gereferreerd als de ‘Medieval Climate Anomaly’ (MCA). Daaropvolgend, tussen de 15e en 18e eeuw, 

werd een periode waargenomen van anomaal lage temperaturen ook gekend als de ‘Little Ice Age’ 

(LIA). Het bestaan van de LIA werd eerst opgemerkt in Europa waar men deze daling in temperatuur 

vaststelde aan de hand van de maximale extensie van bepaalde gletsjers in de Alpen. Ijskernern 

genomen uit de Quelccaya ijsvelden in Peru bevestigden het bestaan van deze periode van koude als 

een globale toestand (Thompson et al., 1986). De laatste decennia worden gekenmerkt door een 

duidelijke trend naar hogere temperaturen. Deze trend is goed gedocumenteerd door hedendaagse 

meetinstrumenten en er bestaat dus geen twijfel over het bestaan ervan.  

Verschillende oorzaken worden geopperd om bovenstaande klimaatsvariaties te verklaren op een 

tijdschaal van eeuwen tot decennia. Variaties in de energie van de zon, wordt algemeen 

aangenomen als een sterke regulator van het klimaat op de Aarde. Het bekendste voorbeeld hiervan 

is het Maunder minimum. Dit is een periode waarin een significante daling in de activiteit van de zon 

waargenomen werd tussen AD 1645 en 1715 en lag waarschijnlijk mee aan de basis van de LIA. Een 

ander mechanisme dat voor een significante daling in temperatuur kan zorgen is verhoogde 
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vulkanische activiteit. Bij grote erupties wordt een aerosol gevormd met een globale extensie. Deze 

aerosols verhogen het albedo van de atmosfeer door zonlicht af te kaatsen wat een daling in 

temperatuur op het aardoppervlak met zich meebrengt. Menselijke activteit, zoals de uitstoot van 

broeikasgassen, wordt meestal in verband gebracht met de anomaal hoge temperaturen die we in de 

laatste decennia waarnemen. 

Instrumentele data in Zuid-Amerika zijn enkel voorhanden voor de laatste vijftig tot zestig jaar, 

daarom moeten we vertrouwen op een set van zogenaamde klimaat proxies die ons in staat stellen 

weerscondities te reconstrueren ver voorbij de reikwijdte van historische en instrumentele data. In 

deze studie worden meersedimenten gebruikt om veranderingen in precipitatie door heen de tijd te 

detecteren. Hevige regenval gaat gepaard met de mobilizatie van terrigeen materiaal, zowel planten 

als verweerde bodems, in het stroomgebied dat door middel van run-off in het meer zal terecht 

komen. Er worden variaties gebruikt in de terrigene component van de lacustriene sedimenten als 

indicator voor veranderingen in de regionale precipitatie. Lacustriene sedimenten zijn opgebouwd uit 

een mengeling van een autochtone en een allochtone component. De autochtone bestaat vooral uit 

het resultaat van primaire productiviteit (diatomeëen) in het meer zelf. Dit wordt gemengd met een 

allochtone component van terrigeen materiaal dat door rivierwerking in het meer terecht komt. Het 

onderscheid tussen beide fracties kan op twee manieren gemaakt worden. Ten eerste op basis van 

de inorganische samenstelling, want bepaalde elementen zoals Ti, Zr, en Ca komen vooral voor in 

terrigene sedimenten door verwering van gesteentes in het stroombekken (Fey et al., 2009). Hun 

concentraties in de lacustrine sedimenten kunnen bijgevolg dienen als een indicator voor terrigene 

invloed in het meer. Ten tweede kan ook de samenstelling van de organische fractie gebruikt 

worden. Organisch materiaal in de lacustriene sedimenten is meestal opgebouwd uit twee 

componenten: een fractie die gevormd wordt door primaire productiviteit in het meer deze zal 

vooral bestaan uit diatomeëen en een tweede fractie die bestaat uit plantenresten uit het 

stroomgebied die door rivierwerking in het meer terecht is gekomen. Beide fracties kunnen van 

elkaar onderscheiden worden door hun C/N-verhouding en de isotopische samenstelling van 

koolstof. Een C/N verhouding tussen 6 en 10 is typisch voor algen en dus primaire productiviteit, 

terwijl landplanten een C/N verhouding tussen 15 en 30 bezitten. Waarden hoger dan 10 wijzen dus 

op een mengeling tussen beide bronnen van organisch material (Meyers, 1997). 

Het klimaat in Chili wordt gedomineerd door de aanwezigheid van een gordel van westelijke winden 

tussen 30° en 60°Z. Zuid-Amerika is de enige land massa die deze windgordel op de zuidelijke 

hemisfeer doorsnijdt en vormt dus de ideale gelegenheid om variaties in posities en intensiteit van 

deze gordel te onderzoeken. De windgordel heeft een grote invloed op de precipitatie hoeveelheden 

in Chili. Er bestaat een positieve correlatie tussen de sterkte van de wind en de hoeveelheid 



 
 

 
4 

precipitatie bepaalde gebieden ten zuiden van 30°Z ontvangen. Een ander belangrijk kenmerk is het 

voorkomen van het Andes gebergte, dat gelegen is op een noord-zuid traject op de grens van Chili en 

Argentinië. Het gebergte induceert regenval en zorgt voor een hoge precipitatie gradiënt tussen het 

westen en oosten van Chili. Neerslag hoeveelheden in het westen en kustnabije gebieden van Chili 

zijn veel lager dan op de westelijke flanken van de Andes (Moy et al., 2009). 

Vier sedimentkernen werden verzameld, komende uit vier verschillende meren gelegen in Centraal-

Chili tussen 33° en 45°Z. De meren zijn gelegen in zeer uiteenlopende omgevingen. Laguna Negra 

(33°Z) bevindt zich op 2700m hoogte boven zeeniveau in de Andes ten oosten van de Chileense 

hoofdstad Santiago. Het meer is 350m diep en is tevens een belangrijk waterreservoir voor Santiago. 

Een resultaat van de grote hoogte is dat in het stroomgebied van Laguna Negra, bijna geen hogere 

vegetatie voorkomt. Helemaal anders is de positie van Lago Vichuquen (34°Z) dichtbij de kust op een 

hoogte van 5m. De diepte van het meer overschrijdt nauwelijks 25m. Het meest significante kenmerk 

van Lago Vichuquen is dat het vroeger rechtstreeks in contact stond met de oceaan. Door de 

opheffing van het Zuid-Amerikaanse continent onder invloed van subductie van de Nazca plaat, werd 

het meer afgesloten van de mariene invloed. Lago Ranco (40°Z) bevindt zich aan de voet van de 

Andes op een hoogte van ongeveer 65m. En tenslotte Lago Castor (45°Z) bevindt zich aan de 

oostelijke zijde van de Andes op een hoogte van 725m en is omgeven door dichte bebossing. 

De sedimentkernen variëren in lengte tussen de 50cm en 120cm en warden aan een reeks van 

verschillende analyses onderworpen. Onmiddellijk na de opening werd een lithologische beschrijving 

opgemaakt en werden de kernen gefotografeerd. Daarna werd de magnetische susceptibiliteit (MS) 

gemeten op het oppervlak van de core door middel van een Bartington MS puntmeter. Eén helft van 

alle kernen werd bemonsterd op 1cm intervallen voor verdere analyses. De monsters werden 

gevriesdroogd en de concentratie van organisch materiaal en carbonaten werd bepaald door middel 

van ‘Loss on ignition’ waarbij de monsters verwarmd worden tot 550°C en 950°C en organisch 

materiaal en carbonaten respectievelijk verbranden en in gas-vorm uit het sediment verdwijnen. 

Elementaire concentraties werden bepaald op een resolutie van 5mm door middel van X-stralen 

fluorescentie. Het oppervlak van de kernen werd gescand door een ‘Avaatech core scanner’ van het 

Nederlands Instituut voor de Zee (NIOZ). Verder werd de koolstof en stikstof isotopische verdeling in 

de stalen onderzocht met behulp van een massaspectrometer aan de Vrije Universiteit Brussel (VUB). 

Het is belangrijk om te begrijpen welke ouderdom de sedimenten in de boorkernen voorstellen. We 

gebruiken verschillende manieren om een diepte –en ouderdomsvergelijking op te stellen van alle 

kernen. Enkel de kernen uit Lago Vichuquen en Lago Castor bevatten macro-resten van 

plantenmateriaal die een 14C-datering mogelijk maakten. In de andere kernen moeten we 
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vertrouwen op het voorkomen van afzettingen gerelateerd aan gekende aardbevingen (slumping, 

turbidieten, …) of vulkanische erupties. Chili is een geologisch zeer actief gebied, waardoor dergelijke 

afzettingen in meren zeer vaak voorkomen. Toch gaat er veel onzekerheden gepaard met de manier 

waarop de ouderdomsmodellen geconstrueerd zijn. Deze onzekerheden zijn waarschijnlijk een grote 

bron van fouten in de verdere interpretaties. Dit kan deels vermeden worden door de vergelijking 

met bestaande literatuur. 

Door het gebrek aan vegetatie in het stromingsbekken van Laguna Negra, zullen variaties in 

precipitatie vooral zorgen voor veranderingen in de mineralogische samenstelling van het sediment 

en niet zozeer in de organische samenstelling. De ouderdom van de sedimenten werd bepaald door 

het voorkomen van zes afzettingen geassocieerd met gekende aardbevingen in de regio. Op basis van 

de gegevens onderscheiden we de volgende periodes met variërende regenval. Tussen AD 1570 en 

AD 1690 was er een periode van droogte, gevolgd door een duidelijke verschuiving naar nattere 

condities tussen AD 1690 en AD 1780.  De periode tussen AD 1780 en AD 1870 is opnieuw 

gekenmerkt door drogere condities, zij het niet zo droog als het eerste interval. De vochtigste 

periode van het record vindt plaats tussen AD 1870 en AD 1990, gevolgd door significant drogere 

condities in de laatste twee decennia. In de laatste 50 jaar is een duidelijke positieve trend zichtbaar 

in de concentratie van organisch materiaal, goed gevolgd door mindere verarming van de δ13C 

waardes. Dit wordt verklaard door een toename in primaire productiviteit, veroorzaakt door de 

stijgende temperaturen in de laatste decennia. 

In Lago Vichuquen zijn er minder duidelijke variaties in de terrigene input zichtbaar. Het C/N-ratio 

varieert tussen 6 en 8, wat impliceert dat het organisch materiaal enkel afkomstig is van primaire 

productiviteit. In de inorganische input is enkel tijdens de periode van AD 1830 tot AD 1950 een 

opmerkelijke stijging zichtbaar, mogelijk gelinkt aan een vochtiger klimaat. Andere elementen 

vertonen ook duidelijke veranderingen. Het meer bezit vandaag een anoxische laag van 5m dik op de 

bodem. Het Mn/Fe-ratio, wat een mogelijke indicator is van het meng-regime in het meer, vertoont 

een paar duidelijke pieken. Dit wijst er op dat de anoxische laag op bepaalde tijdstippen verstoord 

werd. Ook de Cl-concentratie in het meer toont opvallende pieken, dat kan gelinkt worden aan een 

mariene invloed in het meer. Door deze mariene invloeden ontstaat een complexe relatie tussen de 

proxies, wat uitspraken over variaties in precipitatie moeilijk tot onmogelijk maakt. 

De kern genomen uit Lago Ranco was vooral in de bovenste helft verstoord door verschillende tefra 

lagen tussenin de gewone sedimenten. De onderste helft vertoont duidelijke kenmerken van een 

drogere periode tussen AD 1360 tot AD 1640, onderbroken door twee pieken van grotere terrigene 

input rond AD 1400 en AD 1540 en gevolgd door een significant vochtigere periode tussen AD 1650 
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en AD 1930. Net zoals in Laguna Negra zijn de laatste 50 jaar opnieuw gekarakteriseerd door lage 

terrigene input en verhoogde primaire productiviteit. De geobserveerde variaties in de kern uit Lago 

Ranco correleren slecht met andere studies uit de regio (bv. Lago Puyehue). Dit is een mogelijk 

gevolg van de positie waar de sedimentkern genomen werd, namelijk op een klein platform in het 

westen van het meer, weg van meeste instromende rivieren in het oosten. Dit kan zorgen voor een 

slechte detectie van variaties in de terrigene instroom. 

Ten slotte is er de kern uit Lago Castor. Anders dan in de vorige kernen is er in Lago Castor wel een 

duidelijke instroom van terrestrisch planten materiaal, gereflecteerd in de C/N-verhouding die 

varieert tussen 14 en 18. Gebaseerd op de C/N-verhouding is een duidelijk vochtigere periode 

zichtbaar tussen AD 1650 en AD 1800, gevolgd door drogere condities tussen AD 1800 en AD 1920. 

Daarna is er opnieuw een duidelijke stijging van terrestrische invloed in het sediment. Deze stijging is 

waarschijnlijk gerelateerd aan de historisch gedocumenteerde deforestatie in het stromingsgebied. 

De ontbossing zorgt voor destabilisatie van de bodems, die dan gemakkelijker getransporteerd 

worden naar het meer. Ook in Lago Castor zijn de laatste twee decennia gekenmerkt door opvallend 

droge condities en stijgende primaire prductiviteit. 

Algemeen vertonen Laguna Negra en Lago Castor het meeste potentieel voor de preservatie van 

regionale veranderingen in precipitatie, met zo weinig mogelijk invloed van de lokale 

omstandigheden. In beide periodes is een natte periode gedetecteerd tussen AD 1680 en AD 1800, 

mogelijks de lokale signatuur van de LIA. Rond AD 1850 is er in Laguna Negra en Lago Vichuquen ook 

een korte puls van stijgende precipitatie gedetecteerd, die ook in vorige studies zichtbaar was. Dit is 

mogelijk veroorzaakt door een expansie van de westelijke wind-gordel. De recente 

klimaatswijzigingen hebben ook duidelijk hun invloed op de primaire productie in Chileense meren. 

De grote discrepancies tussen de verschillende meren maken duidelijk dat meer onderzoek nodig is 

in de regio. Bijzondere aandacht moet geschonken worden aan het opmaken van een stratigrafie 

gebaseerd op de afzettingen gerelateerd met aardbevingen en vulkanische erupties. 
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1. INTRODUCTION 

 

Recent anthropogenic climate change has been a hot topic during last few decades. However, in 

order to assess the importance of the warming relative to previous natural climate fluctuations, high-

resolution climate reconstructions of the last millennium are urgently needed and will be key in 

understanding the Earth climate response to natural and antropogenic forcings today and in the 

future (Villalba et al., 2009). Instrumental records of climate variability generally only exist for the 

past century. So, in order to reconstruct climate, archives recording this variability, like tree rings, ice 

cores, corals, glaciers and both marine and lacustrine sediments can be used. Whereas an extensive 

network of climate reconstructions based on such archives and using a wide array of climate proxies, 

exists for Europe and North America, high quality climate records remain scarce for South America 

(Jones et al., 2001). Moreover, the existing climate reconstructions in South America are mostly 

based on tree ring data (Figure 1.1). This study tries to make a contribution in high-resolution climate 

reconstructions of the Holocene in South America.   

One of the most prominent features influencing climate in southern South America is the Southern 

Westerly Wind belt which prevail between 40° and 60° latitude. As they advect moisture from the 

Pacific, the Westerlies correlate with precipitation amounts in South-Central Chile. However, it is still 

unclear how the intensity and position of the Westerlies changed in the last millennium and how this 

is linked to global climate (Moy et al., 2008).  

South-Central Chile has a high concentration of lakes at different latitudes, and lacustrine sediments 

are able to record changes precipitation rates as the terrigenous influx in the lake is mainly controlled 

by rainfall (e.g. Jenny et al., 2002). Four sediment cores from lakes at different latitudes ranging 

between 33° and 45°S were selected for this study. The sediment cores should comprise a record of 

climate variability of the past 600 years. We used a high-resolution multi-proxy approach in order to 

reconstruct precipitation variability. Two lakes, Laguna Negra (33°S) and Lago Vichuquen (34°S) are 

located at the present northern periphery of the Westerlies and should be able to preserve 

information about latitudinal changes of the Westerlies, while two other lakes, Lago Ranco (40°S) and 

Lago Castor (45°), are located in a zone of continuous influence of the Westerlies. Precipitation 

variability recorded in the latter are the result of changes in the intensity of the Westerlies rather 

than the position. An environmental reconstruction will be made for each lake individually. Special 

care will be taken to separate local catchment-specific changes in terrestrial input from the regional 

climatic signature. Factors controlling terrigenous input on a local scale are typically caused by 
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human activity like changes in land-use or deforestation in the catchment area or, in geologically 

active regions, can be controlled by natural causes like volcanic or seismic activity as well. 

In order to quantify the terrestrial input in the lake, several proxies can be used. Organic matter in 

the sediments consists of a terrestrial component by run-off and in-lake primary productivity of algae 

(diatoms). The relative contribution of each source can be quantified by the C/N ratio and the δ13C 

isotopic composition. Certain elements like Ti, Zr and Ca can also be used to semi-quantify the 

terrigenous input in lakes. Concentrations of these elements were determined by means of X-ray 

fluorescence (XRF) core scanning. An average sampling rate of 1cm is used, this combined with the 

approximate sedimentation rates of 1mm/year (Bertrand et al., 2005), allows climate studies on a 

decadal resolution. Age models were constructed using radiocarbon dating known age markers like 

event deposits. 

 

 

Figure 1.1: The distribution of proxy records in South America, conducted in the past 3 to 4  decades, with indication of our 

study area (Villalba et al., 2009)  



 
 

 
14 

2. CLIMATE OF THE PAST MILLENNIUM 

 
In this chapter, a brief overview will be given of the present state of climate research of the past 

millennium. Both global and regional phenomena and underlying driving mechanisms will be 

described in order to get a good notion on the factors controlling climate change and their 

spatial/temporal significance. 

 

2.1 GENERAL RESEARCH 

 

The climate of the past millennium has been intensively investigated during the last decade and this 

research has been propelled by the urgent need to compare the significance of global warming with 

previous, natural climate variability. The famous ‘Hockey Stick-Curve’ claimed a big part of the focus 

on recent climate research. Originally proposed by Mann et al. (1998), the hockey-stick represents a 

reconstruction of the mean temperature of the Northern Hemisphere based on proxies such as tree-

ring data, ice cores and coral records. The name is derived from the appearance of the graph: the 

recent global warming represents the curve of the stick while the rest of the reconstruction shows no 

significant variations, forming the shaft of the hockey stick. The hockey stick conflicts with the 

existence of a Medieval Climate Anomaly found in other studies (Hunt, 2006), which argues that 

temperatures during this Medieval Climate Anomaly were comparable or even higher than those 

measured today. Also, the hockey stick has been presented as a global phenomenon, while mostly 

incorporating data from the Northern Hemisphere. The two papers (Mann et al., 1998) and (Mann et 

al., 1999), caused a lot of controversy by stating that the present temperature is anomalously high 

compared to the rest of the millennium. Several other authors concluded that comparable 

temperatures were reached in the Medieval Period (e.g. McIntyre & McKitrick, 2005).  

All previous mentioned studies were mainly based on data retrieved from the Northern Hemisphere. 

Because of its smaller landmass, more complicated accessibility and the general absence of modern 

research entities and scientific funding, the Southern Hemisphere has been far less studied (Villalba 

et al., 2009). There are roughly two orders of magnitude less proxy records available in the Southern 

Hemisphere compared to the Northern Hemisphere (Jones et al., 2001). More studies from the 

Southern Hemisphere are needed to validate whether the Mann et al. curve represents global 

climate variability during the last millennium.  
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Figure 2.1: Composite plot of different land or ocean temperature reconstructions of the last two millennia, with emphasis 

on the last millennium.MCA is indicated by an red box, LIA by a blue box and the recent antropogenic warming by a green 

box. Most studies were conducted using Northern Hemisphere data (Mann et al. 2008) 

 

2.2 MAIN FEATURES OF RECENT CLIMATE CHANGE 

 

Figure 2.1 gives a representation of the temperature changes in the last 1000 years. It is a composite 

plot of different climate reconstructions of the Northern Hemisphere, combined with known 

instrumental records (Mann et al., 2008). The plot gives a comparison between several climate 

reconstructions of the past two millennia, together with instrumental data for AD 1871 to AD 1997 
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(Jones et al., 1999). Although it is mainly a reconstruction for the Northern Hemisphere, some 

proxies located in the Southern Hemisphere are used as well. Comparing these different climate 

reconstructions shows that there are still a lot of discrepancies between different studies, but in 

general three distinct periods with a specific climate signature can be recognized: i) the Medieval 

Climate Anomly (MCA), ii) the Little Ice Age (LIA) and iii) the recent climate warning. In the following 

paragraphs, a brief overview will be given about the state of research on tese three periods. There is 

still a lot of controversy, even about the mere existence of these climate anomalies. Nevertheless, 

more and more studies confirm the existence of the MCA and LIA (Boninsegna et al., 2009; Cronin et 

al., 2003; Hunt, 2006; Kreutz et al., 1997). Finally, there is the recent warming of the global climate, 

during the last 150 years. This warming is well documented by instrumental measurements. The 

exact influence of human activity on this warming trend as well as its magnitude compared to the LIA 

and MCA remains controversial. 

 

2.2.1 MEDIEVAL CLIMATE ANOMALY (MCA) 

 

In Northern Hemisphere climate reconstructions this anomaly is traditionally referred to as the 

Medieval Warm Period or Maximum, because of evidence that northern Europe, the North Atlantic, 

southern Greenland and Iceland experienced an interval of warmth between the ninth and 

thirteenth centuries AD (Hughes & Diaz, 1994). Early evidence for this warm period came from 

Williams and Wigley (1983), and was primarily based on tree-ring, glacier, pollen-data as well as ice-

core variations in Europe and the North Atlantic.  Williams and Wigley (1983) were more careful in 

pinpointing an exact date on the warm period, stating all climatic archives in Europe and the North 

Atlantic show a clear warm period some time about the 12th century. More recently, the MCA has 

been defined as a three-century-long interval from 950 to 1250 AD (Mann et al., 2009) (Figure 2.2). 

Estimates of the time interval depend highly on the interpretation of a possible climate anomaly of 

the author. The aforementioned ages of Mann et al. (2009) represent the minimum time-interval of 

the anomaly. 

Another study by Briffa et al. (1990) showed a warm period between 870 and 1100 AD and another 

warmer period between 1360 and 1570 AD on the Scandinavian Peninsula. All these studies point out 

that there is certain consensus over the existence of a MCA in the Northern Hemisphere, but the 

exact details about timing and magnitude remain debatable at least. The scale and timing of the 

Medieval Climate Anomaly is becoming more and more the center of debate on the recent warming 

shown on the hockey stick curve. McIntyre and McKitrick (2005) stated that during the MCA, the 

temperature was comparable to those measured today and the recent warming is thus not 
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anomalous in the last millennium. Recent studies have obtained certain consensus about the 

existence of a MCA in the Northern Hemisphere, but the exact timing remains debatable. Generally, 

the time span proposed by Cronin et al. (2003) of 450 to 1300 AD can be regarded as a maximum. 

Because of the aforementioned reasons, paleoclimate in the Southern Hemisphere is far less 

extensively studied than in the northern part of the world and paleoclimatic records of the Late 

Holocene are scarce. But for understanding global climate variations at any time scale, it is necessary 

to incorporate records from the Southern Hemisphere (Villalba, 1994). Those will be discussed in 

chapter 3. 

 

Figure 2.2: Reconstructions of the average decadal surface temperature. A) in the Northern Hemisphere, B) in the North 

Atlantic, C) in the North Pacific and D) in the region around the equatorial Pacific (El niño region). The red box indicates the 

intervals best defining the MCA based on data from the Northern Hemisphere, the blue box indicates the same for the LIA 

(Mann et al. 2009) 
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2.2.2 LITTLE ICE AGE (LIA)  

 

There seems to be more agreement about the existence of a cooler period between the mid-

sixteenth and the mid-nineteenth centuries (Burroughs, 2002) than about the existence of the MCA. 

In the Northern Hemisphere, the cooling is mainly expressed by colder summer temperatures 

(Luckman & Wilson, 2005). It has been argued that the Little Ice Age is a global, synchronous event 

(Kreutz et al., 1997), based on a shift to enhanced meridional circulation around AD 1400 detected in 

ice cores from both Antarctica and Greenland. Earlier, the LIA was evidenced by net accumulation on 

the Quelccaya ice cap, from 1480 to 1880 AD (Thompson et al., 1986). More recent temperature 

reconstructions from Tasmania and New Zealand also indicate cool austral summers in the late-

sixteenth and early-seventeenth centuries (Matthews & Briffa, 2005).  

Like the MCA, the LIA was recently defined by Mann et al. (2009) to be a three-century-long interval 

from 1400 to 1700 AD (Figure 2.2). Analogous with the MCA this estimate acts as a minimum time 

span. A broader definition of the LIA time span is from 1300 to 1900 AD. This interval is derived from 

historical sea-ice, glaciological and geomorphological studies (Ogilvie & Jónsson, 2001). The existence 

of the LIA period is supported by its existence in several, geographically widespread studies, and 

should be used as a bench-mark in any reconstruction of global climate (Soon & Baliunas, 2003). 

 

2.2.3 ANTROPOGENIC INFLUENCE 

 

The cause and magnitude of recent warming of the climate is a major topic of discussion between 

climatologists. The warming of the climate is considered to be a fact, because it is based on real 

measurements that document temperature variability in the last 150 years. The focus of discussion is 

the forcing of this warming and wether we are experiencing temperatures that are anomalous in the 

last millennium.  

The warming trend in the last century is globally recognized, but a difference exists between the 

Northern and Southern Hemisphere. In the Northern Hemisphere, warming took mainly place in two 

periods, one at the beginning of the century and one at the end, with a slight cooling in between. 

Warming in the Southern Hemisphere has been more gradual and continuous (Burroughs, 2002). The 

possible anthropogenic influence on climate in the last century is not further discussed in this thesis. 
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2.3 CLIMATE FORCINGS 

 

Climate forcings are referred to as the external parameters which drive climate variability. Usually 

three main groups of climate forcings are recognized. Note that the parameters discussed below 

cause climate variability on a millennial to sub-millennial time scale (Mann et al., 1998). Other 

parameters with a smaller influence on millennial time scale climate variability are known, like ozone 

concentrations, CFCs and cloud cover variations (Hansen et al., 1997) but are not included in this 

text. Climate variation is not only caused by forcing contributions, but relies for the greater part on 

an array of different feedback mechanisms (Beer et al., 2000) e.g. water vapor, ice cover, 

atmospheric circulation patterns etc, which can be either positive or negative. Nowadays a lot of 

research is focused on revealing which share the different climate forcings have in the recent 

temperature rise.  

 

2.3.1 SOLAR FORCING  

 

It is generally acknowledged that the sun is a main driver of global climate variability. Variations in 

solar activity are in phase with registered fluctuations of solar irradiance (Beer et al., 2000). Rather 

small differences in the received energy budget from the sun can cause significant climate variations 

on Earth through a loop of different feedback mechanisms (van Geel et al., 1999). Past variations in 

solar activity can be measured by using cosmogenic nuclides like 14C and 10Be. Elevated solar activity 

strengthens the magnetic field of the sun and shields the Earth’s atmosphere from cosmogenic rays, 

resulting in a lower production of 14C and 10Be (Haigh, 2003; van Geel et al., 1999). 

The best known example of the influence of solar forcing on climate variability in the last millennium, 

is referred to as the Maunder Minimum (Eddy, 1976). The Maunder Minimum represents a minimum 

in solar irradiance, documented as a decrease in sun spot concentrations between AD 1645 and 

1715. This coincides with one of the coldest intervals within the LIA (Figure 2.3) (Mann et al., 1998; 

van Geel et al., 1999).  

In a climate model experiment (Haigh, 2003), the atmospheric response to the 11-year solar activity 

cycle was analyzed. A small rise in UV-radiation can cause significant heating in the lower 

stratosphere. As a result the stratospheric winds were strengthened and the tropospheric Westerly 

Wind belt displaced in a poleward direction. As Westerly Wind jet streams control the latitudinal 

extent of the Hadley Cells, the poleward shift of the Westerlies caused an extent of the Hadley Cells. 
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The control of westerly jet streams and Hadley Cells on Chilean climate will be discussed in the next 

chapter.  

 

Figure 2.3: Comparison of three different forcing mechanisms and NH temperature in the last four centuries. Solar forcing 

follows more or less the same trend. logCO2 becomes important in the last century and a cluster of enhanced volcanic 

activity is visible in the 17
th

 and 19
th

 century (Mann et al. 1998) 

 

2.3.2 VOLCANIC ERUPTIONS 

 

Large volcanic eruptions are known to be able to significantly alter global climate. The eruptions 

produce volcanic aerosols of fine ash particles and sulphur gasses which prevent sunlight from 

entering the Earth’s surface, and causes global cooling of the Earth’s temperature. The ash particles 

settle rather quickly, but the sulphate aerosol has a residence time of one to several years for large 

eruptions (Robock, 2000).  

A quantitative measure of past large-scale volcanic activity, is the Volcanic Eruption Index (VEI) and 

has been provided by Newhall and Self (1982). The VEI gives only a measure of the magnitude of 

eruptions, and does not take account its atmospheric or environmental consequences. Another way 

of quantifying volcanic activity is the Dust Veil Index (DVI), and quantifies the volcanic aerosol 
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produced by large eruptions, it is then related to alterations of global temperature (Lamb, 1970) 

(Figure 2.3). 

Free and Robock (1999) argue that enhanced volcanic activity had a significant contribution to the 

decadal scale climate variability of the LIA. In the seventeenth century, a cluster of possible large 

scale eruptions has been suggested by historical data (Briffa et al., 1998) and shows statistical 

correlation with hemispheric lower temperatures based on tree-ring data (Figure 2.4). They suggest 

that this elevated volcanic activity, unique in the last six centuries, and partially enhanced by lower 

solar irradiance, may have been a large contributing factor to the cooling event known as the LIA 

(Briffa et al., 1998) and were a large contributor of interdecadal climate change in this period 

(Robock, 2000). Statistical correlation practices, conducted by Mann et al (1995) showed a significant 

negative correlation between elevated volcanic activity and decreasing temperatures in the 1610 – 

1995 AD period on a decadal timescale, confirming DVI influence as climate forcing. A notable 

example is the Tambora eruption in 1815, causing a measurable global cooling in 1816 generally 

referred to as ‘the year with no summer’. 

 

Figure 2.4: A Northern Hemisphere temperature reconstruction based on tree-rings, added with an indication of large 

eruptions with a VEI of 5, 6 or 7. The questions marks on the lower axis are radiocarbon ages with a large uncertainty (Briffa 

et al. 1998). 
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2.3.3 GREENHOUSE GAS CONCENTRATION AND ANTROPOGENIC INFLUENCE 

 

As mentioned in section 2.2.3, there is now more or less consensus that the steep rise of the 

greenhouse gas concentrations during the past 150 years, as a result of antropogenic activity, is the 

cause of the recent climate change (Barnett et al., 1999; Crowley, 2011; Mann et al., 1998). Crowley 

(2011) argues that the comparison between observations and model results of the last 1000 years is 

enough evidence to conclude that natural variability has only a small contribution to the warming, 

which is mainly caused by the rise in greenhouse gas concentration. 

Antropogenic aerosols, for example sulphuric acid, are a consequence of industrial activity. It is 

suggested that these aerosols are a climate forcing in the past century, causing a direct cooling effect 

by an increase of the albedo effect on incoming solar radiation (Mann et al., 1998). But by means of 

model experiments (Hansen et al., 1997) this assumption became controversial, as the influence of 

industrial aerosols seemed generally overestimated.  
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3. ELEMENTS AND RESEARCH OF SOUTHERN HEMISPHERE CLIMATE 

 

In order to understand the effect of various controls on Chilean climate, a general overview of the 

atmospheric circulation pattern on the Southern Hemisphere will be outlined below. 

3.1 ELEMENTS OF SOUTHERN HEMISPHERE CLIMATE 

3.1.1 SOUTHERN WESTERLY WIND BELT (SWW) 

 

The Southern Westerlies are the prevailing wind belt, in the Southern Hemisphere, affecting the 

region between 30 and 60° degrees latitude (e.g. Varma et al. 2012). They extend through the whole 

troposphere and gain a maximum speed in the upper troposphere, known as the westerly jet stream 

(Garreaud et al., 2009). The Westerly Winds are related to the existence of atmospheric circulation 

cells between the poles and equator (Shulmeister et al., 2004).  

The atmospheric circulation patterns in each hemisphere are divided by three major zonal cells on 

the Southern Hemisphere: the Hadley, Ferrel and Polar cells, which succeed one another latitudinally, 

from the equator to the poles, and which are the direct result of the temperature gradient that exists 

between the equator and the poles (Figure 3.1). Warm air at the equator rises and moves towards 

the poles at a height of about 10 to 15 km. At the subtropics (30°S) a descending motion occurs, 

followed by an equatorial movement along the surface. This process forms a Hadley Cell which is 

mainly responsible for moving warmth from the equator to higher latitudes. Another important zonal 

system is the Polar cell, which is in composition, fairly comparable to the Hadley Cell. Warm air rises 

at lower latitudes, moves poleward and due to sufficient cooling, descends at the poles. Once air 

descended to the surface, the resulting high pressure cell forces a movement of the air away from 

the poles, which is deflected to the west by the same Coriolis Effect, forming the ‘Polar Easterlies’. In 

between those two important atmospheric circulation systems is a so-called Mid-latitude or Ferrel 

Cell, the existence of which is completely determined by interaction with the Hadley and Polar Cells, 

and characterized by strong Westerly Winds. Our study area in South-central Chile is located within 

this Westerly Wind belt in the mid-latitude cell. 
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Figure 3.1: Distribution and extent of the different zonal front systems in the Earth’s atmosphere. 

(http://www.ei.lehigh.edu/learners/energy/wind/wind2.html) 

 

 

3.1.2 ANTARCTIC CIRCUMPOLAR CURRENT 

 

The Antarctic Circumpolar Current (ACC), the strongest ocean current on Earth, is considered to be a 

key factor in regulating global climate, as it is the only main passage way through which exchange of 

water between  the great oceans is possible (Barker & Thomas, 2004). The ACC is the ocean 

equivalent of the Southern Westerlies and is therefore located between approximately 40° and 60°S. 

The current is said to be almost entirely wind driven and even reaches the sea bed at some locations.  

The existence of the current has been continuous since its onset at about 30Ma ago, as it relies on 

the temperature gradient between the tropics and polar regions and the spinning motion of the 

Earth (Barker et al., 2007). The major climatic influence through its existence was the significant 

contribution in stabilizing the continental ice cap of Antarctica (Barker & Thomas, 2004). The 

Antarctic Circumpolar Current has a significant influence on continental Chilean climate. At 

approximately 43°S the ACC is split up into the northward-flowing Peru-Chile Current (PCC) and the 

southward-flowing Cape Horn Current (CHC) (Figure 3.2). The PCC is responsible for the large-scale 

upwelling in North and Central Chile through interaction with the Coriolis Effect. The upwelling of 
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cold waters is partially responsible for the extreme aridity in North-Chile, south of 30°S (Kaiser et al., 

2008; Veit, 1996).  

 

Figure 3.2: Manifestations of the different ocean currents in front of the Chilean coast. ACC = Antarctic Circumpolar Current, 

CHC = Cape Horn Current, PCC = Peru-Chile Current and CFW = Chilean Fjord Water. (Verleye & Louwye, 2010) 

 

3.1.3 EL NIÑO SOUTHERN OSCILLATION (ENSO) 

 

Perhaps the most famous and thereby most studied feature of Southern Hemisphere climate is the El 

Niño Southern Oscillation (ENSO). ENSO is a result of the interaction between the tropic easterly 

trade winds and the ocean waters at the low latitudes of the Southern Pacific. The prevailing easterly 

winds in the Intertropical Convergence Zone (ICTZ) cause warm water to build up at the west of the 

Pacific Ocean, allowing the upwelling of cold, nutrient-rich waters near the coast of Peru. An El Niño 

year is characterized by a reverse pattern, with Westerly Winds and a flow of warm waters to the 

East of the Pacific, causing elevated sea surface temperatures (SST) (Figure 3.3) and prevention of the 

upwelling mechanism to work properly and decreases productivity in these waters. El Niño has a 
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recurrence interval of approximately 3 to 7 years and individual events lasts from a couple of months 

to almost 2 years (e.g. AD 1982 – 1983), with a large variation in intensity between individual events 

(Ortlieb & Macharé, 1993). ENSO is the term used to describe the cycling mechanism, while El Niño is 

used to refer to the positive impacts of ENSO (Cane, 2005). The reversed condition of an El Niño 

event, with anomalous high SST’s at Australia and low SST’s at the South American coast is referred 

to as La Nina. 

The major expressions of the ENSO are generally bound to the tropics, by modulation of the ITCZ, 

located between 20°N and 20°S. Tropical regions are linked to mid- to high latitudes in both 

hemispheres by teleconnection patterns, e.g. major variations in ENSO are also communicated into 

more temperate regions (Mohtadi et al., 2007) (Figure 3.3). It is known that ENSO has a key role in 

the precipitation variability of Central Chile. It was concluded by Boës and Fagel  (2008) that strong El 

Niño events decrease the precipitation and intensity of wind in the region of Lago Puyehue (40°S) 

through weakening of the high pressure cell at 30°S, and thus decreasing the pressure gradient and 

the strength of the Westerlies within the Ferrel cell. Montecinos and Aceituno (2003) studied the 

relation of seasonal rainfall variability, together with the associated atmospheric circulation 

anomalies, in Central Chile (30°-41°S) and the ENSO cycle. An El Niño event manifests as above 

average rainfall in central Chile during winter (30° - 35°S) and late spring (35° - 38°S) and with dry 

conditions in southern-central Chile (38° - 41°S) in summer, accompanied by reversed conditions 

during La Niña years. Dry conditions in Central Chile in winter are favored by a southward migration 

of the midlatitude storm tracks which has a higher occurrence rate during La Nina years (Montecinos 

& Aceituno, 2003). 

Previous observations and palaeoclimate studies of the past millennium clearly show that a 

significant part of the climate variability is controlled by annual to decadal-scale oscillations like 

ENSO, the Pacific Decadal Oscillation (PDO) and the Quasi-biennial Oscillation (QBO) (Dean & Kemp, 

2004; Fagel et al., 2007). PDO is expressed as the presence of warm or cool ocean waters in the 

North Pacific which oscillate on a period between 20 to 30 years. QBO is the oscillation of the tropical 

zonal winds between easterlies and westerlies with a period of 28 to 29 months. The combination of 

high sedimentation rates in lakes (± 1mm/year) and the 1cm-data resolution adopted in this study, 

allows working on a decadal resolution. Which makes the detection of short-term cycles like ENSO 

impossible (Montecinos & Aceituno, 2003).  

Enfield and Cid (1991) investigated possible ENSO variation on a centurial scale based on the historic 

record, obtained from the west coast region of northern South America, of strong El Niño 

occurrences since AD 1525. They found that there were no significant changes in the El-Niño 
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recurrence interval on a centennial time scale. This means that ENSO variability was unaffected by 

the LIA and left them to conclude that the El-Niño return intervals are insensitive to the direct 

influence of climate drift, but that these intervals can be altered by longer time-scale fluctuations of 

quasi periodic climate oscillations. This view is objected by Ortlieb and Macharé (1993), who did find 

anomalous occurrence rates of El Niño-like events in certain climate proxies in South America, e.g. 

Quelccaya ice cap record (Thompson et al., 1986). Whether or not there is a significant influence of 

the MCA and LIA on ENSO behavior, is not a topic in this study as research on the dynamics of ENSO 

requires annual resolution studies. 

 

 

Figure 3.3: Spatial distribution of the correlation between the Multivariate ENSO Index (MEI) and the surface temperatures 

(SST: Sea, SAT: Continents), the sea level pressure (SLP) and the zonal wind strength at 300hPa, based on annual averages 

measured in the period AD 1950 – AD 2005. The data clearly indicates that the influence of the ENSO is not bound to the 

tropic regions (Garreaud et al., 2009) 

 

3.1.4 SOUTHERN ANNULAR MODE (SAM) 

 

The Southern Annular Mode (SAM), also called the Antarctic Oscillation (AO), is a large-scale pattern 

of month-to-month variability in the Southern Hemisphere. This variability is generally reflected by 

fluctuations in the strength of the Antarctic Circumpolar vortex (Thompson & Solomon, 2002) and 

extratropical zonal wind variability (Thompson & Wallace, 2000).  

The SAM manifests itself as a zonally symmetric structure of variability, circumfering the Southern 

Hemisphere almost completely (Marshall, 2003). The mode is quantified as synchronous, 

positive/negative, pressure anomalies above Antarctica and the mid-latitudes (Figure 3.4). The 

positive phase refers to an increase in atmospheric pressure over the mid-latitudes and negative 

pressure anomalies over Antarctica (Thompson & Wallace, 2000). This results in an intensification 

and poleward shift of the mid-latitude Westerlies, increasing precipitation in Central-Chile (Gillett et 

al., 2006; Marshall, 2003). 
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Recently, a trend towards a more positive mode has been discovered in the last decades (Thompson 

& Solomon, 2002), based on temperature measurements on Antarctica. Gillet et al. (2006) 

demonstrated that the upward trend of the SAM has significant influence on mid-latitude land areas 

in both temperature and precipitation variability as well. 

 

Figure 3.4: Annual and seasonal correlation between surface air temperatures, precipitation and zonal wind strength at 

700hPa with indices of the Southern Annual Mode (SAM) between AD 1980 and AD 2006. Notice the positive correlation 

between the SAM and zonal wind speeds at high latitudes and with surface air temperatures over southern South America 

(Moy et al. 2009) 
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3.2 CURRENT CLIMATE OF SOUTH-CENTRAL CHILE 

 

As it is the only continuous landmass that intersects the region of maximum zonal flow in the 

Southern Hemisphere, southern South-America is an ideal location to investigate variability in 

intensity and latitudinal shifts of the Southern Westerlies. Strong correlation between precipitation 

and zonal wind speeds exists along the west coast of southern South America (Figure 3.5). This is 

mainly caused by the presence of the north-south oriented Cordillera de los Andes. Stronger 

Westerly Winds will enhance the advection of moisture from the Pacific, leading to increased 

orogenically-induced precipitation in the western Andes (Garreaud, 2007). A negative correlation 

between precipitation and wind speeds can be seen east of the Andes. Lower Westerly Wind speeds, 

make room for an enhanced Atlantic component on rainfall  (Garreaud, 2007; Garreaud et al., 2009; 

Moy et al., 2009). The average annual instrumental rainfall data, in a west-east profile at 40°S, 

precipitation varies from 1500mm/year at the Chilean coast to 3500mm/year at the Andean crest, to 

300mm/year 50km east from the Andean mountain range (Boninsegna et al., 2009), this is the result 

of the orogenic divide between the west and east coast of South-America. Precipitation in Central 

Chile is bound to seasonal variations as well (Figure 3.5 and 3.6). In the austral winter months (June, 

July and August) the main axis of the Westerly Wind belt migrates northward, focusing the 

anticyclonic storm tracks to the north and causing higher precipitation rates in Central Chile (35° - 

40°S). During austral summer the belt is found in its most poleward position at 50°S (Moy et al., 

2009). 

 

Figure 3.5: Winter (JJA), summer (DJF) and annual means of A) zonal wind strength at 700hPa and B) precipitation for a 

period between 1980 and 2006 indicating a strong correlation. During winter months the Westerlies migrate north, resulting 

in higher precipitation rates at higher latitudes (Moy et al. 2009) 



 
 

 
30 

 

Figure 3.6: Long-term Correlation between precipitation and zonal wind speeds at different geopotential heights in South 

America. Left: Correlation between precipitation (shaded) and 925hPa winds (vectors) for a) January and b) July. Right: 

Correlation between precipitation (shaded) and 300hPa winds (vector lines) for January (c) and July (d). Indicating both the 

strong correlation between wind strength and precipitation and the seasonal variation between austral winter (July) and 

summer (January) (Garreaud et al. 2009) 

 

 

Because of the lack of landmass, the intensity of the Westerlies in the Southern Hemisphere is larger 

than their equivalent in the Northern Hemisphere, in particular between 40° and 60° latitude. It is 

also the main driving force of the ocean current known as the west wind drift (Shulmeister et al., 

2004). Moy et al. (2009) showed that there exists a positive correlation between zonal wind speeds 

and precipitation at annual and decadal timescales (Figure 3.5). Highest correlation is reached at 

40°S. This relation is a caused by the influence of atmospheric circulation systems on near-surface 

cyclones. Each cyclone has unique features, but they tend to drift in the same eastward direction 

along latitudinal tracks known as storm tracks, induced by westerly jet streams (Garreaud, 2007; Moy 

et al., 2008; Trenberth, 1991). 
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The northern limit of the influence of the Southern Westerly wind belt lies roughly in Central Chile 

(32-35°S) (Jenny et al., 2003). This region is defined by a steep north-south oriented precipitation 

gradient, with higher amounts of precipitation in the south during austral winter caused by influence 

of the Westerlies. This influence gradually decreases towards the north (Norte Chico) (Bettina Jenny 

et al., 2002; Veit, 1996). South of 38°S the influence of the Westerly Wind belt is continuous with 

high precipitation throughout the year (Weischet, 1974). The result is a north-to-south precipitation 

gradient, which is reflected in annual rainfall measurements. Boninsegna et al. (2009) noted an 

annual precipitation of 500mm/year at 31°S, which was increased till 2000mm/year at 36°S on the 

same elevation of 2500m. The boundary between the Ferrel and Polar cell in each hemisphere 

represents a very sharp gradient in temperature and is called the Antarctic Convergence Zone or 

Winter Polar Front (WPF). In winter, the polar front shift towards the equator. The present latitudinal 

position of the WPF (40°S) delimits the present-day Westerly Wind belt between 40° and 55°S (van 

Geel et al. (2000) in Boës & Fagel (2007)). The latitudinal position of the WPF moved southwards 

since the last deglaciation (Lamy et al., 2001). 
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3.3 CLIMATE PROXY STUDIES OF THE PAST MILLENNIUM IN CHILE 

 

The Late Holocene is characterized by more humid conditions, compared to the early –or mid 

Holocene. This is proposed by (Jenny et al., 2003) to be a possible result of increased summer 

insolation providing more moisture and an intensification of the Southern  Westerlies in Central Chile 

during the Late Holocene as well. The 20th century contains the most extreme periods of rainfall and 

drought in the last 400 years, with the driest period between AD 1819 to 1919 and wettest period 

from AD 1925 to 1949 (Boninsegna et al., 2009). A stronger interaction between middle and high 

latitudes is a possible explanation for the increased precipitation variability (Montecinos & Aceituno, 

2003).  

Systematic instrumental climate records in South America remained scarce till the end of the 19th 

century and the reliability of these first records is questionable. Due to measuring errors, inaccurate 

reporting and discontinuous data series, instrumental data in most parts of South America can only 

be used since the 1950’s (Prieto & García Herrera, 2009). A common practice is to use the 

instrumental data to calibrate historical and documentary records (Neukom et al., 2009). This way, 

historical records can provide relevant climate records dating back till the 16th century. Neukom et al. 

(2009) used weather reports in the local newspaper reporting summer precipitation and annual snow 

depth to make a 400 year precipitation record for Mendoza, Argentina. Prieto & García Herrera 

(2009) made an extensive overview off the most important historical records in South America. 

Relevant for this study is the historical precipitation record from Santiago based on the 

documentation of flood events. However, lack of references on the sources of information make the 

latter record not usable in any study. 

In order to make climate reconstructions on longer timescales, historical and instrumental data are 

not sufficient. Through time, several climate proxies were discovered that allowed to make 

temperature and/or precipitation reconstructions of the past millennia on a decadal, annual and 

even seasonal resolution. 

Various high-resolution climate studies exist that primarily focus on climate variability of southern 

South America of the past millennium. A wide array of different climate proxies has been used to 

unravel past climate and past Westerly Wind dynamics. Besides the most common proxies, like lake 

sediments, tree-rings and glacier records, over which an overview is given below, other less used, but 

certainly not less valuable, proxies have been used in climate research in South America. Veit (1996) 

made a reconstruction of Westerly Wind dynamics in northern Chile deduced from geomorphology 

and paleosols.  Micropaleontological records are fairly common, in lakes both pollen (Grosjean et al., 
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2001; Moreno et al., 2009) and diatom (Sterken et al., 2008) records have been used. In marine 

environments dinoflagellate cysts helped to document latitudinal shifts in the ACC (Verleye & 

Louwye, 2010). Although very useful, these climate proxies seemed less relevant for this study, given 

their often limited temporal distribution, and are not included in the proxy overview below. 

The main focus in this paragraph is how other authors recognized, interpreted and delineated the 

global climate anomalies in the last millennium known as the MCA and LIA on different latitudinal 

positions in Chile. 

 

3.3.1 LAKE/MARINE SEDIMENTS 

 

Several studies on lake sediments have been carried out, on strongly variable time scales and 

resolutions. They will be synthesized below and will be referred to during the discussion of our data 

(Chapter 8). 

 

3.3.1.1 LAGUNA ACUELO 

 

Jenny et al. (2002) conducted a multi-proxy study of lake sediments from Laguna Acuelo (34°S), 

which lies at the northern border of the Westerly Wind belt. The multi-proxy approach included 

magnetic susceptibility and geochemical analyses combined with diatom abundances to recognize 

flood events in the sediment cores as an indicator of increased winter precipitation. A 2000 year long 

record of moisture changes was made and four distinct periods with an increased frequency of flood 

events were recognized, around AD 200 – 400, AD 500 – 700, AD 1300 – 1700 and AD 1850 – 1998. 

The AD 1300 – 1700 period roughly corresponds to the regional manifestation of the LIA, with colder 

and wetter weather conditions (Veit, 1996). In the last 50 years, several flood events were correlated 

with El Niño events. 

 

3.3.1.2 LAGO PUYEHUE 

 

One of the lakes which has been intensively studied is Lago Puyehue (40°S), located in the Chilean 

Lake District. A 17,900 year long climate reconstruction has been made (De Batist et al, 2008) and 

several authors have focused on revealing and understanding the climate variability of the region 

during the past 600 years (Bertrand et al., 2005; Boës & Fagel, 2008). 

Bertrand et al. (2005) investigated the climatic significance of the sediment supply in Lago Puyehue. 

Based on mass accumulation rates of terrigenous material, it is possible to deduce features of 
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precipitation variability. They delineated two distinct periods: AD 1490 – 1700 is characterized by an 

increased terrigenous supply in the lake, caused by a wetter climate. This period is interpreted as the 

local signature of the onset of the LIA. The following period from AD 1700 – 1900 shows a decrease 

in terrigenous lake supply, linked with a drying climate. After AD 1900 volcanic and seismic activity 

and antropogenic euthrophication make the climate significance of the mass accumulation rates 

more ambiguous.  

Boës and Fagel (2008) examined the thickness of varved sediments for the last 600 years in 

laminated sediment cores from Lago Puyehue (Figure 3.7).  They found a strong statistical correlation 

between the total varve thickness and the austral autumn/winter precipitation. The strong 

autumn/winter Westerlies/precipitation months constitute the dominant climate forcing factors. The 

varved sediments provide a high-resolution record of rainfall variability, related to differences in the 

intensity of the Westerlies. They described eight periods of distinct precipitation quantities in the last 

600 years. The decadal scale provides an interesting reference record for this study. A summary is 

given below. 

- AD 1400 – 1510: dry period (minimal austral autumn/winter precipitation)  

- AD 1510 – 1630: Autumn/winter precipitation above 400mm/month 

- AD 1630 – 1730: More heavier autumn/winter precipitation period (500mm/month)  

- AD 1730 – 1780: short period of lower regional precipitation 

- AD 1780 – 1820: similar humid conditions as the 1630 – 1730 period  

- AD 1820 – 1920: a stronger interannual precipitation variability 

- AD 1920 – 1950: a more humid phase (higher lake level) 

- AD 1950 – 2000: precipitation in winter/autumn decreases up to present day conditions 

(450mm/month in May) 

The drier conditions in first period between AD 1400 and 1510 is explained to be the manifestation of 

a Late Medieval Climate Anomaly. Conditions associated with the LIA in South America are less clear, 

but the humid periods between AD 1630 and 1730 and AD 1780 and 1820 do show a comparable 

time interval with other studies. 
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Figure 3.7: Total varve thickness as determined from core PU-II gathered in Lago Puyehue. The record represents a period in 

time from AD 1408 to AD 2000. The reconstruction of paleo-precipitation is presented as a difference in the standard 

devation. +3σ corresponds to the maximal precipitation of more than 700mm/month. 0 corresponds to 400mm/month (Boës 

& Fagel, 2008) 

 

3.3.1.3 LAGO GUANACO 

 

Lago Guanaco (51°S), in SW Patagonia, has been the subject of a study by Moy et al. (2008). A slightly 

different approach in unraveling the climate could be used as biogenic carbonates, like ostracodes 

and bivalves are preserved in the lake. δ18O values from the carbonate shells are  influenced by the 

ambient temperature and isotopic composition of the lake water. In the 1200 year long records 

composed of δ18O values, Moy et al. (2008) found rather well delineated signals for a regional 

manifestation of the MCA and LIA. An arid period normally associated with the MCA is also 

recognized in the Lago Guanaco record. The termination of the drought period is around AD 1200 

and consists of a peak in δ18O. In delineating the LIA period, the δ18O values are backed up by C/N 

and pollen analyses to indicate higher evaporation and precipitation rates, between AD 1550 and 

1850, as a consequence of the intensified Westerly Winds. Moy et al. (2008) relate the increase of 

Westerly Wind activity, with an overall increase of the atmospheric circulation patterns in the high 

latitudes of the Southern Hemisphere. 
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3.3.1.4 MARINE RECORDS 

 

Marine sediments on the continental slope close to the coast off Chile hold information on the origin 

of the fluvial freshwater input from the continent. Lamy et al. (2001) made a reconstruction of 

rainfall variability based on a sediment core taken from a small fore-arc basin in the upper part of the 

continental slope at 41°S latitude. The core provided a 7,700 year long record of this variability. They 

used the iron content in the sediment, combined with the clay mineralogy as a proxy for 

precipitation strength. X-ray fluorescence scanning of the sediment cores allows a semi-quantitative 

analysis of the iron content in the sediment. The sources of downcore variation in the iron content 

are unique to the Chilean coast/continent. In less humid periods, the Andean rocks become the 

largest contributor of sediment input on the continental shelf. Knowing that these rocks generally 

contain high iron concentrations, lower iron intensity in the marine sediment should indicate higher 

precipitation. More humid conditions increase the importance of input from the Central Valley and 

the Cordillera de la Costa, containing less iron. 

As seen in Figure 3.8, the sediments give a clear documentation of the MCA and LIA. Less humid 

conditions around AD 1250 are interpreted as the regional fingerprint of the MCA. A later humid 

period is shown after AD 1500, but no clear indication of the exact date is given. These variations are 

connected with shifts in the position of the Westerly Wind belt. The MCA coincided with a poleward 

shift of the Westerlies. The more humid condition during the LIA are linked to an equatorward shift 

of the Westerlies (Lamy et al., 2001). 

Another marine sediment core of the Chilean continental slope was taken more to the north at 

approximately 33°S (Lamy et al., 1999). This core provided a 28,000 year long record of terrigenous 

input and was used to investigate shifts in the latitudinal position of the Westerlies during the Last 

Glacial Maximum and the Holocene. Such long records are the main advantage of marine sediments 

compared to lake sediments, as lake sediments from Patagonia generally cannot provide records 

older then the Holocene due to freezing and glacial scouring of the lake. The transition between the 

Last Glacial Maximum and the Holocene was regionally characterized by a more arid climate in 

Central Chile as a result of a poleward shift of the Westerlies (Lamy et al., 1999). This was followed by 

a more stable climate in the Middle-Holocene, evolving to more variability during the Late-Holocene 

(past 4,000 years). 
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Figure 3.8: Sedimentological proxy data of Lamy et al. (2001). A) Smectite content, B) smectite crystalinity and C) iron 

content (cps). The prominent climate phases in the Late Holocene like the LIA and MCA, correspond with humid and less 

humid conditions (Lamy et al. 2001) 

 

3.3.2 TREE RINGS 

 

The use of tree rings is widespread in climate reconstructions, as the width of the rings of certain 

species of trees shows a very good correlation with temperature (Briffa et al., 2001). The rings 

represent the seasonal variation of temperature between summer and winter that make climate 

research possible on an annual scale. The aforementioned global temperature reconstruction made 

by Mann et al. (1999) is based primarily on tree ring data, which acknowledges the value of tree rings 

in this type of studies. 

A 1120-year summer temperature reconstruction, using tree-ring data out of northern Patagonia 

(37°S – 46°S), was made by Villalba (1990) (Figure 3.9). He described four distinct climatic intervals, 

starting with a cold and moist interval from AD 900 to 1070, followed by a warm and dry period from 

AD 1080 to 1250, which coincides with the MCA (Boninsegna et al., 2009). Then a cold and moist 

period followed between AD 1270 and 1670 and reflects the local effects of the LIA. Thereafter a 

period of variability is recognized, with warmer conditions between AD 1720 and 1790 and AD 1850 

to 1890. 
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Besides temperature, precipitation can be reconstructed using tree rings as well. It is not common 

that tree rings preserve a precipitation signal. When trees grow in (semi-)arid regions and are subject 

to moisture stress in the summer, their grow will respond to moisture availability and consequently 

with rainfall variability (Boninsegna et al., 2009). Le Quesne et al. (2009) made a reconstruction of 

rainfall variability back to AD 1300, based on trees found in the region of Santiago (32°S – 34°S) at 

altitudes between 1600 and 2200m (Figure 3.10). It is one of the longest records made for Santiago, 

were decadal variation is shown. Such a long record was made possible by the cold and aridity of the 

area, which helps to conserve fossil wood. They observed three distinct peaks of wetter condition 

around AD 1500, AD 1650 and AD 1850. These peaks are preceded and followed by significant 

periods of drought before AD 1430 and after AD 1900. 

 

 

Figure 3.9: Tree ring reconstruction of summer temperature departures for the northern Patagonian Andes (Villalba, 1990) 

 

 

 

Figure 3.10: a) Tree ring reconstruction of Santiago de Chile precipitation from AD 1280 – AD 1990  (Le Quesne et al. 2009) 
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3.3.3 GLACIER/ICE SHEET RECORDS 

 

Records of variability in the extent of glaciers in Patagonia (40° - 52°S) are regularly used in climate 

studies. Both temperature and precipitation have a significant influence on glacier fluctuations 

(Thompson et al., 1986). Recent advances of Andean glaciers correlate well with the LIA time span 

(Jomelli et al., 2009), demonstrating the lower temperatures and increased precipitation during this 

period in the region. Andean glaciers are generally studied in two different ways. Fluctuations in the 

extent of glaciers is either reconstructed using historical records, which in South America date back 

to the late 18th century for some regions (Masiokas et al., 2009) or by studying and dating moraine 

deposits (Jomelli et al., 2009; Masiokas et al., 2009).  

Jomelli et al. (2009) reviewed the same methods on glaciers and moraine deposits in the tropical 

Andes (10° - 16°S) and found comparable results with early advances stopping at AD 1350, a period 

of maximal extent between the 17th and 18th centuries followed by general glacial retreat in the last 

century. Due to the lack of accurate dating methods on the moraine deposits, glacier fluctuations can 

only give rough estimates on the time interval of varying precipitation and temperature conditions. 

Masiokas et al. (2009) provided an extensive overview on the study and results of numerous Andean 

glaciers between 17° and 55°S. In the Central Andes (31° - 36°S), the maximal glacier expansion of the 

LIA was around the 16th century. The 20th century is characterized by a retreat of most of the glaciers, 

this is linked to the regional warming in the Central Andes and a decline of precipitation in Central 

Chile over the last century (Le Quesne et al., 2009). In the northern Patagonian Andes (36° - 45°S), 

glacier records are less accurate, but a maximal extension of glaciers seems to have happened 

between the 16th and 19th century (Figure 3.11). This interval can be regarded as the LIA (Mann et al., 

2009). The glaciers generally shrank in the last century as well, again related to a significant decrease 

in winter precipitation (Masiokas et al., 2009).  

The northern and central part of the Andes are covered with ice sheets between 5000 and 7000m 

altitude while in Patagonia glaciers occur at sealevel, taking cores at stable accumulated parts of the 

cap can provide continuous climate archives. Ice cores provide an array of climate proxies, including 

stable isotopes, pollen, dust etc. (Thompson et al., 1986; Vimeux et al., 2009). Cores taken in the 

Andes cover typically the last 20,000 years with only the last millennium or centuries on a seasonal to 

decadal resolution (Vimeux et al., 2009). The Andes Cordillera provides an almost continuous north-

to-south distribution of glaciers on the South American continent, which are proven to be useful in 

Southern Hemisphere climate reconstructions of the past millennium. 
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 Ice cores are known to provide a much better dating control, through the existence of seasonal or 

annual layers. Due to accumulation effects this annual resolution is often restricted to the last 

centuries, evolving to a decadal resolution deeper in the core (Vimeux et al., 2009). However there 

are exceptions like the Quelccaya ice cap (Thompson et al., 1986). A useful proxy involving ice cores 

is the possibility of measuring δ18O-variations throughout the core, as an indicator of paleo-

temperature variability. Vimeux et al. (2009) described periods of distinct δ18O-depletion between 

AD 1600 and 1780, again coinciding with aforementioned dating intervals for the LIA.  

 

 

Figure 3.11: Fluctuations in extent of the Frías Glacier in the North Patagonian Andes, during the past four centuries 

(Masiokas et al. 2009)  
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 4. USING LAKE SEDIMENTS TO RECONSTRUCT PAST ENVIRONMENTAL 

CHANGES 

 

Due to the relatively fast sedimentation rates (typically around 1mm/year), lake sediments provide a 

high resolution record of climate variability. A large array of different proxies can be used to 

investigate this variability. Each proxy has a specific relation with certain aspects of regional or global 

climate and environmental change. It is important to understand what drives variability in the proxies 

used and how this variability correlates with environmental parameters. This thesis will use proxies 

of which the significance has already been established by earlier research. Two different kinds of 

parameters will be investigated in order to make a quantification of the allochtonous sediment 

component in the lake sediment that can be correlated to precipitation variability. First the 

catchment and variations of terrigenous input in the lake is analyzed by measuring the 

concentrations of Al, Fe, Ti and Zr in the sediment samples (Fey et al., 2009). This can be compared to 

variations in the sources of organic matter in the lake sediments. Organic matter in lake sediments 

can be either provided by primary production in the lake (autochtonous component)  or be washed 

into the lake by run-off of terrestrial plant material (allochtonous component) (Meyers, 1997). 

Specific analyses have been chosen in order to be able to make a distinction between these possible 

sources which.  

 

4.1 INORGANIC PROXIES 

 

The anorganic geochemical composition of the sediment provides valuable information about the 

run-off of sediments in the lake. Changes in Ti, Rb, K, Zr, and Si are related to variations in the 

minerogenic input in the lake (Kylander et al., 2011). Elevated values of the aforementioned 

elements are the consequence of enhanced weathering of silicates in the watershed (Koinig et al., 

2003). Several other elements can be added in this sequence, depend on the composition of the 

outcropping rock in the catchment area. For example, the concentrations of Ca and Fe are expected 

to represent a fraction of the terrestrial run-off as well. This is a consequence of the relatively high 

concentration of andesite and basalt in the different catchment areas.  All these elements can be 

used to quantify the clastic input in the lake which is directly proportional to regional changes in 

precipitation. The aforementioned indicators of a terrigenous input will be normalized against the Al 

concentration. Previous studies show that Al is one of the best indicators of lithogenic input in the 
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sediments as it is independent from hydrodynamic processes (Warrier & Shankar, 2009). So, in this 

study ratios like Ca/Al, Ti/Al, K/Al or Zr/Al will be used, combined with organic proxies and magnetic 

susceptibility to quantify the terrigenous input in the lake. Kylander et al. (2011) used the Zr/Rb ratio 

as a reliable indicator for grain-size, higher values for the ratio indicate higher Zr input which is 

closely related to coarse grain quartz input. Rb is associated with clay minerals a decrease in the ratio 

indicates a higher contribution of clays. However, some other influences can disturb the signal 

retrieved from these elements, so it does not solely depicts clastic input. For example, the Zr/Rb ratio 

measured on tephra layers will not represent grain-size as the composition of the tephra will differ 

from the common terrigenous input. The silica concentration can be divided into a detrital source 

and a biogenic source, since the diatom frustules, which are a main component of the sediment in all 

lakes, are built out of Si (Peinerud, 2000). Paleo-environmental studies do not require quantitative 

analyses of geochemical data. Trend lines and relative concentration of certain elements are 

sufficient to make a representative interpretation of variability in the environment (Kylander et al., 

2011). Active pollution in the studied region can be traced in the sediment using Pb and Zn 

concentrations (Koinig et al., 2003). 

Mn and Fe concentrations can be applied for the reconstruction of redox conditions in the lake 

(Davison, 1993). Valuable information of the lakes’ mixing regime can be retrieved from Mn and Fe 

concentrations and their ratio. In meromictic lakes, no mixing of the water column occurs and an 

anoxic layer typically forms at the bottom and sediment interface. Mn/Fe-ratios will become low 

when this anoxic bottom layer has formed, due to the fact that the reduced form of iron is unstable 

in the water column (Koinig et al., 2003) and higher Mn2+ concentrations. 

 

4.2 ORGANIC PROXIES 

 

Another way to quantify the terrestrial run-off is to assess variability in terrestrial organic matter 

concentrations in the lake sediments. A distinction has to be made between the terrestrial 

component and the contribution of primary productivity (autochtonous component) in the total 

organic matter fraction in the lake. The primary productivity by algae is influenced by different both 

external and internal mechanisms (Meyers, 1997). The main source of variation in the primary 

productivity is the nutrient availability in the water column. Lakes are surrounded by land and have 

typically higher influx rates of nutrients than marine environments. A second feature that will 

influence the rates of primary productivity is the degree of mixing in the lake. When organisms die, 
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they will sink to the bottom of the lake, extracting nutrients from the photic zone and incorporating 

them in the sedimentary record. The mixing of the lake will result in recycling of nutrients and an 

increase of primary productivity. Furthermore, the supply of nutrients from the land surrounding the 

lake will be very dependent on changes in precipitation. Higher precipitation rates will as a 

consequence provide a higher supply rate of nutrients, which will induce a higher primary 

productivity that can be recorded in the accumulation of organic matter in the sediments (Meyers, 

1997). In shallow lakes, the degree of mixing can be influenced by the strength of the wind. A more 

powerful wind regime can induce a higher degree of mixing which will positively influence the 

primary productivity rate in the lake. 

The C/N ratio provides a valuable tool for distinguishing the different sources of organic matter in the 

sediment. The C/N ratio in sediments is directly proportional to higher or lower concentrations of 

cellulose in the plant sources of organic matter (Meyers & Ishiwatari, 1993). Nonvascular aquatic 

plants or algae typically have a C/N ratio between 4 and 10, while vascular land plants contain 

cellulose and yield C/N ratios well above 20. The C/N ratio found in lake sediments will in most cases 

reflect the mixing of aquatic and terrestrial sources of organic matter, with higher C/N ratios 

reflecting a higher contribution from terrestrial sources. Some bias in this method is introduced by 

changes in grain-size. Coarse grained material will typically contain relatively more intact land plant 

debris, causing an overestimation of the terrestrial contribution. Finer grained sediments contain a 

larger clay fraction which adsorbs ammonia due to their negative surface charges. The uptake of 

inorganic nitrogen causes decreasing C/N ratios. However, these two phenomena are limited in the 

sediments used in this study. The sediments used are fine enough to limit a fraction of preserved 

plant debris and the proportion of carbon to nitrogen is very high which makes variations in nitrogen 

content less significant in the C/N ratio (Meyers, 1997). 

The most common use of the stable isotopic composition of carbon in paleoclimatic studies is to 

make a distinction between C3 and C4 land plants (Meyers, 1997; Pancost & Boot, 2004). The carbon 

isotopic composition of land plants is influenced by the used mechanism to assimilate carbon during 

photosynthesis. C4 plants are relatively enriched in 13C compared to C3 land plant (Figure 4.1). This 

difference is valuable for environmental reconstruction because C4 plants typically represent warm 

and tropical conditions compared to C3 plants which imply cooler or temperate conditions. Such 

large changes in vegetation require relatively long time periods, longer than the used records in this 

study represent. Instead, the δ13C of organic material can be used to track changes in 

paleoproductivity, with higher δ13C values corresponding to measured primary productivity. This 

assumption is based on the fact that increased productivity will mainly extract 12C from the DIC 
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reservoir, resulting in enrichment of 13C of the DIC and thus increasing δ13C of the primary production 

making it less negative (Meyers, 1997). 

 

Figure 4.1: C/N ratio and isotopic (δ
13

C value) identifiers of organic matter produced by marine algae, lacustrine algae, C3 

land plants and C4 land plants (Meyers, 1997) 
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5. STUDY AREA 

 

The lakes studied in this thesis are located along a N-S transect in South-Central Chile. Chile is a 

geologically very active region, as indicated by its position along the so-called Ring of Fire. The high 

volcanic and seismic activity is the consequence of the subduction of the Nazca oceanic plate 

beneath the South American plate. The Andes mountain range, stretching from north to south along 

the Pacific coast of the South American continent, is the main topographic expression of this ongoing 

subduction. The Andes reaches a mean elevation of 4000 m and contains several active volcanoes. 

This geological activity causes the constant risk of natural hazards, including large earthquakes, 

volcanic eruptions and tsunamis. The sedimentary deposits of extreme events of this kind in the past 

can still be recognized and some are widely used as stratigraphic markers (Bertrand et al., 2008; 

Moernaut et al., 2007) (see further). 

Four sediment cores, retrieved from four different lakes, were selected for this study. All the lakes 

are located in South-Central Chile, between 30° and 46°S. They are located along a north-to-south 

transect, and their elevation varies between 5 m (Lago Vichuquen) and 2700 m (Laguna Negra) 

(Figure 5.1). The nature of the sediments deposited in the lakes depends of the position of the lake 

compared to its environment. The catchment is a general term to describe the geographic area from 

which the run-off is drained into the lake. Differences in rock outcrops in the catchment area will 

induce differences in the lake sediment composition. Below a brief description is given of the lakes 

and of the geographical, geomorphological and geological features influencing the sedimentation.  
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5.1 LAGUNA NEGRA  

 

Laguna Negra (33°38’S, 70°07’W) is the northernmost lake included in this study. It is located about 

50 km east to south-east from the Chilean capital Santiago in the Cordillera de los Andes. Laguna 

Negra is an important fresh water reservoir for the water supply of the city. The proximity and 

eastward position of the lake compared to the urban region of Santiago, allows the reconstruction of 

the historical industrial evolution of Santiago (i.e. fallout of atmospheric pollution) (von Gunten et al., 

2009b). The lake is described as a monomictic, oligotrophic lake of combined glacial/landslide origin 

(von Gunten et al., 2009a). The southern side is dammed by a large moraine ridge. It has a remote 

position at an elevation of 2700 m between mountain peaks exceeding 4000 m in height. Only an 

incomplete bathymetry map, provided by (von Gunten et al., 2009a), is available. Bathymetric data 

suggests the depth of the lake is over 350 m.  

Figure 5.1: General localization of the lakes used in this study 
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The lake’s position in the middle of the Andes, is reflected in the surrounding outcrops as well 

(Geological map, Appendix A). These can be divided into four different geological units. The western 

and eastern border of the lake are composed of volcanic rocks (OM2c and M3i), more specifically 

andesite and dacite complemented with pyroclastic material with an age varying between Oligocene 

and Middle-Miocene.  In the north there is an Upper-Miocene complex (Msg), composed mainly of 

granodiorites. Several active volcanoes are located in the immediate vicinity of Laguna Negra. The 

San José volcano is located just 20 km south-east of Laguna Negra. Others include Tupungato and 

Tupungatito. 

Laguna Negra lies at the border of the strong Westerly influence, and paleoclimatic records from this 

lake should thus record changes in rainfall variability and in the intensity of the Westerlies. A climate 

diagram is shown in Figure 5.4. It is composed of data from Santiago (Figure 5.4), which is the closest 

city/town near Laguna Negra. Note that Laguna Negra lies at a much higher elevation compared to 

Santiago. As a consequence, temperatures at Laguna Negra will be lower and the annual 

precipitation will be higher.  The current climate in the region of the lake is classified by Köppen as 

mediterranean with dry and warm summers (Csb) and semi-arid vegetation. 

 

 

Figure 5.2: Satelite image of Laguna Negra, clearly showing the lack of vegetation in the catchment. (Google Earth) 
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Figure 5.3: Partial bathymetry map of Laguna Negra, with indication of the coring position in red (von Gunten et al. (2009a) 

 

 

 

Figure 5.4: Climate chart of precipitation for Santiago, clearly indicating the seasonality of rainfall. The most significant part 

of the annual precipitation falls during austral winter (http://www.climate-charts.com)  
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5.2 LAGO VICHUQUÉN 

 

Lago Vichuquén (34°48’S, 72°03’W) shares its name with a small city located about 5 km southeast of 

the lake. The northern tip of the lake is only 3km removed from the Pacific coast, and the elevation 

of the lake is less than 2 m above sea level. The lake is surrounded by hills up to 400 m asl. The water 

column owns a clear stratification, with a five meter thick anoxic water layer at the bottom as 

deduced from a CTD-profile (Figure 5.5 & 5.6). 

Initially, the lake developed as a river, flowing from east to west and draining into the Pacific Ocean. 

However, due to the uplift and tilting of continental Chile which is still in progress today, a lake 

developed in the valley (i.e. isolated basin), which in an early stage was still connected with the sea 

and formed a lagoon. There is no exact indication of the age when the lake became isolated but a 

similar marine to lacustrine evolution for Lago Lanalhue and Lago Lleulleu has an early Holocene age 

(Stefer, 2009). A marine influence in the lake is still expected after the isolation. Large tsunami events 

could, due to the lack of high relief and the proximity of the lake to the ocean, possibly reach 

Vichuquen.  

Lago Vichuquén is positioned on the boundary between two geological units (Geological map, 

Appendix A). In the west, a Carboniferous, metamorphic complex is found, composed of metabasalt, 

metachert and serpentinites. East of the lake a comparable complex is found, but composed mainly 

of phyllite and slate. No active volcanic complexes are in the vicinity of Lago Vichuquen, so no 

tephras deposits should be expected. Current climate is described as semi-arid and classified as 

mediterranean (Csb) on the Köppen-scale with a mild climate with dry and warm summers. The 

climate chart of Curepto, 20 km south of Lago Vichuquen, confirms the lower precipitation rate 

compared to lakes further to the east, but with the same seasonality (Figure 5.7). 

 

Figure 5.5: Results of a CTD profile, with indication of temperature (blue), oxygen-level (green) and salinity (red)., gathered 

in the immediate vicinity of the position of VIC07 (Van Daele, personal communication) 
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Figure 5.6: Satelite image of Lago vichuquen, with indication of the coring position of VIC07, presented here by lack of a 

bathymetry map. The coringand CTD position of VIC07 is indicated in red (Google Earth) 

 

 

Figure 5.7:  Climate chart  of Curepto, 20km south of Lago Vichuquen,  indicating the annual 

distribution of precipitation (http://www.climate -charts.com)  
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5.3 LAGO RANCO 

 

Similar to Lago Vichuquén, Lago Ranco (40°14’W, 72°23’W) shares it name with a small town in its 

immediate vicinity. It lies at the western foot hills of the Andes at an elevation of 65 m above sea-

level. Lago Ranco is a monomictic, oligotrophic lake with elevated Si-concentrations. The main supply 

of nutrients for the production of plankton is provided by inflow by rain or snowmelt (Campos et al., 

1982). The bathymetric map (Figure 5.9) shows depths exceeding well over 100 m. The core RAN7 

was taken on a small platform at the west of the lake at a significant distance away from the edges of 

the lake. The location is ideal to get a long continuous record of sedimentation, as earthquake-

induced mass-wasting events, rock slides or turbidites are not expected to reach the location of 

RAN7. Less ideal is the distance between the coring site and the main water inflows in the lake, which 

are located at the other side of the lake in the east. Small variations in terrestrial input are to be 

expected. 

During glacial periods, the lake basin was scoured by the piedmont glaciers coming from the Andean 

mountain range. Clear geomorphological proof of the presence of these glaciers can still be seen 

today (Geological map, Appendix A). The circular shape around the west side of the lake consists of 

moraine deposits (Q1g3), representing a maximal glacier extent over the lake. Around the moraine 

deposits, glacial and fluvial gravel, sand and silt, which can be considered as glacial outwash deposits, 

are found (Q1g1). The eastern side of the lake is surrounded by typical Andean rock formations, 

including Carboniferous granite (CpG) in the north, Miocene granodiorite (Mg) in the east and 

Quaternary volcanic sediments and andesites in the south and southwest. In the north and south, the 

lake is practically bounded by active volcanoes, most notably the Puyehue-Cordon de Caulle complex 

in the south and the Choshuenco volcano in the north. Tephra deposits in Lago Ranco are to be 

expected. 

The current climate conditions at Lago Ranco are characterized by heavy winter precipitation of over 

2400 mm/year (Campos et al., 1982) (Figure 5.10). The climate is described as a marine west-coast 

climate (Cfb) with no dry season and warm summers.  
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Figure 5.8: Satelite image of Lago Ranco (Google Earth) 

 

 

Figure 5.9: Bathrymetry map of Lago Ranco with the coring position of RAN7 indicated in red (Doom, personal 

communication) 
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Figure 5.10: Annual precipitation chart of Lago Ranco, a city at the southern side of the lake (http://www.climate-

charts.com) 

 

5.4 LAGO CASTOR 

 

Lago Castor (45°35’W, 71°46’W) is located in northern Patagonia, 45 km east of the town of 

Coyhaique. An important difference with the previously mentioned lakes is its location east of the 

main Andes ridge. The maximal peak height in this part of the Andes does not exceed 1500 m, but 

still gives rise to a steep precipitation gradient from the coast inland. The region’s climate is classified 

as marine west-coast (Cfb) with warm summers and no dry season. The average precipitation 

measured at Coyhaique is 300 mm/year, a low value with stronger seasonality caused by the eastern 

position of the lake compared to the Andes (Pozo et al., 2007). The difference in elevation between 

Coyhaique (250 m asl) and Lago Castor (725 m asl) will induce more precipitation and lower 

temperatures at Lago Castor. But the climate chart in (Figure 5.13) will be more or less the same for 

Lago Castor. As it is located east of the main Andes ridge, where volcanoes like Maca, Coy, Montolat 

and Hudson are located, it is likely that tephra layers will be deposited and preserved in the lake 

sediment as a consequence of the prevailing westerly winds. The most likely source of tephras 

deposits in the lake is Mount Hudson 150 km south-west of Lago Casto. Historical evidence exists of 

several large eruptions (Naranjo & Stern, 2004). The bathymetry of the lake on average is 35 m with 

maximal depths of about 50 m (Figure 5.12). The lake state is oligotrophic.  

The lake is surrounded by Cretaceous rock outcrops, reflecting the typical compositions of Andean 

rocks (Geological map, Appendix A). The west is dominated by an Upper-Cretaceous intrusion 

consisting with gabbro and granodiorite (Ksg). The other parts surrounding the lake are composed of 
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volcanic rocks. In the north, Upper-Cretaceous basalts and dacite (Ks3i) are found and in the south 

are outcrops of Lower-Cretaceous basalt and andesite. 

 

Figure 5.11: Satelite image of Lago Castor (Google Earth) 

 

 

Figure 5.12: Bathymetry map of Lago Castor, with indication of the coring position in red (Vandoorne, Personal 

communication) 
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Figure 5.13: Annual precipitation chart of Coyhaique, located 45km west of Lago Castor (http://www.climate-charts.com) 
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6. METHODOLOGY 

6.1 CORING 

 

The cores used in this study were collected by a team of researchers of RCMG, during a field 

campaign in austral summer 2010-2011. On Lago Castor, a seismic survey was conducted in the lake 

basin prior to the coring, in order to be able to select the best, i.e. turbidity-free, coring sites. The 

short cores were collected with a gravity corer from a zodiac. The gravity corer is able to collect 40 to 

150 cm long cores, while ensuring minimal disturbance of the sediment. The corer only relies on its 

own weight to penetrate into the sediment. The sediment was transferred from the corer into PVC 

tubes with a diameter of 5 cm, sealed and transported to Ghent University for further analysis. Four 

shortcores, from four different lakes, were selected and used in this study. Details of these cores are 

found in Table 6.1. 

 

 

CAST 1A SCO2 NEG6 VIC07 RAN7 

Date of Coring 05/02/2011 15/01/2011 18/01/2011 26/02/2011 

Core Length 42 cm 62 cm 123 cm 63 cm 

Water Depth 48 m 255 m 22 m 143 m 

Latitude (S) 45.5843 33.64631 34.82325 40.23376 

Longitude (W) 71.7537 70.12961 72.0605 72.48692 

 

6.2 CORE DESCRIPTION 

 

The sediment cores were opened at Ghent University using a bench saw. Next the cores were split in 

two equal halves using a fishing line and a copper plate. The archive half was covered with plastic foil 

and stored in a refrigerator. The other half, the sampling half, was taken to the lab in order to make a 

detailed description.  

While making a description, special care was taken in order to discern core sections with undisturbed 

and laminated sediment from homogeneous turbidite and tephra layers. Certain colour codes were 

Table 6.1: General characteristics of the sediment cores, including date, length, bathymetry and position. 
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attributed to core sections using a Munsell Colour Guide. Smear slides were made at potentially 

interesting sediment transitions, which were reflected by colour differences and grain-size variations. 

Afterwards, the core halves were completely photographed in sections of 15 cm with a Canon Eos 

500D digital reflex camera. The different photo sections were later on stitched using the Corel 

PhotoPaint software. 

The sampling halves of every core were completely sampled at 1 cm intervals and stored in plastic 

vials in the freezer at a temperature of -18°C. Next, all samples were freeze-dried in order to remove 

all the water from the sediment. A rather good estimate of the water content can be made, based 

upon the weight difference before and after the freeze-drying of the samples. While describing the 

cores, special care was taken to limit the exposure of the sediment to the air, in order to prevent 

significant water loss by evaporation, which could lead to colour changes and the formation of 

desiccation cracks on the exposed surface. 

6.3 MAGNETIC SUSCEPTIBILITY 

 

Before opening the cores, all cores were logged with a GEOTEK multi-sensor core logging at ETH, 

Zurich. The GEOTEK Core logger provides non-destructive and fast analyses of different proxies. Both 

γ-ray density and magnetic susceptibility were measured. Magnetic susceptibility was measured with 

a loop sensor at a 5 mm resolution. The GEOTEK sensor yields a mean value over the whole 5 mm 

interval.  

Magnetic susceptibility is a dimensionless parameter, which gives an indication of the degree of 

magnetization of a material. In sediments, magnetic susceptibility is primarily controlled by the 

presence of magnetisable elements like Fe and Mn. In the context of lake sediments, elevated 

magnetic susceptibility is commonly used to represent a higher terrigenous or volcanogenic input in 

the lake. 

The magnetic susceptibility was measured again on the split core sediment surface at a 2.5 mm 

resolution, using a Bartington MS2 device with a high-resolution point sensor. Only a plastic foil was 

left to cover the sediment, to prevent dirtying and contamination of the point sensor and desiccation 

of the sediment surface. 
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6.4 LOSS ON IGNITION (LOI) 

 

Loss on ignition is a common method to estimate the organic matter and carbonate content in lake 

sediments. Its use in paleoclimatic studies is widespread due to the fast and inexpensive procedure. 

LOI was most recently reviewed by Heiri et al. (2001) and the exact same procedure as described in 

this paper was followed. Freeze-dried samples of 1 g (± 0.030g) were used, because LOI550 is 

dependent on the sample weight (Heiri et al., 2001). The samples were put in warmth-resistant cups 

and underwent three consecutive cycles of heating.  

The first cycle exposed the samples to 105°C for 24 h, to assure complete drying of the sediment. 

After heating, the cups with the samples are put in a glass bell with silica gel at the bottom, to be 

able to cool down without re-absorbing any water. Cooled down samples are weighted, this weight 

represents the dry weight of the sample and is hereafter referred to as DW105. The second cycle 

involves a heating to 550°C for 4 h. At this temperature, organic matter is combusted to ash and 

carbon dioxide and removed from the samples. The samples are weighed again after cooling. This 

gives us the dry weight of the sample after heating to 550°C, referred to as DW550. The weight loss of 

a sample between the first two cycles gives a proportional estimation of the organic matter 

concentration in the sediment and is calculated by the following formula: 

       
              

     
     

LOI550 represents the percentage of organic matter present in the sample. In the third and final cycle, 

the samples are heated to 950°C for 2 h. Carbonates present in the sediment sample are combusted 

to carbon dioxide, leaving behind only oxide. The concentration of carbonates is again quantified by 

the weight difference between the second and third heating cycle. The dry weight after the 950°C 

heating cycle is represented as DW950. Percentages are calculated by the following formula: 
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6.5 Δ13C, Δ15N AND C/N 

 

The preparation procedure for the isotopic analysis of C and N was carried out in Ghent, while the 

actual measurements were performed at the Geology Department of the Free University of Brussels 

(VUB), with the help of Prof. Dr. E. Keppens. 

The preparation method started with the grinding and homogenizing of freeze-dried sediment, using 

an agate mortar. After grinding, the samples are weighed and put in pressed silver cups of 5 x 9 mm. 

800 – 1000 µg of carbon, will provide 75 – 100 µg of nitrogen in lake sediments. This weight can be 

estimated by using the LOI550 data. For example, 10 % LOI550 will contain 4 % TOC. So, to get 1000 µg 

of carbon in the cups, 25 mg of sediment should be analyzed. Silver cups were used instead of tin 

cups, due to their larger durability and rigidity. First, 50 µl of Milli-Q was added and then 50 µl of 

hydrochloric acid in order to remove carbonates in the sample, the Milli-Q is added to prevent a 

strong reaction. All of the samples were stored in a furnace of 50°-60°C for the night. The day after, 

the silver cups were closed. The samples included 10 % doubles, used as control for systematic errors 

in the measuring method.  

Samples were analyzed with a Thermo-Elektron Corp. Delta V isotope ratio mass spectrometer, 

connected to a Thermo-Finnigan Interscience “Flash” EA 1112 series Element Analyser. During the 

analysis, a carrousel of 50 samples can be loaded that can be measured continuously. It is necessary 

to include several standards to correct for atmospheric contamination, background signal and 

measurement drift, and for quantifying the sample signal. Those standards include Acetanilide 

(C8H9ON), sucrose (CH6), N1 (ammonium sulphate) and blank cups. One of each standard was added 

for every eight regular samples. By the spinning of the carrousel, samples are one by one dropped 

into the furnace, where diatomic nitrogen and carbon dioxide are formed by flash combustion at 

980°C and chromatographical separation. The nitrogen and carbon is lead to the mass spectrometer 

by a He flow and isotopic composition is then measured. The full analysis of one sample takes about 

nine minutes to complete.  

After the measurements, some processing is still needed in order to obtain relevant data. The 

measured peak area of carbon and nitrogen correlate with the actual concentrations. The average 

signal of the blanks represents the background signal and is subtracted from the data signal. 

Thereafter the carbon composition is quantified using the sucrose standards, with a fixed δ13C 

composition of -10.449 ‰, the nitrogen composition using the N1 standards with a δ15N composition 

of +0.43 ‰ and the C/N ratio is determined using the signal of the acetanilide standards C: 71.09 % 

and N: 10.36 %. 
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6.6 X-RAY FLUORESCENCE CORE SCAN (XRF) 

 

X-ray fluorescence is a very common analysis in paleo-environmental studies on lake or marine 

sediments (Weltje & Tjallingii, 2008). It is a fast and non-destructive way of measuring certain 

element concentrations, directly on the split surface of the core. 

When particles are emitted with X-rays or gamma rays, atoms can be ionized. This results in the 

repulsion of electrons in lower lying orbitals, creating vacancies in the structure of the atom. These 

vacancies leave the atomic structure unstable and electrons in higher orbitals can fall back to lower 

energy levels. Due to the energy difference between inner and outer orbitals, energy will be emitted 

as a pulse of secondary or fluorescent x-rays (Weltje & Tjallingii, 2008). This energy is characteristic 

for the element while the amplitude of the signal represents the concentration of the element at the 

exposed surface. By measuring the energy-level of the photon (in counts-per-second or cps) element-

concentrations or ratios can be calculated. For the use in elemental analyses, x-rays are generated in 

an x-ray tube which consists of a cathode and anode. Thermal electrons at the cathode are 

accelerated at a high voltage to the Rh-anode, generating x-rays by impact focussed at the sediment 

surface. The resulting secondary or fluorescent x-rays are detected as an electrical pulse, one 

detected pulse equals one count. Counts are measured over a certain time span, the lower the 

concentration of certain elements in the sediment, the higher measuring time intervals are needed. 

In this study all the XRF results are measured during a period of 10 s.   

The XRF analysis was carried out at the Royal Netherlands Institute for Sea Research (NIOZ) in Texel, 

using an AVAATECH Core Scanner. Little preparation is needed of the sediment cores, the upper 

sediment is scraped off to expose a fresh surface. Caution has to be taken that the surface is 

equalized very well to guarantee maximal measuring quality. The surface is then covered with a 4 µm 

nalgene Foil, to prevent contact between equipment and sediment and desiccation of the sediment 

surface (Tjallingi et al., 2007). 

The split cores were analysed in two runs with different voltages. The first run with a 30 kV voltage, 

allows measurement of Fe, Zn, Cu, Br, Rb, Sr, Zr and Pb. In a second run, a lower voltage of 10 kV is 

applied to measure Al, Si, S, Cl, K, Ca, Ti, Cr and Mn (example output: Figure 6.1). The ionisation 

energy of elements usually increases with the atomic mass. The split cores are analysed on a 5 mm 

resolution, with a measuring time of 10 s per interval. Measuring time can be increased or decreased 

depending on the element concentrations; 10 s proved to give good results for most major elements. 
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Afterwards, the cores were scanned with a single row pixel sensor instrument. This provides a clear 

and undeformed image of the cores and delivers more qualitative images than using a standard 

digital reflex camera. The image is made continuously over the core, so the deformation of the 

perspective is kept to a minimum.  

 

Figure 6.1: Example of a XRF spectrum measured at 735mm depth in VIC07. The y-axis represent the total number of counts 

measured during a 10s interval on a voltage of 10keV 

 

6.7 SEDIMENT CHRONOLOGY 

6.7.1 STRATIGRAPHIC MARKERS 

 

As already mentioned in the previous chapter, Chile is a geologically very active region. Large en 

devastating events resulting from this activity are no exception. For example, the largest earthquake 

ever recorded, the 1960 Valdivia earthquake, had its epicentre in Central-Chile. Such events of a large 

magnitude can possibly leave an imprint in lake sediments. Volcanic eruptions can be recognized by 

the occurrence of tephra layers in between the regular sediment either observed during the core 

description by the naked eye or so-called hidden tephra layers which are only observed in thin 

sections or by certain proxies like magnetic susceptibility. Earthquakes can leave different types of 

imprints in the sediment. The most common of these are mass-wasting deposits, such as slumps or 

rockslides, formed by destabilisation of the lake-basin margins or of the flanks surrounding the lake, 
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earthquake-induced turbidite flows and liquefaction of the upper sediment induced by oscillation of 

the water column which causes homogenisation of the sediment (Moernaut et al., 2007). Earthquake 

induced tsunamis deposits can also be recorded in the sediment sequences of lakes very close to the 

coast line. Tsunami deposits can be recognized by the introduction of a sandy layer in between the 

regular silt-sized sediments or other features of a clear marine influence in a closed freshwater lake.  

 

6.7.2 14C-DATING 

Macrofossil remains of plant material, with a weigth of at least 2 mg, can be dated using the 

radiocarbon method. Two samples were found in the VIC07 core. Both the sample preparation and 

actual analysis of all organic carbon samples were carried out at the National Ocean Sciences 

Accelerator Mass Spectrometry Facility (NOSAMS) located at the Woods Hole Oceanographic 

Institution, (MA) USA1. After preparation, the samples are converted to graphite and analysed using 

the 3MV tandetron accelerator mass spectrometer (AMS) were the 14C-atoms present are directly 

counted. In short, radiocarbon dating is based on the steady radioactive decay of 14C in a given 

sample with a half-life of 5730 years. This decay starts when the organism dies and keeps going on 

with the same rate till no 14C is left. So the 14C concentration in the sample is directly proportional 

with the age. Living photosynthesising organisms, like plants incorporate the 14C concentration of the 

atmosphere in their tissue, so age calculations will vary if the carbon isotopic composition of the 

atmosphere has changed in the past. It is known that changes in this composition have occurred. So 

ages obtained through 14C analysis are presented in years before present (BP) and have to be 

corrected for these kinds of changes. A calibration of the radiocarbon age was performed using the 

OxCal 4.1 online application2.  This application provides a simple interface for using and comparing 

several calibration curves, the samples in this study were calibrated using the ShCal04 calibration 

curve. 

 

 

 

 

                                                             
1 http://www.whoi.edu/nosams/ 
2 http://c14.arch.ox.ac.uk/ 
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7. RESULTS 

 

Below an overview of the most relevant results of this study is given. The results of the different 

cores are presented per analysis. Correlation and interpretation of proxy data will be outlined in the 

next chapter. 

7.1 MAIN LITHOLOGY 

 

The main lithology is basically derived from the general description after the opening of the cores. 

The major part of the sediment in the four cores consists of laminated fine silt with homogeneous 

event deposits (turbidites and tephra layers). Smear slides were used for microscopic description of 

the sediment. The magnetic susceptibility record also detects large variations in grain size. The smear 

slides in general did not show significant variations in the laminated sediment. Most of the tephra 

layers consist of material too coarse to be properly investigated by means of thin sections. The 

results are presented in separate lithologs, together with the magnetic susceptibility data (Figure 

7.1). In addition, a brief description is given below. The images obtained by the linescan method 

proved to be of superior quality compared to those obtained with the common digital reflex camera 

and are used below. 

The description is backed up by the magnetic susceptibility record in order to find tephra layers 

which are not visible with the naked eye. The results of the description of the sediment and MS signal 

are discussed together, as certain differences in the view of the sediments are accompanied by 

differences in the MS signal as well. 

Most of the sediments found in the cores consist of laminated fine silt, interspersed by occasional 

tephra deposits or homogenites. The homogeneous deposits are most likely the result of earthquake-

induced turbidite flows, which are deposited in between the regular sediment sequence and in some 

cases have an eroding effect on the sediments below.  

Laguna Negra 

NEG6 comprises an almost continuous sequence of laminated sediments. A clear interruption of the 

lamination is visible between 48.2 and 51.4 cm downcore, caused by a distinct homogeneous layer. 

In the top part, a second feature is clearly visible and consists of a black, coarse grained tephra 

between 8.4 and 11.3 cm depth. At about 53 cm depth another less visible and finer grained tephra 
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deposit is present. In the lowest half of the core, the sediment is somewhat deformed due to the 

coring. This causes a small discrepancy of the depth of the layers at the edges of the core. The down-

core depth of the described structures was determined in the middle of the core. NEG6 can be 

divided into two distinct units based on lithology and backed up by the magnetic susceptibility signal. 

Magnetic susceptibility on average in the whole core is higher compared to the other three cores. At 

39 cm depth a shift occurs to lower MS values. Note that the high MS signature of the tephra layers is 

not considered here. In the sediment, this shift is accompanied by a change from finely laminated 

layers in the top part to a less distinct lamination in the bottom unit. The top unit ranges from the 

top of the core to a depth of 39 cm and is characterized by finely laminated silty sediments and 

higher MS values. Some major variations are seen in the MS intensities of this part, the variability is 

not accompanied by visible features in the sediment. 

 

Lago Vichuquen 

The core retrieved from Lago Vichuquen shows a continuous sediment record, without disturbance 

by event deposits. No volcanoes are found in the vicinity of the lake, due to its proximity to the coast 

and no earthquake-induced turbidites were recorded in the sediment. No significant variations in 

grain size were found and the core is entirely composed of finely laminated fine silt. Almost 

immediately after the opening of the core the sediment became oxidized, no photographs or 

linescans were taken before the oxidation set in. The sediment got a rusty orange color after 

oxidation throughout most of the core. Magnetic susceptibility shows clear variations throughout the 

core, the distinct peaks at 70 cm and 120 cm depth correlate twice with the presence of a dark 

coloured layer. The peak at 10 cm depth is visible in the sediment as a fine grained clay layer. A 

larger-scale trend in MS is also present; in the bottom part of the core the MS signal does, besides 

the peaks, not show much variation till a depth of about 70 cm were the constant values turn into a 

decreasing trend till around 12 cm. The top 10 cm of the core shows again an increase in the MS 

signal. The sediment itself shows no clear variability that can be linked to the trend found in MS, 

other proxies have to be used to explain this difference. 

Lago Ranco 

RAN7 shows more variation, and can again be subdivided into two major units. In the bottom unit of 

the core below 37 cm depth till the base of the core, no major event deposits are present; the 

sediment mainly consists of laminated silt. The MS plot shows no peaks or large variations, except for 

the bottom part of the core between 59 cm and 62.5 cm with a significant increase in the MS 

intensity. This is accompanied by a lighter colouring of the sediment itself. The upper unit from the 

top till a depth of 37 cm is characterized by the lack of laminated sediment and thick layers of 
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homogeneous sediment. Four tephra layers can be distinguished: at 7.5 cm, 13.5 cm, 28 cm and the 

thickest tephra between 31 and 35 cm depth. The tephra layers are very fine grained and are easily 

noticed in the sediment itself and by means of the MS signal, which shows very clear and distinct 

peaks. Besides the peaks induced by tephra deposits, no other larger-scale variations are noticeable 

in the MS plot. The MS intensity is limited to a background signal. 

 

Lago Castor 

Compared to the other cores, CAST1A does not show a pronounced layering, although some 

variations in color can still be seen with the naked eye in generally much darker sediments. At first 

sight, the black tephra deposit between 35.5 cm and 37 cm is the only clear event deposit in the 

sediment. Above this tephra, from 34 cm till 35.5 cm, tephra material is still washed into the lake as 

can be deduced from the MS and the color of the sediment. After comparing some other proxies, no 

other disturbances of the sediment record are found. The MS plot is defined by the presence of two 

distinct peaks, found around depths of 21 cm and 36 cm, the latter is correlated with 

aforementioned tephra deposit. The high intensity of these two peaks causes a cover up of lower 

intensities variability. In Figure 7.2, a comparison is made between the original MS plot and the same 

plot cropped at a value of 80, other variations become clearly visible in the maximized plot. The MS 

intensity shows a clear increase concentrated around 40 cm, between 24 cm and 32 cm and in the 

top part of the core between 0 cm and 5 cm, between 19 cm and 5 cm a downward trend to the top 

of the core is present. 
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Figure 7.1: Overview of images of all the cores, together with the lithologs and magnetic susceptibility results 

 

 

Figure 7.2: Example of the influence of installing a maximum value on the rest of the plot. Left is the original MS signal of 

CAST1A, right is the same plot but with a maximum value of 80. On the right plot, the background signal is more clearly 

visible 
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7.2 WATER CONTENT 

 

The water content measured on the bulk sediment (Section 6.2) is mainly affected by compaction in 

the core along with the depth. Sediments with a high degree of compaction will contain less water 

than less compacted sediments. Besides compaction, variations in lithology are also reflected in the 

water content. Relatively coarse sediments, for example most of the tephras found in the cores, will 

contain less water than finer sediments like the dominant silty facies in most cases. 

The results of the different cores are presented in Figure 7.3. They are shown together on the same 

depth axis; this implies only a comparison based on the depth profile can be made and the figure 

does not hold any information about the ages. In general, the downward trend of the water content 

with increasing depth is quite clear in all the graphs. Two tephra layers can immediately be 

distinguished in RAN7 and CAST1A SCO2 based on the very low water contents. Besides these 

features, no other conclusions can be made using the resulting graph of the water content analysis. 

The water content is presented as the fraction of the total weight of the sample. 

 

Figure 7.3: Composite figure of the water content (%) in all of the cores 
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7.3 LOI 

 

Loss on ignition provides information about the organic matter and carbonate content in the bulk 

sediment on a 1cm scale resolution. 

7.3.1 LOI550 

 

As noted earlier, the LOI550 analysis provides a good estimation of the organic matter content in the 

samples (Section 6.4). This represents the total amount of organic material coming from different 

sources, being in-lake primary productivity and terrestrial plant material. Organic matter is primarily 

composed of carbon, oxygen, hydrogen and nitrogen. With the LOI-method, no distinction can be 

made between the different elements. This is the main difference with the total organic carbon 

(TOC), which represents only the organic carbon concentration in the sediment, results which are 

shown further in this chapter. 

A comparison of the individual cores (Figure 7.4) clearly shows a rather large difference in the mean 

concentration of organic matter. CAST1A has the highest concentration and shows also the greatest 

variability throughout the core, ranging between 10 and 24 %. Tephra contains no organic material 

and a clear example is visible at 36 cm downcore. Note that section with a clear influence of tephra 

can show significant concentrations of organic material as well. For example in CAST1A, the 

sediments above the tephra layer are a mixture of the tephra and regular silty sediment. After the 

eruption, tephra deposits in the catchment are washed in the lake, forming a mixture of clear tephra 

influence with a significant component of organic material. VIC07 contains relatively high 

concentration of organic material as well, ranging between 10 and 15 %. VIC07 shows less variability 

compared to CAST1A and a clear trend of increasing values is observed in the top 50 cm of the core. 

Relatively lower organic matter contents are measured in Lago Ranco and Laguna Negra, ranging 

between 3 and 10 %. RAN7 depicts slightly higher concentrations and more variability compared with 

NEG6. 
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Figure 7.4: Composite plot of the organic matter content (in %) in all of the cores 

 

7.3.2 LOI950 

 

The concentration of carbonates in the sediments in the sediments does almost never exceed 2 or 3 

% of the total weight. This interval also represents an estimation of the mean measuring error of the 

loss on ignition method (Heirman, personal communication). It leaves most of the results useless for 

interpretation. One of the only conclusions that can be made is that the lack of carbonate bearing 

minerals in the sediment is a result of the absence of carbonate-bearing rock outcrops in the 

catchment area of the lakes. The measuring error is the result of the combustion of materials or 

minerals other than carbonates at 950°C. The only features that are again clearly visible are the 

pronounced tephra layers of RAN7 and CAST1A SCO2. Tephra is generally composed of more 

resistant minerals than the average, silty lake sediments. Little to no material will be combusted at 

950°C in the tephra, resulting in very low values for LOI950 even below the measuring error.  
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Figure 7.5: Composite plot of the organic carbon content (in %) in all of the cores 

 

7.4 X-RAY FLUORESCENCE 

 

XRF provides valuable semi-quantitative information on the concentrations of most elements in the 

periodic system. The original data in counts-per-seconds does not give quantitative information, but 

can be used to estimate element concentrations relative to each other. Several other variables, such 

as water content, element interactions and variations in the geometry of the measured surface, have 

an influence on the measured intensities of the elements (Weltje & Tjallingii, 2008).  

The diluting effect of the water content on measured element intensities is most significant for 

elements with a low atomic weight such as Al and Si. High water content will result in an 

underestimation of the true concentrations. Heavy elements are less influenced by this diluting 
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effect. The storage facility of the cores induced a similar measuring error. The storing of several cores 

on top of each other in the refrigerator created dents in the sediments, most notably in VIC07. When 

preparing the core for XRF analysis, it was impossible to fully restore a flat core surface. So, VIC07 

was analyzed on a deformed surface and the sensor of the XRF-scanner was unable to make full 

contact with the sediment. For some parts of the cores, air between the sensor and the sediment 

causes an underestimation of the element concentrations, again best noticed in the light-weighted 

elements like Al and Si. The error resulting from element interactions can be reduced by normalizing 

one element with another in element ratios. Paleo-environmental reconstructions do not require 

quantitative results but can rely on the relative variability measured down-core. 

The results are presented per lake, but the results for the same elements and ratios will be shown. 

Ca, Ti, Fe, Zr, Ca/Fe and Zr/Rb will provide a general idea of the XRF signal in the lakes and variability 

in the sediment. For later interpretations, other elements or ratios of specific interest will also be 

used. Analytical errors were assessed by triple measurements on the same depth. The average 

measuring error by the XRF scanner was in most cases well below 5 %. If results displayed a higher 

error, they were disregarded from the dataset.    

 

7.4.1 LAGUNA NEGRA: CORE NEG6 

 

Results are presented along a down-core depth scale. NEG6 was measured on a very smooth surface, 

it showed no dents in the sediment and water content was low enough so diluting effects should be 

minimal. Both the first and last measurements were removed from the data, the first because a part 

of the oasis on top of the core was measured. And because a part of the yellow, plastic closing cap at 

the end of the core was in contact with the scanner surface. The yellow paint used on the cap caused 

a peak in Ti-intensity. NEG6 was analyzed, like all other cores, on a 5 mm resolution and with a slit 

opening of 5 mm. 

Figure 7.6 gives a representation of some analyzed elements using the XRF method. Plots of Ca, Ti, Fe 

and Zr are shown as they contain the most variation in their distribution. The different elements 

display some correlation. This is indicated on Figure 7.6 by means of a red rectangle that shows a 

clear correlation of positive peaks in all elements. The most distinct features in the results are the 

two tephra deposits between 48 cm and 54 cm depth. The input of volcanoclastic material induced 

the best observed peak values in Ca and Ti concentrations. Three zones of positive values for all 

elements can be distinguished, between 2 cm and 6 cm, between 14.5 cm and 24 cm and between 
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33.5 cm and 41 cm depth, alternating with more negative values between 11 cm and 14.5 cm and 

between 24 cm and 33.5 cm depth.  

 

Figure 7.6: Visual representation of XRF results of the most relevant elements in NEG6 along with the depth (in cm). Areas of 

positive correlation between the different elements are indicated with a red rectangle. Tephra deposits are indicated with a 

grey rectangle 

 

7.4.2 LAGO VICHUQUEN: CORE VIC07 

 

As already mentioned, the surface of VIC07 was affected by dents that would prevent the XRF core 

scanning sensor to measure properly. In fact, between 98 cm and 105 cm depth (Figure 7.7, 

highlighted in grey), a negative anomaly for all the individual elements can be seen. While the 

calculated ratios show little to no variation. The values at these depths will be disregarded from 

further interpretations as they are clearly the result of an underestimation of the intensity caused by 

dents in the surface of the core. 
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Compared to NEG6, VIC07 shows a lot less variation in the displayed elements. The correlating 

positive peaks between both elements and ratios are again indicated by red rectangles between 4 cm 

till 14 cm and between 66 cm till 74 cm depth. There is some correlation between Ti, Fe and Zr, Ca 

does not seem to respond similarly. VIC07 thus also shows discrepancies in the behavior of the 

different elements, which was not the case in NEG6. 

 

Figure 7.7: Visual representation of XRF results of the most relevant elements in VIC07 along with the depth (in cm). Areas of 

positive correlation between the different elements are indicated with a red rectangle. The negative anomaly between most 

of the elements is indicated with a grey rectangle between 98 and 105 cm depth 

 

7.4.3 LAGO RANCO: CORE RAN7 

 

The surface of RAN7 showed no disturbances, so no wrong measurement of the XRF intensity should 

be expected. The top half of RAN7 is dominated by the presence of tephra layers, which are clearly 

reflected in the XRF data (Figure 7.8). The tephras are again indicated by grey rectangles and show 

comparable elemental variation as in the tephra deposit found in NEG6.  
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The sediments in the bottom half are not interspersed by event deposits, but still almost no 

variability is seen in the presented data (Figure 7.8). Correlation between different positive values is 

again indicated by red rectangles. Two zones of elevated values for Ca, Ti, Fe and Zr are considered, 

the first between 47.5 cm and 50 cm depth and a second zone is visible between 60 cm and 62 cm 

depth. These positive values are alternated by wider zones of slightly lower element intensities 

comparable in size with the signal found between the tephra deposits. 

 

Figure 7.8: Visual representation of XRF results of the most relevant elements in RAN7 along with the depth (in cm). Areas of 

positive correlation between the different elements are indicated with a red rectangle. Tephra deposits are indicated with a 

grey rectangle 

 

7.4.4 LAGO CASTOR: CORE CAST 1A 

 

The split core surface of CAST1A was also clear of deformities, and no underestimation of the 

elements intensities should be considered. The distinct appearance of the tephra found between 35 

cm and 37 cm depth is obvious and shows again a very comparable XRF signature compared with 
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tephra deposits found in the other cores (Figure 7.9). Three narrow areas of elevated intensity of Ca, 

Ti, Fe and Zr are present, between 3.5 cm and 6 cm, 24 cm and 26 cm and between 29 cm and 32.5 

cm depth. Small scale variations are superimposed on a general increasing trend from 3 cm till 26 cm 

depth. Between 26 cm and 37 cm depth the average intensity is rather constant and decreasing again 

from 37 cm till the bottom of the core. 

 

Figure 7.9: Visual representation of XRF results of the most relevant elements in CAST1A along with the depth (in cm). Areas 

of positive correlation between the different elements are indicated with a red rectangle. Tephra deposits are indicated with 

a grey rectangle 

 

  



 
 

 
76 

7.5 Δ
13C AND C/N-RATIO 

 

The analyses conducted at the VUB (Section 6.5) were made on a lower resolution compared to the 

other methods due to restricted time available for using their equipment. In NEG6, RAN7 and 

CAST1A samples were analyzed on a 2 cm scale and VIC07 on a 4 cm scale. Some samples were lost 

for different reasons ranging from simply dropping the sample while loading the autosampler to the 

malfunction of a water filter during the analysis. Measuring time was too limited to repeat 

measurements for these samples. A value was interpolated for the lost samples, in order to provide 

for a continuous graph, the interpolated areas are indicated by a grey rectangle on the graphs (Figure 

7.10). The relative error of the C/N ratio can be calculated using double samples at the same depth, 

which make up 10 % of the total number of samples. On average, all samples display an acceptable 

error range (Table 7.1). Except for RAN7, which shows a significant higher error compared with the 

other cores. This is caused by the very higher error of 12 % measured in RAN7, the other sample and 

double were part of another core for a different study but were analyzed in the same run as the 

samples from RAN7 and shows a more acceptable error. 

 

Sample Value Value double Absolute error Relative error Average error (%) 

NEG6 32-33 7,5390 7,5505 0,0115 0,0015 

 NEG6 38-39 8,0969 7,9170 0,1799 0,0222 

 NEG6 50-51 7,2222 7,2088 0,0134 0,0019 0,85 

      VIC07 100-101 7,1405 6,7523 0,3882 0,0575 

 VIC07 104-105 7,8370 7,3605 0,4764 0,0647 

 VIC07 112-113 6,8576 6,7906 0,0670 0,0099 4,40 

      RAN7 46-47 7,3412 8,2560 0,9148 0,1246 

 Other sample 19,2942 18,9444 0,3498 0,0185 7,15 

      CAST 20-21 14,2843 14,2335 0,0508 0,0036 

 CAST 38-39 18,4785 18,4926 0,0141 0,0008 0,22 

 

 

Table 7.1: C/N ratio error calculations using the double measurements, which make up 10% of the total amount of samples 
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The results of the C/N ratio and δ13C composition are presented in Figure 7.10. The C/N ratio in NEG6 

shows not that much variability. At 40 cm depth a shift can be seen from values less than 7 in the 

bottom part till values varying around 8 for the upper part of the core. The lower values around 

10cm depth are correlated with the turbidite deposit recognized in the sediment. δ13C displays values 

between -25 and -28 ‰, distinct peaks of enrichment are seen at 20 cm and 40 cm depth and at the 

top of the core. A significant depletion is observed at 12 cm depth. 

VIC07 had the most samples lost in the analyzing process, but still some significant results are 

obtained. The C/N ratio shows a lot less variation compared to NEG6, with average ratios between 7 

and 8. Only at the bottom sample of the core, a steep rise in the ratio over 11 is observed. The 13C 

isotopes vary between -26 and -28 ‰, from the bottom of the core till 10 cm depth, were a more 

important depletion till -30 ‰ occurs. Isotopic enrichment up to -26 ‰ is observed at 12 cm, 40 cm, 

68 cm, 76 cm and 96 cm depth. 

Samples taken from Lago Ranco present a much larger variation in both the C/N ratios and δ13C 

compositions. The C/N ratio ranges between 4 and 8 in the whole core. The 13C composition ranges 

between -28 ‰ and -31 ‰, the most pronounced features are the strong depletions at 20 cm and 60 

cm depth. 

Much higher values for the C/N ratio, ranging between 12 and 17, are found in CAST1A. Two intervals 

of elevated C/N values, between 34 cm and 38 cm and between 6 cm and 18 cm are obvious. The 

δ13C composition shows higher rates of enrichment compared to the other three cores, ranging 

between -21 and -25 ‰. The plot of 13C shows a lot of correlation with the C/N graph. High values of 

C/N are reflected by zones of enrichment in 13C throughout whole the core. 
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Figure 7.10: Comparison of the C/N ratios and δ
13

C composition in all the cores along with the depth. The values of lost 

samples were interpolated on the graph. The interpolated zones of the graphs are indicated with a grey box 
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8. DISCUSSION 

8.1 AGE MODELS 

 

A reliable age model for the sediment cores is crucial in order to estimate sedimentation rates and 

make an interpretation of the variability of our climate proxies. Variations in the climate proxies 

become useless without proper dating. Different strategies can be followed to obtain the absolute 

ages of stratigraphic horizons in sediment cores. Absolute dating methods like 14C-dating are the 

most widely used in Late-Glacial and Holocene climate reconstructions (Section 6.7.2). In this study, 

only VIC07 and CAST1A provided organic macrofossils that could be dated using 14C. An overview of 

the results is given in Table 8.1.  When organic macro-remains were not found in the core, event 

deposits like turbidites or tephra layers, induced by large earthquakes and volcanic eruptions with a 

known age (through correlation with available data) were used as age markers. Chile is a geologically 

very active region, so the use of stratigraphic event markers as a dating method is well established on 

Chilean lake sediments, which has resulted in a large database of dated event deposits (Boës & Fagel, 

2008; Chapron et al., 2006; Moernaut et al., 2007; von Gunten et al., 2009a). Continuous age models 

are made by interpolation between our age markers and taking into account clear proxy evidence for 

changes in sedimentation rates. Event deposits are discarded when calculating the age model. The 

age models obtained in this study are compared to relevant models from literature where possible. 

Previous studies including an age model only exist for Laguna Negra and Lago Castor (Wartenburger, 

2010; von Gunten et al., 2009a). In the age models the sedimentation rates are presented as a 

function in the form of: ‘Depth = x + y * Age’. The age model equations were obtained by adding a 

trend line in Microsoft Excel, which makes it convenient to convert certain depths to the appropriate 

age exactly following the age model, x and y represent the characteristics of the trend line. All the 

cores were collected in AD 2010, and this year should be considered as being ‘present’ for all our 

datasets. 

 

 

  

Submitter Identification Type Process F Modern Fm Error Age (years) Age Error 

VIC07 26-27 Plant/Wood (OC) Organic Carbon 0,0524 0,0008 23700 110 

VIC07 113-114 Plant/Wood (OC) Organic Carbon 0,9298 0,0127 585 110 

CAST1A 0-3 I 38,5 cm macro Plant/Wood (OC) Organic Carbon 0,8632 0,002 1180 20 

Table 8.1: General characteristics of the radiocarbon dates incorporated in this study (For methods see: Section 6.7.2) 
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8.1.1 LAGUNA NEGRA 

 

The NEG6 core was dated exclusively by the use of event deposits. Large earthquakes often produce 

rockslides and sub-aquatic turbidite flows, which can be recognized fairly easy in the sediment. Six 

earthquake-related deposits were recognized and were used to define the age model. The 

recognized event deposits are thought to be the result from the following, historically well-

documented events: the AD 1985 Santiago earthquake (Mw 8.0), the AD 1906 Valparaíso earthquake 

(Mw 8.6), the AD 1850 Casablanca earthquake (Mw 7.5), the AD 1822 Valparaíso earthquake (Mw 8 to 

8.5), the AD 1730 Valparaíso earthquake (Mw 8.5 to 9) and the AD 1647 Santiago earthquake. 

Information about the location of the epicenter, magnitude and range of the influence of these 

earthquakes was taken from Lomnitz (2004) and Kelleher (1972). Von Gunten et al. (2009a) made an 

age model of a core taken from Laguna Negra for the last ca. 150 years. They mainly used the 210Pb 

method, sampled at regular intervals and added information of known stratigraphic markers like the 

AD 1963/1964 137Cs peak and several earthquake deposits including the AD 1985, AD 1906 and AD 

1850 earthquakes (Figure 8.1). The AD 1906 event provides a nice benchmark to be incorporated in 

this study as well, as it is composed of a 3 cm thick homogeneous layer, also described by von 

Gunten et al. (2009a). If the event deposits contain a significant thickness of more than two or three 

millimeters, they were excluded for the calculation of the age model and plotted along a vertical line 

of constant age in the resulting age/depth graph. 

All the previous information led to the age model shown in figure 8.2. As already mentioned above, 

only the AD 1906 event could be designated without doubt, while the other events were dated 

through correltation with the historical records and data from nearby Laguna lo Encanado (Van 

Daele, 2011). Sedimentation rates range between 0.50 mm/yr and 2 mm/yr, which are plausible in 

comparison with sedimentation rates obtained in similar lakes in the same region. Only the rate of 

0.58 mm/yr between AD 1985 and AD 1906 seems rather low and could be the result of erosion of a 

part of the sediment sequence, but this could not be verified. The 620 mm long core presents a 

sediment record going back to AD 1575. 
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Figure 8.1: 
210

Pb based age models of Laguna Negra The Constant Rate of Supply model was withdrawn because it 

calculates an overestimation of the AD 1906 seismite, the sediment isotope tomography (SIT) model gives a much better 

reconstruction and incorporates the AD 1906 marker much better. The 
137

Cs chronomarker of nuclear testing is incorporated 

as well (von Gunten et al. 2009a) 

 

 

Figure 8.2: Age model for the NEG6 core, with indication of the incorporated event horizons and sedimentation rates. The 

trend lines shown were used to transform all the other data from a depth scale to an age scale 



 
 

 
82 

8.1.2 LAGO VICHUQUEN 

 

The sediments found in VIC07 do not contain any turbidites or tephra layers, probably due to the 

position of the coring site in the middle of the lake. Two macrofossil remains were found at different 

depths in the core. The first sample was found in the sample interval between 26 cm and 27 cm 

depth and the second between 113 cm and 114 cm depth. The exact depth of both samples was 

pinpointed in the middle of these intervals at 265 mm and 1135 mm respectively. Both samples 

consisted of woody, well preserved remains of plants, probably root material. The first sample, at a 

depth of 265 mm gave a radiocarbon age of 23700 ±110 14C years BP. This age was calibrated using 

the online application of OxCal and the ShCal04 calibration curve to lie between 23923 and 23483 cal 

yr BP with a probability of 95.4%. The weighted mean is chosen as most probable age of the sample, 

which is 23702 cal yr BP. The fact that the sample was found at a depth of 265 mm makes it highly 

unlikely that this age is correct as it would represent a sedimentation rate of less than 0.01 mm/yr. 

Older fossil plant remains, present in the soils surrounding the lake can be washed in and deposited 

between younger sediments. The age of this sample was discarded from the data for the calculation 

of the age model. 

The second sample, found at a depth of 1135 mm, was composed of the same woody material as the 

first sample. It contained just enough carbon material to be properly analyzed and caused a rather 

high relative error on the radiocarbon age. The radiocarbon age of the sample was determined at 

585 ± 110 years BP, this was calibrated to represent an age between 718 cal yr BP and 326 cal yr BP 

with a probability of 95.4% (Figure 8.3). The weighted mean age of 551 cal yr BP was used in the age 

model. As this is the only usable age determination throughout the whole core and the uncertainty 

of the obtained age is very large due to the small sample size, all the ages calculated using the age 

model should be placed in their context of great uncertainty. In calibrated years before present, the 

present is determined at AD 1950. For example, the age of 551 cal yr BP represents an age of AD 

1399. The whole core is presented as one interval with the same sedimentation rate of 1.765 mm/yr, 

it represents a sediment record leading back to AD 1316 at the bottom of the core (Figure 8.4). 
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Figure 8.3: Output data of the OxCal online radiocarbon calibration application for the VIC07 
14

C sample at a depth of 1135 

mm (http://c14.arch.ox.ac.uk/oxcal/) 

 

 

 

Figure 8.4: Age model for the VIC07 sediment core with an indication of the used radiocarbon age and sediment rates 
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8.1.3 LAGO RANCO 

 

The Puyehue-Cordon de Caulle volcanic complex (PCCVC) towards the S-SE of Lago Ranco is 

responsible for the formation of multiple tephra layers in the lake’s sedimentary records (Figure 8.5). 

In RAN7, four distinct tephras are found in the top half of the core that are probably linked to historic 

volcanic activity in the PCCVC. No clear earthquake-related features were found in the core, as the 

RAN7 core was taken on a small platform far from any steep slopes. Earthquake-induced turbidite 

flows and rock slides were not able to reach the RAN7 position as proven by the absence of a deposit 

related to the 1960 Great Chilean Earthquake.  

The northern part of the PCCVC, located south-east of Lago Ranco is called the Carran-Los Nevados 

complex and is composed of several active scoria cones, maars and a small strato-volcano (Figure 

8.5) (Bertrand et al., 2008). The top two tephras found in RAN7 can be correlated with two 

historically documented eruptions of maars in the Carran-Los Nevados. The youngest tephra, found 

between 70 mm and 83 mm depth, correlates with the AD 1955 Nilahue eruption, the tephra just 

below between 128 mm and 143 mm depth with the AD 1907 Rininahue eruption. Another marker 

used is a distinct Sr/Ca peak in several cores taken in Lago Ranco. In other cores the peak is found 

just below the AD 1837 Valdivia earthquake seismite (L. Doom, personal communication). This age 

was thus incorporated in the age model of RAN7 as well, based on the depth of the Sr/Ca peak at 220 

mm. Of the lower two tephra layers, only the lowest between 337 mm and 350 mm depth correlates 

with a known eruption, i.e. the AD 1690 eruption of Carran-Los Nevados (Van Daele, personal 

communication). 

Sedimentation rates in RAN7 are approximately 1 mm/yr (Figure 8.6). According to our age model, 

the 622 mm long core dates back to AD 1350. The lower half of the core does not show any evidence 

for the presence of a stratigraphic marker, and therefore the sedimentation rate of 0.80 mm/yr 

found between AD 1837 and AD 1690 was adopted for this half. As there are no major disturbances 

in the sediment and it contains a clear lamination, this sedimentation rate should be a good 

estimation for the bottom half. 
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Figure 8.5: Lago Ranco and the localization of the Puyehue-Cordon de Caulle volcanic complex (Bertrand et al., 2008) 

 

 

Figure 8.6: Age model for RAN7 with the indication of the incorporated tephra layers and sedimentation rates 
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8.1.4 LAGO CASTOR 

 

The main feature in the CAST 1A-SCO2 sediment core that can be best used as a stratigraphic marker 

is one distinct tephra at a depth of 362 mm. It comprises of a coarse, black, 4 mm thick layer which is 

clearly visible with the naked eye. Bertrand (personal communication) made a tephrostratigraphy for 

Lago Thompson, located about 20 km south of Lago Castor. The tephra layer found at 362 mm in 

Lago Castor correlates rather well with a tephra found and dated in Lago Thompson, based on the 

depth range, visible features and proxy record (e.g. MS). The deposited tephra is most likely the 

result of an eruption of Mount Hudson at approximately AD 1800. A radiocarbon age obtained from a 

different sediment core taken in Lago Castor can be added to the dating information as well. The 14C-

sample was taken at a depth of 548 mm compared to CAST1A SCO2, and provides an age of 1080 cal 

yr AD (Vandoorne, personal communication). 

Wartenburger (2010) used lake sediments coming from Lago Castor to make an environmental 

reconstruction as well. He made an age model based on tephrostratigraphy, several 14C-dates and a 

210Pb age model for the 20th century (Figure 8.7). His results should provide a reference for the age 

model used in this thesis. The most prominent feature in the age-model is the fast downward 

decrease of the sedimentation rate from approximately 2 mm/yr from AD 1960 to AD 1930, to 0.2 

mm/yr below. CAST1A shows evidence for a significant increase in sedimentation rate, in the form of 

increased terrigenous supply at 215 mm depth, this date is incorporated in the age model of CAST1A. 

The combined age model of Wartenburger (2010) shows no other major shifts in the rest of the past 

millennium (Figure 8.8). 

 
Figure 8.7: Age model of the last century for Lago Castor based on 

210
Pb dating and the 1963/1964 

137
Cs peak. The main 

feature is the significant decrease in the sedimentation rate around AD 1930 (Wartenburger, 2010) 

 



 
 

 
87 

 

Figure 8.8: Combined age depth model for the last 4000 years, data from Figure 8.7 is incorporated and added with several 

14
C ages. After the shift in sedimentation rate after AD 1930, the rate stays more or less equal for the rest of the AD 1000 – 

AD 2000 period (Wartenburger, 2010) 

 

To summarize, three dates will be incorporated in the age model of CAST1A, the major shift in 

sedimentation rate at 215 mm with an age of 1930 cal yr AD, the black tephra deposit between 358 

mm and 367 mm depth which holds an approximate date of 1800 cal yr AD and last the radiocarbon 

age of a well preserved plant leaf at an extrapolated depth of 548 mm dated at 1080 cal yr AD. Based 

on these dates, an age model was obtained (Figure 8.9). The model shows three distinct zones of 

decreasing sedimentation rates. The exact rates are included on (Figure 8.9) and decrease along with 

the depth of the core. The 420mm long CAST1A core holds a sediment record dating back to 

approximately 1570 cal yr AD. 
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Figure 8.9: Age model for CAST1A with an indication of the AD 1930 rise in sedimentation rate and AD 1800 Mount Hudson 

eruption and sedimentation rates 

 

8.2 ENVIRONMENTAL RECONSTRUCTIONS 

 

The results presented in the previous chapter will be coupled with the age models, in order to make 

a paleoenvironmental reconstruction for every lake. Combining the investigated proxies should allow 

to assess variations in the terrestrial input both in composition and relative quantity, of the primary 

production in the lake itself and of possible differences in the lakes’ mixing regime. The average 

sedimentation rates of ± 1 mm/yr and the high sampling resolution ranging between 5 mm (XRF), 10 

mm (LOI) and 20 mm (C and N isotopic composition) should allow to semi-quantitatively reconstruct 

such variations on a decadal resolution. Besides precipitation variability, the catchment 

characteristics and geographical position of the different lakes will also account for a significant part 

of the variations in terrigenous input. For example, different vegetation patterns and variable 

geology and geomorphology in the catchment of the lakes can induce a different signal in the used 

proxies. When a lake is surrounded by forests, the organic proxies (e.g. C/N ratio) can vary on a larger 

scale than when there is much less vegetation in the catchment. Vegetation and precipitation will 
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also induce the formation of soils, and higher weathering rates than in rock outcrop dominated 

catchments, resulting in higher rates of terrigenous input. These differences will be taken account for 

when the interpreting the proxy results. Some cores contain several event deposits intercalated 

between the background sedimentation. If a core is disturbed too much, it becomes useless for 

paleoclimatic interpretations. However, as none of the events are erosive, all cores yield a 

continuous sedimentary record. Moreover, the event deposits act as important age markers for most 

cases (Section 8.1). 

Another possible source of variability in the deposited sediments is human activity. There are two 

forms of human activity that can alter the input and composition of lake sediments. Firstly, changes 

in land-use and deforestation can results in a significant increase in terrigenous input by a decrease 

in soil fixation. Secondly, the process of industrialization and pollution can also be detected in lakes 

sediments in both organic and inorganic proxies (von Gunten, et al., 2009b). Anthropogenically 

induced variability should be considered for all lakes except for Laguna Negra. Its location high in the 

Andes mountains has ensured the catchment was never influenced by human activity, as witnessed 

by the current use of the lake as a freshwater reservoir for Santiago. 

 

8.2.1 LAGUNA NEGRA 

 

The NEG6 core taken from Laguna Negra provides a sediment record dating back to AD 1575. The 

record is interrupted by several earthquake induced event deposits. However, most of these deposits 

are relatively thin. Only the AD 1906 turbidite around 10cm depth and the distinct tephra layer 

around 50 cm depth, show a significant thickness that is corrected for in the age model. None of 

these events is erosive, and NEG6 thus allows a continuous paleoenvironmental reconstruction of 

the last 430 years. The lack of vegetation in the catchment area is clearly reflected in the C/N ratios 

of the sediment, which show limited variation and range between 6 and 8. Values this low point to 

primary production in the lake as the main source of organic material, with little or no terrestrial 

input. Because of the low C/N ratios, reconstruction of the intensity of precipitation in the past can 

be based solely on the inorganic proxies representing the terrigenous input.  

Figure 8.10 gives a presentation of the most relevant results obtained from NEG6. Magnetic 

susceptibility and Ca/Al, Ti/Al and Zr/Al ratios are used to estimate variation in the terrigenous input 

in the sediment composition. The three aforementioned ratios show a very good correlation with 

each other, as well as with the K/Al and Fe/Al which are not presented in the figure. It is only at the 

two tephra layers in the bottom half of the core that there are discrepancies between these ratios. 
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Zr/Rb is presented as well as an approximation of the grainsize distribution in the sediment. This ratio 

does not show a lot of variation and ranges between 1.3 and 1.9. A higher Zr/Rb ratio can indicate 

some coarsening of the sediment which is a possible indicator of enhanced terrigenous input. 

Organic proxies include LOI550 as indicator for the amount of organic matter present in the sediment, 

δ13C composition and C/N ratio. Although there is no indication for an input of terrestrial plant 

material, these organic proxies can also be used to provide information on the intensity of primary 

productivity in the lake. The lack of vegetation in the catchment area is also the cause of the low 

organic matter content, ranging between 5 and 6 %. 

Three distinct periods of increased terrestrial influx in the lake can be distinguished. They are 

indicated by a mutual increase in the MS signal, the metal/Al ratios and the Zr/Rb ratio. The three 

periods are i) AD 1590 – AD 1570, ii) AD 1780 – AD 1690, and iii) AD 1990 – AD 1870, alternating with 

periods of lower sediment supply. The AD 1690 – AD 1590 period with decreased terrigenous input 

also contains the signal of two tephra deposits as well. The peaks related to the tephra are 

disregarded, but for the background sedimentation it is clear that all proxies point to lower 

terrigenous input during this time interval of the core. The AD 1780 – AD 1870 interval indicates drier 

conditions but not as pronounced as in the AD 1590 – AD 1690 interval. The organic matter content 

shows an increasing trend from AD 1870 till AD 2010, together with a trend for less negative values 

of δ13C and is even more obvious between AD 1990 and AD 2010, while the C/N ratio remains more 

or less constant. Less negative values for δ13C are linked to enhanced primary productivity in the lake 

in several studies (Ji et al., 2005; Leng & Marshall, 2004). This is confirmed by the C/N ratio which 

does not give any indication of a change in the source of organic matter and stays within the range of 

algal productivity which is less than 10. Between AD 1890 and AD 1990 the increase in primary 

productivity coincides with the most pronounced interval of enhanced terrigenous input. A high 

terrestrial input rate in the lake provides nutrients for algae production (Leng & Marshall, 2004; 

Meyers, 1997). By the low input of nutrients caused by the lack of soils in the catchment, it is 

expected that the in-lake productivity will react heavily on changes in the terrigenous supply. So, 

changes in precipitation will be more likely to enhance productivity than temperature for this 

interval.  In the most recent period between AD 2010 and AD 1990 the carbon isotopic composition 

becomes even less negative indicating even higher primary productivity rates although the 

terrigenous input is considerably less than in the previous time period. Primary productivity is 

besides the input of nutrient also dependent on temperature variations. Increasing temperatures will 

enhance primary productivity in the lake, for the AD 1990 – AD 1890 period the rise in productivity 

can be caused by both increased precipitation and temperature. But for the most recent period, the 

rise in productivity is only the result of increasing temperatures observed globally. 
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Figure 8.10: Composite figure of the most relevant data involving terrigenous input variations in Laguna Negra. Periods of 

increasing terrestrial input are indicated in blue, decreasing input is marked in red. Two tephra layers disturb the climate 

signal and are indicated in grey; also the turbidite resulting from the 1906 and 1737 earthquakes are indicated by a black 

horizontal line. The four vertical lines on the MS and metal/Al plots serve as a help to view the variability more easily and do 

not contain any other information 

 

The results of NEG6 are compared with other records from approximately the same latitude (32° - 

34°S), like the Laguna Aculeo (34°S) record (Jenny et al., 2002) and the tree-ring-based reconstruction 

of precipitation for Santiago (33°S) (Le Quesne et al., 2009). Jenny et al. (2002) recognized two 

distinct periods of increased occurrence of flood events corresponding with a wetter climate 

between AD 1400 – AD 1600 and AD 1850 – AD 1998. This corresponds roughly with periods of 

elevated terrestrial input in NEG6. From the bottom of the core at AD 1570 till AD 1590 a clear 

increase in precipitation-induced terrestrial input is present and the AD 1870 – AD 1990 period of 

elevated precipitation in NEG6 correlates rather well with the data provided by Jenny et al. (2002). 

However, the Laguna Aculeo record does not show any indications of a more humid period between 

AD 1690 and AD 1780 like the data from Laguna Negra suggests. The tree-ring data for Santiago 

obtained by Le Quesne (2009) shows distinct peaks of increased precipitation around AD 1650 and 

AD 1850, which slightly predate the onset of the humid periods found in the NEG6 core. Both studies 
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recognize the drier conditions with elevated temperatures in the last two decades as well. The 

positive correlation of the Laguna Negra record with other regional precipitation reconstructions, 

gives strong evidence that the sediments from Laguna Negra contain a signal of regional climate 

variability as well. 

 

8.2.2 LAGO VICHUQUEN 

 

Although Lago Vichuquen (34°S) is located at about the same latitude as Laguna Negra, it has a 

completely different setting in every aspect. The very low elevation of ±2 m asl results in different 

components and features of terrigenous input in the lake compared to high-altitude lakes. For 

example, vegetation in the catchment will be more abundant, resulting in soil formation that is more 

susceptible to weathering providing sediments that possibly can be transported and deposited in a 

lacustrine environment. Also based on the lakes’ proximity to the coast, marine influence can make 

the paleoclimatological interpretation very complex. After a first glimpse on the results from VIC07 

(Figure 8.11), little variability can be observed in the proxies representing the terrigenous input. In 

most of the core the background signal is very flat, interrupted by a couple of distinct peaks. In 

contrast with NEG6, here Fe/Al was chosen as proxy for terrigenous input instead of Ca/Al because of 

the abundance of Fe-bearing rocks like basalts and serpentinites in the catchment. The low 

terrigenous input in the lake can be explained by lower precipitation rates at the coast and a small 

catchment area with overall less relief and soil formation by vegetation. The Mn/Fe ratio was also 

included in the interpretation as it presents the same distribution of very low background values with 

several very distinct peaks that hold valuable information on the mixing regime of the lake. At 

present day, the lake contains a 5 m thick anoxic and saline bottom layer (see the CTD profile in 

Section 5.2). The low values of the Mn/Fe ratio result from this anoxic regime at the sediment-water 

interface.  The low values of the Mn/Fe ratio are reflected in the fierce oxidation of the sediments 

after opening as well (Section 7.1), which is an indicator of high iron concentrations in the sediment, 

this is in good agreement with the MS plot which shows on average high values. The sharp peaks 

show that at certain moments in the past, the lake was mixed for a very brief period of time, 

preventing the formation of the anoxic bottom layer. Two possible mechanisms are considered to 

cause brief mixing of the water. Lago Vichuquen is a shallow lake, reaching an average depth of 

about 25 m. Strong wind events can have a significant influence on the stratification of the water 

column in shallow lakes (Watts et al., 2001), even making it unstable enough that anoxic bottom 

water will mix with the surface water, resulting in a complete turn-over of the lake. Also, the 

increased precipitation associated with the stronger winds, promote water circulation and deep 
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mixing (Boës & Fagel, 2008). However, the lake’ts surface is very small and orientated perpendicular 

to the main wind direction, making wind-driven mixing of the water column seem less probable. 

Another mechanism proposed for mixing of the lake is the introduction of dense sea water in the 

lake by large tsunami events. In view of the proximity of the lake to the coast, it seems plausible that 

during a tsunami of considerable height, water flowed up the river mouth reaching the lake basin. In 

fact, data from VIC07 provide evidence that such events occurred multiple times in the past. This 

evidence will be presented below. Historical records even imply that Lago Vichuquen maintained a 

connection with the ocean, during the ‘Guerra del Pacifico’ (the Chilean-Peruvian war) at the end of 

the 19th century. Large ocean vessels of the Chilean marine were able to enter Lago Vichuquen during 

high tides. Today it is not possible to reach Lago Vichuquen from the ocean, not even with a zodiac. 

This changing relation of the lake with the sea also exerted a possible influence on the mixing regime. 

The organic proxies do not show any major shifts or large scale trends either (Figure 8.11). The C/N 

ratio varies between 6.5 and 8.5, so primary productivity should be considered to be the major 

source of organic matter in the sediment. The δ13C composition varies between -28‰ and -26‰, 

except for the top part between AD 2010 and AD 1950 with greater depletion till values of -30‰. 

This depletion coincides with a significant increase in the organic matter content up to 15%. If the 

increase in organic matter content is related to enhanced primary production, we would expect less 

negative δ13C values, which is not the case. An increase in the input of terrestrial plant material is 

also rejected based on the constant values of the C/N ratio. This shift clearly presents a more 

complex explanation of changing conditions in the lake. The shift is possibly related to the transition 

of the system from a lake with marine influences to a pure lacustrine regime at AD 1950. 

First of all it should be noted that the age model of the VIC07 core is constructed by using only one 

age marker in the form of a radiocarbon date. All dates below hence contain significant errors, and 

interpretations should be made with great care. 

The terrestrial input in the lake is very low from the bottom of the core till AD 1830 (Figure 8.11), 

whether this is the result of low precipitation and reduced run-off seems unlikely. Several factors 

reducing this input are already explained above. The VIC07 core failed to record a signal of 

precipitation variability between AD 1320 and AD 1830. However, several peaks in the Ti/Al and 

Fe/Al signal are observed, they seem to not be related with events of precipitation induced increases 

in terrigenous input because they correspond with a low MS-signal and no changes in the  C/N ratio. 

All the peaks can be correlated very well with peaks in the Cl/Al ratio. Notice that even the smaller 

peaks in the Cl/Al are 20 to 30 times higher than the background signal. These events are proposed 

to reflect pulses of seawater input into the lake caused by tsunamis. The most obvious tsunami 
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related event happened between AD 1340 and AD 1380, with highly increased values for the Fe/Al, 

Ti/Al and Cl/Al ratios. Other comparable but smaller events occur at AD 1500, AD 1590, AD 1700 and 

AD 1740. The AD 1590 event is associated with a sharp and distinct peak in the Mn/Fe ratio, 

indicating that the intrusion of ocean water resulted in the mixing of the water column.  

A significant increase in the terrigenous input is visible between AD 1830 and AD 1950. The average 

values for Ti/Al and Fe/Al are higher than the background signal and display greater variability as 

well. The Cl/Al plot shows increasing values as well, but these are not of the same magnitude as the 

terrigenous parameters. After AD 1950 the signal falls back to the normal background signal 

observed throughout the rest of the core, to increase again between AD 1990 and AD 2010. The 

former interval of increased terrestrial input and thereby precipitation of AD 1830 – AD 1950 

correlates, just like in the Laguna Negra record, well with the Laguna Aculeo record provided by 

Jenny et al. (2002).  

Finally, there is some clear variation in the Mn/Fe ratio which is not accompanied by increasing 

values in any other presented parameter. The peaks in Mn/Fe can be related to mixing of the water 

column for restricted periods of time. The mixing is most probably wind-driven as other mechanisms 

will show signs of an increasing Cl or terrigenous input. All of the strong wind events occur in the 

interval from AD 1420 to AD 1660, which represents a period of increased humidity in the Laguna 

Aculeo record (Jenny et al., 2002). The strong winds recorded in VIC07 will relate to increased 

precipitation but the lack of terrigenous input failed to record the precipitation variability. 
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Figure 8.11: Composite figure of relevant results for VIC07. A clear increase in the terrigenous input in the lake is indicated in 

blue. Three events possibly linked with tsunami events are indicated in orange. Four black horizontal lines are added to make 

variations in the graphs more clear, but hold no actual information. 

 

8.2.3 LAGO RANCO 

 

As already mentioned in chapter 5, there is a large distance between the coring site of RAN7 and the 

main inflows in the lake. This is probably the reason why there is not a lot of variation in the proxies 

representing terrigenous input (Figure 8.12). Because of the location of Lago Ranco at the foot of the 

Andes at 40°S, the basement rocks in the catchment area of the lake are composed of typical Andean 

rocks like andesite and dacite. Therefore, Ca should again dominate the composition of terrestrial 

input. Unlike in the other cores, Al intensities measured in RAN7 were very low, resulting in 

significant errors, Al will therefore not be used in further interpretations. Instead, we will use Fe/Si 

and Ca/Si ratios as indicators of terrigenous supply.  

The MS plot is dominated by a distinct peak related with a tephra layer at AD 1680 and three smaller 

peaks also related to tephra layers, removing the peak and stretching the background signal did not 

reveal any obvious underlying variation. The MS will hence not be applied as a paleo-precipitation 
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proxy for the RAN7 core. The Zr/Rb ratio is also added to make an estimation of the grain-size 

distribution, but shows only minor variations and no large scale trends are observed.  

Compared with the cores discussed above, a new proxy will be added: the Si/Ti ratio mainly relates to 

variations in the intensity of primary production, coupled with diatom abundance in the lake (Fey et 

al., 2009). Unlike in the previous cores, the Si/Ti ratio in RAN7 does show significant variability, 

especially in the top part of the core. A clear increase is observed between AD 1960 and AD 2010.  

In the top half of the core, the sediment sequence is somewhat disturbed by four tephra layers. The 

proxy values corresponding with these tephra layers were removed from the interpreted dataset.  

Two short periods of small rises in minerogenic material are observed from AD 1380 to AD 1400 and 

from AD 1520 to 1560, clearly visible by small rises in the Fe/Si ratio and Ca/Si ratio. Between AD 

1600 and AD 1680 an important increase of Fe/Si and Ca/Si are observed, indicating a period of 

increased humidity. These three periods are interlaced with intervals of lower terrigenous input. 

Periods of drought are accompanied with higher Si/Ti values, possibly indicating enhanced primary 

productivity by increased temperatures. Altogether, the lower part of the core, representing the AD 

1360 to AD 1720 time interval, is characterized by rapid fluctuations between periods of higher and 

lower minerogenic input, probably related to a period of higher precipitation variability. From AD 

1720 till AD 1920 a clear period of increased terrigenous input is observed, characterized by a 

significant rise in the Fe/Si and Ca/Si values. After this period of increased humidity, the rate of 

terrestrial supply seems to drop again to background values between AD 1920 and AD 2010, 

indicating drier conditions. 

The organic proxies do not show a lot of variation throughout the core, with the δ13C composition 

ranging between -31‰ and -29‰ the C/N ratio shows even less variation and averages around 8. 

Only when there is influence of tephra layers, this ratio drops significantly. Both proxies confirm the 

dominance of in-lake algae production as the main source of organic matter in the sediments. The 

high values of Si/Ti and of the organic matter content between AD 1960 and AD 2010 seem to 

indicate an increase in the primary productivity in this period. As this increase is not accompanied by 

a significant increase in terrestrial input, it is probably the result of rising temperature and 

anthropogenic lake eutrophication. Maybe the interval of enhanced primary productivity started 

before AD 1960, but the sediment record is disturbed by the presence of two tephra layers. 

The record of precipitation variability in Lago Puyehue provided by Bertrand et al. (2005) and Boës 

and Fagel (2008) (Section 3.3.1.2) should, given its proximity to Lago Ranco (Figure 8.5), yield 

comparable results with those obtained in this study. In general, the data obtained by Boës and Fagel 

(2008) show comparable results with the Lago Ranco record. They concluded that a generally drier 
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climate prevailed from AD 1400 to AD 1630, which is recognized in RAN7 as well, with the exception 

of the two small pulses of increased precipitation around AD 1400 and AD 1550. They delineate two 

more humid periods compared to the rest of the past 600 years between AD 1630 and AD 1730 and 

between AD 1780 and AD 1820. In RAN7 comparable intervals of the highest terrigenous supply are 

recognized between AD 1640 and AD 1680 and between AD 1800 and AD 1850. The discrepancies in 

ages could be explained by the large errors of the age model of RAN7. The correlation with the data 

provided by Bertrand et al. (2005) is less clear. They describe a general wetter period between AD 

1490 and AD 1700 and a drying climate from AD 1700 to AD 1900. The only clear agreement is the AD 

1600 – AD 1680 interval of increased humidity in RAN7 falls into the AD 1490 – AD 1700 interval of 

wetter conditions in Lago Puyehue. Between AD 1700 and AD 1900 no evidence of a drying climate is 

found in the Lago Ranco record. 

 

 

Figure 8.12: Composite image of relevant results for RAN7, with periods of higher terrigenous supply in red and lower 

terrigenous supply in blue. Four tephra layers in the top half of the core are indicated in grey. Four black, horizontal lines are 

added, with the sole purpose of making variations in the graphs more clearly visible, they provide no further information. For 

better view on small scale variation, the MS signal has been cropped at a value of 400.  
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8.2.4 LAGO CASTOR 

 

Although Lago Castor (45°S) is located at a considerable altitude of 725 m asl, most of the catchment 

area is grown with forests. Because of the steep slopes, the small dimensions of the lake and the 

proximity of the coring position to the shore, a significant contribution of terrestrial plant material in 

the sediment composition can be expected. Like in Laguna Negra and Lago Ranco, the rocky outcrops 

present in the catchment area are again dominant by andesitic and dacitic rocks.  

So the Ca/Al and Ti/Al ratios, combined with the MS signal are again used to try to detect variations 

in terrigenous input in the lake. The MS plot has been stretched to get a better view on the 

background signal between the two dominating peaks at AD 1800 and AD 1920. The former relates 

to a distinct tephra layer, the latter represent a significant rise in the sedimentation rate by an 

increased terrigenous influx caused by deforestation. This age was incorporated in the age model 

based on data from Wartenburger (2010). Before AD 1920, the aforementioned inorganic proxies for 

terrigenous supply do not show any significant variations (Figure 8.13), apart from some smaller 

peaks observed at AD 1810, AD 1830 and from AD 1890 to AD 1900. The sharp peak in MS at AD 

1920 is accompanied by an increase in Ca/Al, Ti/Al and Zr/Rb ratios which show much greater 

variability after this date and gradually decreases from this point upwards.  

The lowest part of the core, from AD 1800 till the bottom of the core, represents very low 

sedimentation rates of 0.25 mm/yr. This makes the reconstruction on a decadal resolution 

impossible. The sampling of organic proxies ends at about AD 1700, a result of the 2 cm sampling 

interval and the missing of the last sample at 40.5cm depth. The inorganic proxies do reach to the 

bottom of the core, but do not contain any variability. No further interpretations will be made about 

the part of the core ranging from AD 1560 to AD 1700. However, the organic proxies do seem to have 

incorporated some variability of the terrestrial influx in the lake. The C/N ratio varies between 13 and 

17, which points to an important contribution of terrestrial plants in the organic matter input. Higher 

values indicate an elevated input of terrestrial plant material, caused by increased run-off. Lower 

values represent increased influence of aquatic algae. The δ13C composition correlates very well with 

the C/N ratio, ranging between -24‰ and -21‰. This can also be explained by the mixing of aquatic 

algae with generally more depleted values and land plants with a more enriched δ13C composition. 

Two distinct periods of increased terrigenous inflow can be detected based on elevated C/N values, 

from approximately AD 1700 till AD 1800 and between AD 1920 and AD 1990. The latter period is 

accompanied by significant increases in the inorganic proxies as well.  
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Between AD 1800 and AD 1920 the C/N ratio indicates a period of drier conditions, interlaced with 

two short-term periods of slightly increased values of the minerogenic input at about AD 1830 and 

between AD 1890 and AD 1910, indicated by peaks in the Ca/Al and Ti/Al ratios. These two periods 

are not reflected in the C/N ratio or δ13C composition, possibly because of the lower resolution of the 

organic proxies. The very large variations detected in all minerogenic proxies from AD 1920 onwards 

are probably related to a large-scale deforestation in the catchment area, decreasing soil fixation and 

hence causing an increase in run-off. This accounts for the very sharp peak at AD 1920, the 

deforestation made lots of erodible material available for transport to the lake. After the sharp 

increase in terrigenous supply at AD 1920, Ca/Al, Ti/Al and Zr/Rb show a clear decreasing trend from 

AD 1920 onwards. The deforestation produced a lot of soils that are prone to weathering. As these 

soils are eroded and material is transported to the lake, less material becomes available for 

transport. This explains the very sharp rise in terrigenous input at AD 1920 and the gradual decrease 

afterwards. The C/N ratio in this period is elevated as well, caused by the larger supply of terrestrial 

plant material. It remains the question of this increase in minerogenic input is related to more humid 

conditions or just an artifact of the change in land-use.  

The last two decades are, like in most of the other cores, characterized by enhanced primary 

productivity. Both the C/N ratio and δ13C show a decline to values indicating a larger contribution of 

algae to the organic matter content. This is reflected as well in significant higher values of the Si/Ti 

ratio. 

Moy et al. (2008) recognized a period of increased precipitation due to stronger Westerlies between 

AD 1550 and AD 1850 in the Lago Guanaco record (51°S) (Section 3.3.1.3), which is thaught to be the 

local signature of the LIA (Moy et al., 2009). This correlates well with the data from CAST1A, with a 

comparable increase in precipitation from the bottom of the record at AD 1700 to AD 1800. We 

acknowledge that the CAST1A record is not long enough to fully confirm this relation. The marine 

record of variability in coastal run-off provided by Lamy et al. (2001), also detected the existence of a 

wetter period between AD 1350 and AD 1880. Discrepancies between the termination ages of the 

compared records with our data, is probably the result of differences and uncertainties of the applied 

age model. The associated shift to higher temperatures was confirmed by Villalba et al. (2003), who 

recognized a clear trend to warmer conditions based on tree rings around AD 1850. 



 
 

 
100 

 

Figure 8.13: Composite image of relevant results for CAST1A, with periods of higher terrigenous supply in red and lower 

terrigenous supply in blue. The clear tephra layer at AD 1800 is indicated in grey. For a better view on small variations, the 

MS signal has been cropped at 80.  
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8.3 WESTERLY WIND DYNAMICS AND IMPLICATIONS FOR GLOBAL CLIMATE 

8.3.1 SOUTHERN WESTERLIES 

Correlating the records of the different lakes presented above, could hold information about changes 

in the position and intensity of the Southern Westerly Wind belt. The records obtained from Laguna 

Negra, Lago Vichuquen and Lago Castor generally show comparable results with previous studies. 

Only the Lago Ranco record is lacking a good correlation with other studies conducted in the region. 

This could be caused by the coring position, which is not in the vicinity of the main inflow regions in 

the lake, making it difficult for all variations in terrigenous supply to be recorded in the sediment 

record at that position. Due to the lack of confirmation by other data sets, the RAN7 records will not 

be used in this chapter to make statements about the dynamics of the Westerlies, except for the AD 

1840 – AD 1900 interval of increased terrigenous input. As it correlates rather well with the Laguna 

Negra and Lago Vichuquen records and is probably linked to an intensification of the Westerlies. The 

record from Lago Vichuquen is influenced by the coastal position of the lake. This makes the 

interpretation rather complex and makes it more difficult to distinguish a climate signal should 

always be kept in mind that the way the age models are prone to great uncertainties. Although they 

probably give a good estimation of the age of the sediments, allocating exact absolute ages to certain 

intervals or events should be avoided.  

Based on the proxies used in this study, only a sequence of alternating more humid and drier periods 

can be distinguished. These differences in humidity are related to variations in the position and 

intensity of the southern Westerlies (Section 3.2). The northern limit of Westerly influence is situated 

between 32° and 35°S. Laguna Negra (33°S) and Lago Vichuquen are located within this zone. Large-

scale variations in precipitation in these records are probably related to shifts in the position of the 

Westerly Wind belt (Lamy et al., 2001), with northwards movement or expansion of the Westerlies 

causing increased precipitation. South of 38°S there is a continuous influence of the Westerlies. 

Observed variations in precipitation in both the Lago Ranco (40°S) and Lago Castor (45°S) record will 

therefore rather relate with changes in the intensity of the Westerlies, with stronger Westerlies 

inducing higher precipitation amounts. Other factors influencing precipitation amounts in South 

America like the ENSO and SAM will affect climate on an annual to decadal time scale. The resolution 

and proxies used in this thesis make it difficult to nearly impossible to detect such variations. 

Figure 8.14 gives an overview of the reconstructed precipitation variability from our lake records. In 

general, no obvious correlation exists between all of the cores. The discrepancies between the 

individual cores are probably caused by the combination of the uncertainties of the age models and a 
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strong imprint of the local conditions in the sediment record. Also, the used proxies can fail to record 

regional precipitation variability. However, some assumptions about regional climate variations can 

be made, from our least ambiguous records with clear variations proxy evidence of precipitation 

variability. Statements about regional climate changes will be mainly based on the records provided 

by NEG6 and CAST1A; VIC07 is used where possible. The NEG6 and CAST1A cores show strong 

evidence for a wetter climate in the 18th century (approximately from AD 1680 to AD 1800) as a 

result of intensified Westerlies and more northern storm tracks. Both cores also show a significantly 

drier period from AD 1800 to approximately AD 1900, indicating a poleward movement and 

weakening of the Westerlies. In the first half of the 20th century a clear humid period is observed in 

NEG6 and VIC07; though it is less obvious in the two southern cores, which could be the result of an 

equatorward movement of the Westerlies, which was apparently not accompanied by an overall 

increase in intensity. The second half of the 20th century is characterized by drier conditions, 

observed in all the cores and with an onset between AD 1950 and AD 1960. CAST1A is somewhat 

different by the suggestions of a humid period between AD 1920 and AD 1990, but as already 

explained this signal is probably the result of deforestation and does not hold any implications about 

climate (Section 8.2.4). 

 

Figure 8.14: Comparison of humidity variations in time in all of the cores. More humid conditions are indicated in blue, less 

humid conditions in a lighter shade of blue and drier conditions in red. The shaded parts in VIC07 and CAST1A indicate more 

ambiguous results  
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8.3.2 IMPLICATIONS FOR GLOBAL CLIMATE 

The sediment records gathered in this study comprise information about climate change in Southern 

South America during the past 400 years. Only the NEG6 and CAST1A cores will be used in this 

regional reconstruction as they are assumed to be the best-dated and highest quality records. They 

do not date back far enough to record changes that are associated with the MCA, but it does 

provides information on climate change during the end of the LIA (AD 1600 – AD 1700) and the shift 

to the present-day climate conditions. The local signature of the LIA is proposed to be more humid 

conditions between AD 1400 and AD 1700 at both lower latitudes (34°S) (Jenny et al., 2002) and 

higher latitudes (40°S) (Bertrand et al. 2005), which are related to an intensification and northward 

shift of the Westerlies accompanied by lower temperatures, such as those recorded in the Quelccaya 

ice cap (Thompson et al. 1986). 

Our data from NEG6 and CAST1A partly confirm the existence of a more humid period between AD 

1680 and AD 1800, which is interpreted as the local signature of the LIA climate anomaly. The 

comparison between several proxy-based climate reconstructions and the Atmosphere-Ocean 

General Circulation Model (AOGCM) conducted by Meyer and Wagner (2008), support the view of 

the presence of anomalous climate conditions in South-Central Chile during this time window, as 

documented by their paleoprecipitation and zonal wind reconstructions (Figure 8.15). Note that their 

reconstruction is based on austral summer precipitation rates and just serves as a mere indication 

when compared to this study. 

Laguna Negra and Lago Vichuquen record a significant increase in precipitation at the transition from 

the 19th to 20th century, which is clearly visible in the data provided by Meyer and Wagner (2009) 

(Figure 8.15) as well. Strangely this increase in precipitation is not observed in the Lago Castor 

record. Correlation with data from Jenny et al. (2002) suggests this increase in humidity was linked to 

an equatorward movement of the Westerlies. Much clearer are the general more arid conditions and 

a significant increase in primary production rates in all of the lakes, which are either the result of 

increasing temperature, the enhanced supply of nutrients due to anthropogenic activity around the 

lakes, or a combination of both. 
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Figure 8.15: Bottom: Reconstruction of precipitation based on several climate studies with different proxy data. Top: 

Reconstruction of the position of maximal zonal winds in the Southern Westerlies based on data provided by AOGCM, both 

for the last millennium. The local manifestation of the LIA is indicated in blue on both figures (Meyer & Wagner, 2008)  
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9. CONCLUSION 
 

This thesis attemps to unravel the paleoclimatic history of South-Central Chile during the last 

millennium by means of high-resolution, multi-proxy analysis of 4 lacustrine sediment cores. The age 

of our records ranges between 400 and 700 years and prove to contain valuable evidences about 

regional precipitation variability related to the dynamics of the Sourthern Westerly Wind belt. 

However, local conditions have a great influence on the used proxies as well and both signals should 

be assessed with great care. 

Age models for our sediment cores were constructed with the use of radiocarbon dating where 

possible and supplemented with event deposits of known age, which relate to volcanic and seismic 

activity in the region. The poor quality of our age models is the main drawback of this study. More 

absolute dating and further research are needed to establish a more complete and extensive seismic- 

and tephrostratigraphy for most of the lake records. 

We detected variations in precipitation rates in the composition of the sediments. Both inorganic 

(metal/Al ratios) and organic (δ13C and C/N ratios) proxies were used to try to distinguish between 

the allochtonous and autochtonous fraction in the sediment and to assess paleoproductivity and run-

off. We acknowledge the value of the XRF core scanning as a fast, high-resolution method to 

measure relative elemental concentrations in the sediment.  Heavy precipitation will cause more 

allochtonous material (both organic and inorganic) to be mobilized and transported to the lake. A 

clear increase of the allochtonous sediment fraction will thus relate to increased precipitation.  

The sedimentary records of lakes will always contain a local signature because of catchment specific 

features and processes. An example was found in Lago Vichuquen, where the proximity to the coast 

and possible tsunami influence causes a rather complex interpretation of the observed proxy 

variations, in the composition of the sediment and cannot easily be related with rainfall variability on 

a regional scale. Besides, human activity like deforestation and changes in land use in the catchment 

can have a significant influence on the sedimentation in the lake. This was obvious in the record of 

Lago Castor in the last century, where deforestation caused a significant increase in the input of 

minerogenic material in the lake.  

Laguna Negra and Lago Castor show the greatest potential to hold a valuable record of regional 

climate variability. As mentioned above, the interaction of Lago Vichuquen with the ocean causes a 

very complex sedimentary record. The climate record retrieved from Lago Ranco is interspersed by 
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several tephra layers which obscure the climate signal. Besides, the coring site was not ideal to 

record variations in the terrigenous input as it was located far from the main inflows in the lake. 

The paleoprecipitation record retrieved from Laguna Negra and Lago Castor show considerable 

correlation with previous studies conducted in the area. They both record a period of increased 

precipitation between AD 1680 and AD 1800, which probably relates to the local signatures of the 

last part of the LIA, followed by a second pulse of enhanced precipitation around AD 1850 observed 

in Laguna Negra and possibly in Lago Vichuquen but not in Lago Castor, which suggests that the 

increased precipitation was the result of a northward expansion of the Westerlies rather than a 

significant intensification. Laguna Negra and Lago Castor are supposed to be suitable for further 

research on longer timescales. 
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Figure I: Geological map of the Laguna Negra region (http://www.geoportal.cl) 
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Figure II: Geological map of the Lago Vichuquen region (http://www.geoportal.cl) 
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Figure III: Geological map of the Lago Ranco region (http://www.geoportal.cl) 
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Figure IV: Geological map of the Lago Castor region (http://www.geoportal.cl) 

 

 

 

 

 

 

 

 

 

 

 

 

 


