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1. MOTIVATION AND RESEARCH QUESTIONS 

Most of the Northern Chilean Patagonia region (44°S – 48°S) is covered by volcanic ash soils 

(andosols). These soils constitute one of the main sources of sediment to the regional lakes and 

fjords, and to the adjacent Eastern Pacific Ocean (Bertrand et al., 2012a, 2012b). Understanding 

spatial variations in volcanic ash soil thickness and composition is therefore a prerequisite to an 

accurate interpretation of regional sediment records from lakes and fjords.  

Although the number of paleoclimate and paleoenvironment studies in Northern Chilean Patagonia 

has increased exponentially in the last few years (e.g., Markgraf et al., 2007; Sepύlveda et al., 2009; 

Fernandez et al., 2011; Villa Martίnez et al., 2012; de Porras et al., 2014), very few studies have 

focused on characterizing the extent, nature and composition of the soils. The current information is 

limited to rough maps of volcanic ash soil extension (e.g., Gut, 2008) and localized studies of very 

specific soil properties (e.g., Grez , 1984, Pfeiffer et al., 2010). As a result, very little is known about 

this major sediment source.  

Due to high volcanic activity in the Andes, andosols are very widespread in Chile. They are found 

between 36 and 47 degrees of latitude (Besoain, 1985). They have mostly been studied in south-

central Chile (36°S – 41°S), where authors have demonstrated that these soils were formed on 

volcanic ashes that continuously accumulated during the Holocene (Laugenie, 1982; De 

Vleeschouwer, 2002; McCurdy, 2003; Betrand & Fagel, 2008). In that region, the parent material of 

the volcanic soils is entirely composed of volcanic ashes that accumulated since the last glacial 

retreat. Several hypotheses have been proposed in terms of transport and deposition of the andosol 

parent material, such as direct volcanic ash falls (Wright, 1965; Bertrand & Fagel, 2008), loess-like 

deposits (Laugenie et al., 1975) or glacial transport with ablation moraine-like deposition (Langhor, 

1974). Based on these studies, the volcanic ash soils of northern Chilean Patagonia are also believed 

to represent soils formed on volcanic ashes that continuously accumulated during the Holocene, 

although their exact distribution, lateral variations in thickness, composition and/or parental material 

are largely unknown.  

There are however major differences between Northern Patagonia (44°S – 48°S) and south-central 

Chile, such as (a) the age of deglaciation, and therefore the duration of accumulation of volcanic 

ashes, (b) climate, which is much more humid year-round in Patagonia, and (c) the location of the 

volcanoes compared to the drainage basins (mostly to the east in south-central Chile and to the west 

in Northern Chilean Patagonia). Differences are therefore also expected in the nature, thickness and 

distribution of the soils, and the conclusions obtained on the volcanic ash soils of south-central Chile 

can not simply be extended to Chilean Patagonia.  

A related topic that has received a fair amount of attention in Northern Chilean Patagonia is the 

distribution of volcanic ashes from large explosive volcanic eruptions (Naranjo & Stern, 1998; Naranjo 

& Stern, 2004; Fontijn et al., 2014). A few large explosive eruptions have been particularly well 

studied (e.g. Hudson 6700 BP, 3600 BP and 1991 AD; Naranjo & Stern, 1998). The thickness of the 

volcanic ashes vary according the distance from the main source volcanoes in the region, Melimoyu, 

Mentolat, Cay, Maya and Hudson, although the distribution of the ashes is mainly influenced by the 
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dominating westerlies, which are responsible for the eastward distribution of a large part of the 

volcanic ashes.  

In the region the andosols are developed on on soft parent material. It has been proposed that their 

distribution also influences the geochemistry of dissolved and suspended loads of the rivers (e.g. 

Bertrand et al., 2012a) although the degree of this influence is unknown since other factors such as 

vegetation, precipitation, regional geology, etc., are also contributing to some extent to the 

geochemistry of the regional rivers (Brian Reid, pers. comm.).  

To improve our understanding of the distribution and nature of volcanic ash soils in Northern Chilean 

Patagonia, two field expeditions were recently organized by UGent scientists to sample these soils 

(Bartels, 2012; Bertrand, 2013). In the framework of A. Bartels’ thesis (Bartels, 2012), a few selected 

profiles were examined, mostly for grain-size variations and coarse tephra content. Although Bartels 

(2012) proposed rough estimates of volcanic ash soils volumes, more thickness measurements were 

needed for more precise calculations. Therefore, more profiles were measured and sampled in 

Northern Chilean Patagonia in 2013 (Bertrand, 2013).  

With this in mind, the goal of this thesis is to study the spatial and temporal variations in volcanic ash 

soils of Northern Chilean Patagonia to address the following scientific questions: 

(1) What is the extent and spatial variability in thickness of the regionial volcanic ash soils,  

(2) What is the impact of climate and weathering on the mineralogical and geochemical properties of 

andosols, and  

(3) To what extent do the volcanic ash soils control the concentration and geochemistry of the 

dissolved and suspended loads in regional rivers. 

To answer these questions, this study makes use of data and samples collected during two field 

expeditions in 2012 and 2013. First, an isopach map of volcanic ash soil distribution is constructed 

based on the measured thicknesses (section 3.2) to understand the factors that control the nature of 

the parent material such as source, volcanoes, wind direction, etc. Then, the mineralogy and bulk 

organic geochemistry of three selected soil profiles sampled in 2012 and 2013 are studied to 

understand the evolution of these andosols during the Holocene. These profiles were selected to 

represent the large range of annual precipitation that exists in Northern Chilean Patagonia. The 

analyses that were conducted on the subsamples are loss on ignition method, bulk carbon and 

nitrogen elemental and isotopic geochemistry, x-ray diffraction, and radiocarbon dating. Finally the 

soil distribution is compared to chemical data obtained in regional rivers (Bertrand, 2011) to evaluate 

the influence of volcanic ash soil distribution and weathering on river chemistry.  
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2. GENERAL SETTING 

2.1 LOCATION 

The study area is located in the northern part of Chilean Patagonia between 44°S – 48°S and 71°W – 

74°W (Figure 2.1). It is situated in the XIth administrative region of Chile, the Aysén region. The region 

is characterized by a complex island and channel landscape containing many fjords and lakes that 

were formed by extensive glacial erosion from the Patagonian Ice Sheet during the Quaternary. The 

remaining icefields, the Northern Patagonian Icefield (NPI) and the Southern Patagonian Icefield 

(SPI), are the world’s fourth and fifth largest icefields after the Antarctica, Greenland and Alaska’s ice 

sheets. Furthermore, the area is dominated by the southern end of the Andes mountain chain, the 

Patagonian Cordillera. This mountain chain, which results from the subduction of the Nazca plate 

under the South American continent, is punctuated by several large volcanoes. In addition to the 

volcanoes, many glaciers are situated in the study area. These occupy valleys of the mountain chain 

and flow into fjords towards the West and into lakes towards the East. One of the largest lakes 

located at the eastern side of the Patagonian Cordillera is General Carrera Lake, which is located 

around 46°30’S – 72°W (Fig. 2.1) and is the second largest lake of South America after LakeTiticaca.  

 

Figure 2.1. Elevation map of the study area in Northern Chilean Patagonia, NPI stands for Northern 

Patagonian Icefield.  
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2.2 PRESENT-DAY CLIMATE AND VEGETATION 

In terms of precipitation, southern South America displays a strong zonal asymmetry due to the 

orographic high of the Andes and the dominating humid Southern Westerlies coming from the Pacific 

Ocean (Figure 2.2a). In Patagonia (> 40°S), precipitation patterns mostly reflect the orographic effect 

of the Andes, which divides Patagonia into two different regions: Western Patagonia and Eastern 

Patagonia. In Western Patagonia, the climate is hyperhumid, with precipitation reaching up to 7500 

mm/yr (Miller, 1976). In this region, which is also called Chilean Patagonia and is frequently traversed 

by cyclones, the high precipitation is due to the uplift of moist air originating from the southeastern 

Pacific (Garreaud et al., 2013). In contrast, in Eastern Patagonia, also called Argentinean Patagonia, 

the forced subsidence causes very dry conditions. As a result, precipitation decreases rapidly towards 

the east. On the eastern flank of the Andes precipitation is about 1000 mm/yr. Between 

approximately 39°S and 47°S a narrow zone of transition receives around 400 mm/yr of rainfall (= 

semi-arid climate) (Gut, 2008). Further east in Argentina precipitation values decrease to less than 

200 mm (arid climate) in Eastern Patagonia, which has an arid climate. 

 

Figure 2.2. Annual precipitation (A; Modified after Casanova et al., 2013) and temperature (B; Modified after 

Sagredo & Lowell, 2012) maps of South America. 

The West-East temperature gradient in Patagonia is not as pronounced as for precipitation. As seen 

in figure 2.2b, temperature values decrease towards the south. In the study area (44 – 48°S), the 

annual temperature is around 8 °C (Sagredo & Lowell, 2012). It varies between 4 °C in austral winter 

(July) and 13 °C in austral summer (January) (Domic Kuscevic et al., 2000).  

Present-day vegetation mainly reflects the decreasing West-East precipitation gradient. The 

vegetation ranges from evergreen North Patagonian rainforest, which is mainly composed of large 

Nathofagaceae trees, along the Pacific Ocean to the grass steppe close to the Chile-Argentina border 

(Figure 2.3) (Luebert & Pliscoff, 2006). In between these rainforests, conifer evergreen forests occur 

at the coast and interior. At higher altitudes, vegetation is dominated by deciduous forest, containing 

Nothofagus pumilio. As the area south of 47°S turns into a landscape which is marked by fjords and 
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many small islands and precipitation is extremely high, moorlands manifest. The arid landscape in 

Eastern Patagonia is dominated by shrubland, e.g. Nothofagus antarctica, and gramineous steppe of 

Festuca spp. (Figure 2.3). 

 

Figure 2.3. Vegetation changes along a West to East transect in the study area (44°S – 48°S): (A) western 

Patagonia (Puerto Aysen; Photo: Rosi Jelin), (B) low Andes (Villa Cerro Castillo village; Photo: J.-Y. De 

Vleeschouwer) and (C) eastern Patagonia (Cisnes alto; Photo: S. Bertrand). 

2.3 TECTONIC AND GEOLOGICAL SETTING 

The study area is located in the Northern Patagonian Andes where the Patagonian Cordillera, the 

southern extension of the Andes, is situated. This mountain chain, located at 41°S – 48°S, developed 

at the triple-junction between the South American, Antarctic and Nazca plates since the Jurassic 

period (Figure 2.4). Between the Nazca plate and the Antarctic plate, seafloor spreading occurs at the 

Chile Ridge at a rate of approximately 6.5 mm/yr. This ridge is being subducted beneath the South 

American plate at the Chile Trench. At this location, the Nazca and Antarctic plates meet the 

continental crust of the South American plate and form the Chile Triple Junction (CTJ). The oblique 

collision of the Chile Ridge and the South American margin resulted in a northward migration of the 

CTJ to its present position at 46°12’S approximately 14 Ma ago (Mpodozis et al., 1985; Cande & 

Leslie, 1986; Cande et al., 1987).  

 

Figure 2.4. Tectonic map of the southeast Pacific and southern Chile (Thomson, 2002). 
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Before subduction processes led to the formation of the Patagonian Cordillera, the continental 

margin mainly consisted in metamorphic complexes and associated magmatic rocks. These basement 

complexes crop out in the southern part and northwest of the study area (Figure 2.5). The Eastern 

Andes Metamorphic Complex (EAMC) consists of polydeformed turbidites with small bodies of 

limestone and metabasites. These were deposit in Late Paleozoic times and crop out east of the 

Patagonian Batholith between General Carrera Lake (46°S) and the southern part of the Brunswick 

Peninsula (54°S). Bahlburg (2003) and Lacassie (2003) suggested the turbidites were deposited in a 

passive continental margin environment. During the Late Triassic, the Chonos Metamorphic Complex 

(CMC) was formed. The CMC, deposited in a subduction zone environment as seen in Figure 2.6, 

consists predominantly of metaturbidites (Pimpirev et al., 1999). Hervé et al. (1981) divided the 

complex into two belts with an Eastern Belt composed of well preserved primary sedimentary and 

volcanic structures and a Western Belt with more deformed and recrystallized rocks.   

 

Figure 2.5. Geology of Northern Chilean Patagonia. (A) Simplified geological map based on the ‘Mapa 

Geológico de Chile’ 1:1000000 of the Servicio de Geologίa y Minerίa and SRTM (Shuttle Radar Topography 

Mission) images. NPI = Northern Patagonian Ice Field (Sernageomin, 2003; Modified after Bertrand et al., 

2012). (B) Stratigraphic succession of the study area (Modified after Charrier et al., 2007). 

In the Early Jurassic, the subduction cycle starts to form the Patagonian Cordillera. The evolution of 

the Patagonian Cordillera can be divided into three stages of Mesozoic and Cenozoic tectonic 

evolution. In the first phase, during Middle to Late Jurassic times, a second Mesozoic regional 
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extension event occurred. This was probably caused by the mantle uplift associated with the opening 

of the Atlantic Ocean which produced extensional basins in the region. Mpodozis & Kay (1990) 

assigned this volcanic episode to the Chon Aike Large magmatic Province. The calc-alkaline volcanic 

rocks formed by the volcanic activity are attributed to the Ibañez Formation (Berrisian-Kimmeridgian 

age, Suárez & De La Cruz, 1997) located on the east side of the area.  

 

Figure 2.6. Schematic cross-section of the area between 44°S and 47°S during Late Triassic times. Scales are 

not uniform. CMC = Chonos Metamorphic Complex, EAMC = Eastern Andes Metamorphic Complex, HM = 

Hydrated Mantle (Modified after Hervé et al., 2007). 

During the second phase, the regional extension period was followed by thermal subsidence in the 

latest Jurassic to early Cretaceous times. The evolution of the Patagonian Cordillera was first 

associated with the emergence of the Patagonian backarc basin. Afterwards, the area became a 

foreland basin, which separates it from the backarc basins in the areas to the north. Magmatic 

activity starts on the westernmost edge of the continent so therefore the basin was situated in a 

backarc position.  

At the beginning of the Late Jurassic, the North Patagonian Batholith (NPB) started to form as well as 

andesitic lavas and volcanoclastic deposits by magmatic activity (Pankhurst et al., 1999) (Figure 2.5). 

The NPB is formed episodically from Late Jurassic to Late Cenozoic times with no significant change in 

location of the magmatic belt relative to its present position. The magmatic evolution of the North 

Patagonian Andes is well documented in the NPB, where distinct plutonic events can be identified 

(Halpern & Fuenzalida, 1978; Bartholomew, 1984; Pankhurst et al., 1999; Suárez & De La Cruz, 2001). 

Together with the South Patagonian Batholith, it is one of the largest batholiths on earth. The 

backarc basin situated in the study area contains the Coihaique Group (De La Cruz et al., 2003, 2004) 

which contains the following three marine formations, from bottom to top (Suárez et al., 1996; Bell & 

Suárez, 1997): the Toqui, Katterfeld and Apeleg Formation. The Toqui Formation overlies the 

deposits of the Ibáñez Group and consists in calcareous and volcaniclastic sediments deposited 

during a marine transgression on the shorelines of active volcanoes in the eastern magmatic arc. 

During the Lower Cretaceous, subsidence results in the deposition of the Katterfeld Formation and 

the Apeleg Formation. The Katterfeld Formation contains black shales whereas the Apeleg Formation 

is composed of sandstones and mudstones (González-Bonorino & Suárez, 1995; Bell & Suárez, 1997). 

This marine transgression was followed by a regional volcanic event which covered most of northern 

Patagonia with lava and volcanoclastic deposits (Divisadero Group) (Niemeyer et al., 1984; De La Cruz 

et al., 2003). Early Cretaceous shallow marine clastic deposits can be found south of General Carrera 

Lake. Suárez et al. (2000) assigned these deposits to the Cerro Colorado Formation. This formation is 

conformably overlain by the subaerial Flamencos Tuffs. 
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Finally, in the third phase from the Late Cretaceous up to the present, tectonic inversion occurred 

with the development of an asymmetric foreland basin (Skarmeta & Castelli, 1997). During the mid-

Cenozoic times, extensional basins start to form along the Liquiñe-Ofqui Fault System (see chapter 

2.4) according to Hervé et al. (1995). In these basins, on the western side of the Patagonian 

Cordillera, Cenozoic volcanic and sedimentary deposits can be found from the Traiguén Formation 

(Figure 2.5). This formation, located between 44°S – 46°S, will later on be intruded by younger 

plutons during the Miocene. On the east side of the Patagonian Cordillera, Cenozoic outcrops are 

situated north and south of the General Carrera Lake. The deposits in the north are represented by 

calcalakine andesites, basalts, dacites and rhyolites which include minor intrusive bodies with a 

possible Late Cretaceous (Skarmeta, 1978; Niemeyer et al., 1984; Suárez et al., 1996; De La Cruz et 

al., 2003) and/or Late Oligocene age (Morata et al., 2005) and also continental clastic deposits of the 

Galera Formation which overlie the Diviserado Group (Niemeyer et al., 1984; Skarmeta, 1978). To the 

south of the General Carrera Lake, the Paleocene – early Eocene Ligorio Márquez Formation, 

consisting of fluvial and floodplain coal-bearing deposits, lies unconformably over the Cerro Colorado 

Formation and the Flamencos Tuffs (Suárez & De La Cruz, 1996; Suárez et al., 2000; Troncoso et al., 

2002). On top, middle Eocene alkaline flood basalts are deposited (Charrier et al., 1978, 1979; 

Petford et al., 1996; Espinoza, 2003; Espinoza & Morata, 2003). During the compression phase, huge 

amounts of sediment were received by the uplift and erosion of the area to the West. Eventually the 

basin got filled gradually with thick turbiditic successions, shallow marine and finally continental 

clastic deposits during the Late Cenozoic. These deposits are represented by the late Oligocene – 

early Miocene marine Guadal Formation and the continental clastic Galera Formation (Niemeyer et 

al., 1984; Skarmeta, 1978). The late Miocene alkali basalts in the Buenos Aires Meseta are associated 

with a subducted segment of the Chile Ridge (Charrier et al., 1978, 1979; Petford et al., 1996; Suárez 

et al., 2000; Suárez & De La Cruz, 2000; Espinoza, 2003; Espinoza & Morata, 2003).  

Eventually, Pleistocene and Holocene back-arc volcanic activity from the Melimoyu, Maca, Cay, 

Mentolat and Hudson volcanoes results in Quaternary volcanic deposits by the subduction of the 

Chile Ridge at 46°S, which started during the Miocene (Ramos & Kay, 1992; Gorring et al., 1997; 

D’Orazio et al., 2000, 2001; Gorring & Kay, 2001; Kilian & Stern, 2002; Espinoza et al., 2005; Guivel et 

al., 2006) (Figure 2.5). 

2.4 VOLCANIC SETTING 

South America counts four volcanic segments: the Northern (NVZ; 2°N – 5°S), Central (CVZ; 14°S – 

28°S), Southern (SVZ; 33°S – 46°S) and Austral (AVZ; 49°S – 55°S) volcanic zones (Figure 2.7a). These 

segments are located along the western side of the South American plate, immediately above the 

subduction zone. The Chile Ridge that collides with the continental margin at the CTJ indicates the 

end of the Central Andes (Gansser, 1973) and the SVZ. It is located where the Nazca plate, the 

Antarctic plate and the South American plate meet the Peru-Chile trench and results in an absence of 

volcanism. This zone is called the Patagonian Volcanic Gap and separates the SVZ from the AVZ. 
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Figure 2.7. (A) Schematic map of the four active volcanic zones in South America and (B) the southern 

volcanic zone with the study region indicated in red (Modified after Stern, 2004). 

The study area is located in the southern part of the SVZ (Figure 2.7b). The SVZ consists in a 

continuous volcanic arc of stratovolcano complexes and volcanic fields. It is 1400 km long and runs 

along the Chile-Argentina border. The SVZ is located at the obliquely convergent plate margin of the 

Nazca plate and the South American plate between 33°S and 46°S. The rate at which the Nazca plate 

is being subducted beneath the South American plates is ca. 7 – 9 cm/yr (DeMets et al., 1990) in a 

direction 22 – 30°NE of the orthogonal with the trench. The subduction angle, increasing to the 

south, is at the northern end of the SVZ around 20° and in the south more than 25°. The distance 

between the trench and the volcanic front is therefore larger in the northern part of the SVZ (> 290 

km) than in the south (< 270 km). There is a decrease in depth to the subducted slab below the 

volcanic front from 120 to 90 km. The crustal thickness also decreases to the south ranging from 

more than 50 km below the northern part to 30 – 35 km below the southern end. Although 

andesites, rhyolites and dacites can occur, the main rock types erupting are tholeiitic and high-Al 

basalts and basaltic andesites (López-Escobar et al. 1977, 1993, 1995a; Hickey-Vargas et al., 1984, 

1989; Hickey et al., 1986; Gerlach et al., 1988; Futa & Stern, 1988). 

In comparison with the other volcanic zones, the SVZ has a more intense historic volcanic activity, 

which counts on average about one eruption per year. In total, there are at least 60 historically and 

potentially active volcanic edifices, three large silicic caldera systems and several minor eruptive 

centers in the SVZ. In contrast to the CVZ, all calderas in the SVZ have been formed in the last 1.1 

Myr.   

In the study area, which is located in the southern part of the SVZ (SSVZ), there is a large tectonic 

structure with a length of > 1000 km, the Liquiñe-Ofqui fault system (LOFS) (Figure 2.4). This is a 
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trench-linked dextral strike-slip structure (Cembrano & Hervé, 1993; Cembrano et al., 1996) which 

runs parallel to the present-day volcanic arc (Hervé, 1994) and has a NNE – SSW trending. This 

tectonic feature controls, together with northeast- southwest and northwest-southeast lineaments, 

the location of several large stratovolcanoes and many small monogenetic Holocene eruptive centers 

in the central SVZ and the SSVZ (López-Escobar et al., 1995). Most authors (Nelson et al., 1994; 

Cembrano et al., 1996) believe this system was created in response to the oblique subduction of the 

Nazca plate. Quaternary volcanism generated several stratovolcanoes and eruptive centers. Five 

volcanoes are situated in the study region (Fig. 2.5): Melimoyu, Mentolat, Cay, Maca and Hudson.  

2.4.1 Melimoyu 

The Melimoyu volcano (44°5’S – 72°51’W) is a large glacial covered stratovolcano with a small 1 km 

diameter summit crater. The volcano is elongated 10 km in an east-west direction and has a height of 

2400 m (Naranjo & Stern, 2004). There is no record of historic activity for this volcano, although 

Naranjo & Stern (2004) found tephra fall deposits, which preserve evidence of two late Holocene 

explosive eruptions of the volcano, along the Carretera Austral between 22 to 41 km north of 

Puyuhuapi. The age of the medium sized eruption is placed at < 2740 and < 2790 14C BP, whereas the 

younger deposit was, according to Naranjo & Stern (2004), generated by a smaller eruption, 

occurring at < 1750 14C BP. The lavas and pyroclastic lavas are basaltic (53.44 % SiO2) to andesitic 

basaltic (56.84 % SiO2) in composition (López-Escobar et al., 1995). 

2.4.2 Mentolat 

The Mentolat volcano (44°40’S – 73°05’W) is a stratovolcano with an ice-covered crater of 

approximately 6 km in diameter (González Ferrán, 1995). It is located on the central part of the 

Magdalena Island and has a height of 1660 m. According to López-Escobar et al. (1993), the volcano 

is formed by basaltic andesites and andesite lava flows. On the western slope of the volcano, an 

andesitic lava flow (63.02 % SiO2) is situated (Gonzáles Ferrán, 1995). There are no records of 

historical activity for the Mentolat volcano, although a tephra fall deposit was attributed to the 

volcano based on chemistry by Naranjo & Stern (2004). This deposit can be found west of Coihaique 

along the Simpson River on top of river gravels. It consists in fine grey basaltic andesite pumice and 

has been dated at < 6960 14C BP. Deposits found along the valley of the Mañiguales River overlying 

the fluvial sands could be from the same eruption. These deposits, on top of more than one meter of 

soil, are composed of an 18 cm-thick grey pumice layer grading upwards into a layer of oxidized red 

mafic scoria. No other deposits with the same age have been found yet to determine the size of this 

eruption.  

2.4.3 Cay  

The Cay volcano (45°03’S - 73°00’W) is a stratovolcano with an explosion crater opened to the East. 

Its height is approximately 2200 m and it is basaltic and dacitic in composition. There are six 

explosion craters and pyroclastic cones along a 25 km long fissure to the SE of the crater. Along a 

second parallel fissure, 5 km SE of the previous fissure, another 10 basaltic cinder cones are situated 

(González Ferrán, 1995), which is part of the major regional LOFS. There are no data from historical 

activity of the volcano and there are no evidence found yet from Holocene tephra deposited by the 

volcano (Naranjo & Stern, 2004). 
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2.4.4 Maca  

Volcano Maca (45°05’S – 73°10’W) is a composite volcano with a height of approximately 2960 m. It 

is located 30 km to the west of the Cay volcano and is situated at the NW end of a NW-SE trending 10 

km long and 3 km wide volcanic ridge, which forms a topographic high of 1500-1700 m (D’Orazio et 

al., 2003). On top of the old caldera, a symmetrical stratocone covered by a thick layer of ice occurs.  

The steep-sided crater is opened towards the SSE and probably originated from flank failure. 

Towards the SW, on a 15 km long N30°E oriented fault, the volcano counts at least five flank cinder 

cones. These consist in pyroclastic cones and lava domes with a basaltic composition (53 % SiO2; 

González Ferrán, 1995). The main part of the volcanic cone is composed of basaltic lavas and 

pyroclasts (50.36 – 55.32 % SiO2). The Maca volcanic complex is also linked to the Liquiñe-Ofqui fault 

zone and its estimated age is Late-Holocene. The cones in the southernmost area were probably 

formed in subaqueous conditions, as evidenced by the presence of hyaloclastitic products (Demant 

et al., 1994). Along the valleys of both the Simpson and Mañiguales rivers 70 km to the east of the 

volcano, 10 to 15 cm-thick tephra fall deposits from Maca volcano were found (Naranjo & Stern, 

2004). These were dated at 1540 14C BP.  

2.4.5 Hudson  

The Hudson (45°54’S – 72°58’W) is a glacier-covered volcano where the ice-volume is estimated at 

2.5 km³. The volcano is situated in the southernmost part of the SVZ and has a height of 1905 m 

(González Ferrán, 1995). In contrast to the other SVZ volcanoes, it is located at the eastern side of the 

Liquiñe-Ofqui fault zone (Naranjo & Stern, 1998). The Hudson consists of a nearly circular shaped 

caldera that has a diameter of 10 km. The eruptive center lies at the base of a caldera where it 

formed two pyroclastic cones. 10 km SW from the edge of the caldera, flank craters have been 

formed. The composition of the lava flows that were produced range from basaltic to dacitic 

(Naranjo & Stern, 1998).  

In terms of frequency of large, explosive events, the Hudson is the most active volcano of the Andes. 

Naranjo & Stern (2004) attribute this to the fact that the volcano is situated close to the triple 

junction. Three large and seven smaller explosive Holocene eruptions have been documented. The 

three largest explosive events are dated at 6700 BP, 3600 BP and 1991 AD (Stern & Naranjo, 1998). 

They are regularly spaced, but the event of 1991 AD is significantly smaller and produced only > 4 

km3 of tephra. Still the ashfall washed out into the General Carrera Lake through the Ibáñez River, 

which impacted Puerto Ibáñez very hard (Naranjo et al., 1993). In addition, the 1991 AD eruption 

caused Puerto Aysen to get filled with ashes. Consequently, the port had to be moved several km to 

the coast where they created a new port, Puerto Chacabuco. The eruption of 1991 AD is considered 

to have a Volcanic Explosivity Index (VEI) of 4 on the scale of explosivity.  According to Naranjo & 

Stern (1998), the pre-historic Holocene eruption of 6700 BP may be among the largest Holocene 

explosive eruptions in the SVZ. This eruption produced more than 18 km3 of fallout and deposited > 

15 cm-thick tephra layers as far as Tierra del Fuego in the South (Stern, 2007). Considering the 

eruption column height to be > 55 km, the eruption of 6700 BP of the Hudson has a VEI of 6. Based 

on the distribution of the pumice fragments, it was suggested that the eruption of 3600 BP also had a 

VEI of 6 (Naranjo & Stern, 1998). Naranjo & Stern (1998) dated the seven smaller explosive eruptions 

at > 6840 – < 6980 BP, < 6330 BP, < 4200 BP, < 2230 BP, 1090 BP, > 140 – < 280 BP and 1971 AD. The 

most recent activity of the Hudson was recorded in 2011 AD.   
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Due to the high precipitation and cool climatic conditions of southern Chile, all volcanic centres in the 

SSVZ have snow cover. This increases their lahar potential. The thermal event of Hudson volcano in 

1971 AD, for example, caused melting of the glacial fill inside the caldera, which triggered a large 

lahar that spread 40 km from the volcano to the fjords in the West (Best, 1992).  

2.5 QUATERNARY EVOLUTION AND PALEOCLIMATE 

During the Quaternary, the NPI and SPI have expanded and contracted several times (Kaplan et al., 

2004, 2005; Harrison & Glasser, 2011). Caldenius (1932) was the first to propose that the NPI and SPI 

converged during glacials, forming the large Patagonian Ice Sheet (PIS; 38°S – 56°S). Besides 

atmospheric temperature, the extension of Patagonian glaciers is also controlled by the southern 

westerly winds since they control predominantly the passage of frontal systems and therefore 

precipitation (Trenberth, 1991). During the Last Glacial Maximum (LGM; 26.5 to 20 – 19 kyr), the PIS 

was at its maximum expansion, extending far into the eastern forelands. To the West, it reached the 

Pacific Ocean.  

Retreat of PIS glaciers during the deglaciation resulted in the formation of outlet glaciers which 

discharge ice and meltwater into valleys. Such an outlet glacier cut off drainage routes at the western 

end of the General Carrera Lake by the formation of an ice-dammed lake. According to Turner et al. 

(2005), this large ice-dammed lake drained abruptly approximately 12.8 kyr during the final phase of 

glacier recession (Figure 2.8), during which disintegration of the Patagonian Ice Sheet into the NPI 

and SPI occurs. This way drainage routes towards the Pacific Ocean re-opened. A recent study on 

moraine boulders by 10Be-dating near the NPI (Glasser et al., 2012) indicates a widespread and 

regional advance of glaciers in Patagonia during the Pleistocene-Holocene transition. This advance, or 

at least stabilization, gives rise to the formation of large moraines which are located up to 50 km in 

front of the present-day moraines. 

According to Glasser et al. (2004), a cold period occurred during the cold Younger Dryas (YD, 12.9 – 

11.7 kyr) period. The assumption on glacier advance, estimated around the time of the Younger 

Dryas seems to be in accordance with the 10Be-exposure ages from moraines in southern Patagonia 

by Garcίa et al. (2014) and Menounos et al. (2013), although the onset of glacier advance is set at the 

very start of the Antarctic Cold Reversal or ACR (14.6 – 12.8 kyr), approximately 1300 yr before the 

start of the Younger Dryas (Figure 2.4). Garcίa et al. (2014) state that immediately after the LGM, an 

unknown amount of regional glacier retreat is assumed to have occurred just before the onset of the 

ACR. Afterwards, glaciers advance during the ACR period, reaching their maximum extension 14.2 kyr 

ago. The major recession or retreat of the glaciers is supposed to have occurred 12.5 kyr ago. 

Another study by Strelin et al. (2011), by radiocarbon dating on moraines near the SPI, indicate 

glacier advance between 16.4 and 12.9 kyr ago, whereas Ackert et al. (2008) suggests a re-advance of 

glaciers at the end of the YD, based on 36Cl- and 10Be-dating on moraines. The study estimates 

maximum precipitation values are reached by 11 kyr ago. Using cosmogenic radionuclide dating and 
14C dating, Moreno et al. (2009) stated that the Late-Glacial maximum readvance in southwest 

Patagonia occurred at 14.8-12.6 kyr. Several other studies on New Zealand (Putnam et al., 2010; 

Kaplan et al., 2010) also present evidence for glaciers culminating in the southern middle latitudes at 

the end of the ACR. 
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Figure 2.8. Several studies proposing different onsets for the re-advance of glaciers in the southern 

hemisphere. 

Two studies (Glasser et al., 2012; Garcίa et al., 2014) hypothesize that glacier re-advance during the 

deglaciation was probably associated with a northward shift of the southern westerly winds, which 

would not only have resulted in cooler temperatures, but also increased precipitation. This 

northward migration of the westerly belt, during the ACR, implies a concurrent northward shift of the 

Antarctic Polar Front (Sugden et al., 2005). The migrations seem to be linked to a decline in Southern 

Ocean upwelling rate during the beginning of the ACR (Anderson et al., 2009) together with a 

reduction in CO2 outgassing of the Southern Ocean to the atmosphere (Monnin et al., 2001). After 13 

kyr, a resumed rise in the Southern Ocean upwelling and atmospheric CO2 rates is consistent with a 

southward shift of the westerlies and the rapid retreat of Patagonian glaciers.  

For the Holocene, Mercer (1970) proposed three Neoglacial advances since 5.8 – 5.7 cal kyr BP based 

on radiocarbon dates obtained on moraines in front of the NPI and SPI outlet glaciers. These 

occurred at 5.5 – 4.7 cal kyr BP, 2.9 – 2.1 cal kyr BP and during the Little Ice Age. Mercer (1970) 

concluded the Neoglacial advance which occurred at 5.5 – 4.7 cal kyr BP was the largest of the three 

Holocene advances. According to Bertrand et al. (2012c), fluctuations in glacier advance of the Gualas 

glacier, and most likely all western NPI glaciers, during the last 5.4 kyr were more related to an 

increase in precipitation rather than in a decrease in atmospheric temperatures.  

2.6 SOILS 

The geomorphology of the study area is dominated by volcanic and glacial processes. During the 

Quaternary the area experienced intense glacial erosion, followed by extrusive volcanism which 

occurred at the end of the glacial period. Volcanic deposits of the deglaciation were redistributed by 

watercourses and are located in alluvial terraces. Therefore the substrate of most of the present-day 

soils is composed of rounded gravel with interstitial sand. Other types of formation which are 

covered by the volcanic ash soils are moraines, colluvial deposits and rocks. Due to the intense 

volcanic activity in the region, a large part of the area is covered with andosols, i.e., soils that 
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developed on volcanic deposits or tephra (Figure 2.9). These are acid soils that occur on all but the 

steepest slopes. The parent material of andosols commonly weather rapidly. In this process, the silica 

content and climate are the dominant factors influencing the rate of weathering and therefore the 

release of Al, Fe and Si (Arnalds, 2012). Humid climate enhances the weathering of the tephra and 

weathering rates of silicious (rhyolitic) tephra are slower than in basalt. Bertrand & Fagel (2008) 

pointed out that, for the region north of the study area (36°S – 42°S), the dominating westerly winds 

contributed to the transportation of fine pyroclasts (volcanic ash and dust) to the East. Although the 

geology of the area is reasonably well understood, at the present day, little is known about the 

distribution of soils. The only available soil map is from Gut 2008 (Figure 2.9).  

 

Figure 2.9. Soil map of Patagonia with a zoom of the study area (Modified after Gut, 2008). 

On the western side of the study region, dystric cambisols are present. These poor, acid soils are 

formed in mountainous areas with humid climate (Gut, 2008). Erosional processes such as 

compaction of the moist, wet soils are favored by the topography and precipitation which washes 

out the organic matter (Ellies, 2000). In the southwestern and southern part of the study region, the 

offshore islands contain histosols. Histosols are peaty, organic soils with 40 cm or more organic 

material (Gut, 2008). These soils are low in fertility since they are constantly swept by salt-laden 

winds. The soils are not dependent on the geological substrate. The NPI is located in the 

southwestern part of the study area (Fig. 2.9).  
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3. MATERIALS AND METHODS 

3.1 FIELD MEASUREMENTS AND SAMPLING 

The samples and data used in this study were collected during two field expeditions in January – 

February 2012 and 2013 (Bartels, 2012; Bertrand, 2013). Volcanic ash soil thickness was measured in 

quarries, along road cuts, or along river cuts where anthropogenic influences are minimal. The 

selected profiles had a relatively flat top, flat contact with the underlying deposits, and parallel 

internal structures, when visible. The underlying deposits generally consisted in pre-Holocene fluvio-

glacial sediments, bedrocks, or glacial clays. The soil thickness was measured by placing a tape meter 

vertically against the section and the location of the profiles was recorded with a Garmin Etrex GPS. 

All profiles were photographed and labeled APXX-xx. AP stands for “Andosol Profile”, XX refers to the 

year when the profile was measured and sampled (e.g. 13 for year 2013) and xx stands for the 

number of the profile. A map of the study area indicating the locations of the profiles is displayed in 

Figure 3.1. 

During the expedition of 2012, seven profiles were measured and sub-sampled with an interval 

depending on the length of the profile. AP12-01, AP12-02, AP12-03 and AP12-06 were sub-sampled 

with a five cm step whereas AP12-04, AP12-05 and AP12-07 were sub-sampled with a ten cm step. 

During the 2013 expedition, a total of 61 profiles were measured. Three of those profiles, namely 

AP13-01, AP13-11 and AP13-50, were sub-sampled. AP13-01 and AP13-50 were sub-sampled at an 

interval of ten cm and AP13-11 is sub-sampled with a five cm step. 

 

Figure 3.1. Location of the andosol profiles (AP) used in this thesis. 
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3.2 ISOPACH MAPPING 

A soil thickness map was constructed using the thickness of the AP12 and AP13 volcanic ash soil 

profiles. 

First, SRTM (Shuttle Radar Topography Mission) data were downloaded from the United States 

Geological Survey data center (http://dds.cr.usgs.gov) and imported into Global Mapper to create an 

elevation map of the study area. The SRTM database (Farr et al., 2007) comprises elevation data 

measured by a NASA orbiting satellite, scanning earth’s surface using radar waves at a spatial 

resolution of 3 arc-seconds (approximately 90 m). The reference system applied for the horizontal 

data is the World Geodetic System 1984 or WGS84. In total, 16 SRTM tiles, each 1°x1° in size, were 

obtained to cover latitudes 44°S – 48°S and longitudes 70°W – 74°W. These tiles serve as a 

background for the creation of the soil thickness map. 

Next, all volcanic ash soil profile data were imported into Surfer v9 to construct a grid file. Each 

profile is located at a specific XY location and has an associated Z value, corresponding to its 

thickness. To create the grid file, a spacing of 0.001 ° or 111 m was selected for the x and y directions. 

As for the gridding method, Surfer offers many different algorithms. Several mathematical 

operations such as Kriging, Nearest Neighbor and Natural Neighbor were tested in order to select the 

optimal gridding method. The best results were achieved using the Kriging method.  

In addition to the AP12 and AP13 thickness data, extra points were added to the database before 

gridding. These points provide additional constraints in areas were field data are scarse. First, 

thickness values were assigned to four volcanoes based on their postglacial eruption history. The 

Hudson volcano is by far the most active during the Holocene (Naranjo & Stern, 1998). Hence, a 

thickness value of 15 m was assigned to its XY position. As for Maca and Mentolat, a thickness value 

of 10 m was selected. Since no evidence of historical activity of Cay volcano has been found yet, no 

thickness value was attributed to this volcano.  

Second, thickness values of zero were assigned to approximately 20 locations to reflect areas where 

volcanic ash soils are absent, as observed during the 2013 field expedition.  

Third, the extension of the occurrence of andosols, as indicated on the soil map of southern South 

America (Gut, 2008; Figure 2.9), was used to constrain the western and eastern limits of the volcanic 

ash soils. This was done by loading Gut’s map into Global Mapper using the Image Rectifier feature. 

Finally, the isopach maps of the largest eruptions of Hudson (Naranjo & Stern, 1998), and Maca and 

Mentolat volcanoes (Naranjo & Stern, 2004) were used to enhance the final shape of the volcanic ash 

soil distribution (Figure 3.2), especially around Hudson volcano and to the west and north of Maca 

and Mentolat volcanoes.  

 

The data that were used to construct the final ash soil thickness map are displayed in Appendix 1.   
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Figure 3.2. Rectified isopach map (cm) of (A) the 6700 BP Hudson eruption (Naranjo & Stern, 1998) and (B) 

the Holocene eruptions of Maca and Mentolat volcanoes (Naranjo & Stern, 2004). The isopach maps are 

superimposed on the SRTM images and on the isopach maps of volcanic ash soils.  

The resulting grid file was then uploaded into Global Mapper, where a new thickness color scale was 

created. This new color scale considers that all gridded thickness values lower than 0.1 m are 

artificial, i.e., do not correspond to andosols on the field. Global Mapper was also used to blank the 

fjords, i.e., areas with elevation values below zero. The final soil thickness map is displayed in section 

4.1. This map was used to calculate the volume of the volcanic ash deposited in each watershed, 

using Global Mapper’s volume calculation tool. Consequently, the average soil thickness could be 

calculated.  

3.3 ANALYTICAL TECHNIQUES  

Three of the sub-sampled profiles, AP12-02, AP12-04 and AP13-11, were selected for further 

analysis. These profiles were selected to represent the full range of annual precipitation values that 

exist in the region (Figure 3.3), since precipitation has a strong influence on soil weathering and 

vegetation density, thus on soil organic matter content (White & Blum, 1995). The AP13-11 profile is 

situated on the leeside of the Andes, which receives approximately 725 mm/yr of precipitation. The 

westernmost profile is AP12-04, where precipitation reaches 2600 mm/yr. Profile AP12-02 is located 

in an intermediate setting, with precipitation values around 1400 mm/yr. Figure 3.4 displays pictures 

of the three selected profiles (Bertrand, 2013). 
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Figure 3.3. Annual precipitation (in mm) map of the study area (Hijmans et al., 2005) with location of profiles 

AP13-11, AP12-02 and AP12-04.  

 

  
Figure 3.4. Pictures of the three andosol profiles subsampled for this study. (A) AP13-11, (B) AP12-02, and (C) 

AP12-04.  Pictures A and C are before sampling. Picture B shows profile AP12-02 after subsampling every five 

cm (Photos: S. Bertrand). 

The lithology of the selected profiles is presented in Figure 3.5. Their thickness ranges from 134 to 

450 cm. Subsamples for geochemical and mineralogical analysis were taken every five (AP12-02 and 

AP13-11) or ten (AP12-04) cm, depending on the size/thickness of the profile. The labels of the sub-

samples correspond to the label of the profile (see section 3.1 above) followed by the height in cm 

above the underlying bedrock or fluvio-glacial deposits (eg. AP13-11-50 stands for a sample taken in 
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profile AP13-11, at a height of 50 cm above the fluvio-glacial deposits). A detailed description of the 

three profiles can be found in Appendix 2.  

Figure 3.5. Schematic overview of the selected profiles, AP13-11, AP12-02 and AP12-04 with indication of the 

subsamples used for analysis. (14C = radiocarbon dated samples) 

3.3.1 Sample preparation 

Prior to analysis, the subsamples were oven-dried at 60 °C and manually sieved at 90 µm, using a 10 

cm Ø Retsch stainless steel test sieve. Analyses were only conducted on the finest fraction (< 90 µm), 

which best represents the fraction that is effectively transported to lake and fjord environments by 

rivers. In addition, focusing on the < 90 µm ensures a limited influence of grain-size on the analytical 

results. This is particularly important for andosols since volcanic deposits can contain very coarse (> 

10 cm Ø) particles, depending on the explosivity of the successive eruptions.   

3.3.2 Loss on ignition  

The organic and carbonate content of the samples were estimated using Loss On Ignition (LOI).  This 

method is based on the weight loss resulting from the oxidization of organic matter at 550 °C to 

carbon dioxide and ash, and from the transformation of carbonate into oxides and CO2 at 1000 °C. 

LOI provides a fast and inexpensive means of determining the carbonate and organic matter contents 

of sediments with a precision and accuracy comparable to other, more sophisticated geochemical 
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methods (Dean, 1974). Here, LOI measurements were mostly used to optimize the amount of sample 

for bulk organic geochemical analysis (see section 3.3.3). 

Before starting the heating process, approximately 1 g of dry sample was placed in a pre-weighed 

porcelain crucible. These were then oven-dried for 24 hours at 105 °C and placed in a dessicator for 

roughly 30 minutes. The dry weight of the samples was then precisely measured. Subsequently, all 

samples were heated to 550 °C for 4 hours in a temperature-controlled muffle furnace since Heiri et 

al. (2001) concluded that after 4 hours heating fast initial weight loss due to burning of organic 

matter was largely completed. The samples were then allowed to cool down in a dessicator for 30 

minutes, and re-weighed. The weight loss associated to the oxidization of organic matter is closely 

related to the organic content in the sample (Dean, 1974; Bengtsson & Enell, 1986). LOI550 was 

calculated using the following equation:  

LOI550 = 
              

     
      

where DW105 represents the dry weight of the sample in g before heating, DW550 represents the dry 

weight of the sample in g after heating at 550 °C, and LOI550 the LOI at 550 °C in percent dry weight. 

In the second step, samples are heated at 1000 °C for 2 hours to estimate their carbonate content. At 

1000 °C, all carbonates are converted into oxides and carbon dioxide after 2 hours (Heiri et al., 2001). 

The samples are then returned to the dessicator and weighed. LOI1000 is calculated as:  

LOI1000 = 
               

     
      

where DW1000 represents the dry weight in g of the sample after heating the sample at 1000 °C.   

All LOI measurements were conducted on samples with roughly the same initial weight (1 g) since 

Heiri et al. (2001) have shown that initial sample size influences the LOI results. Selected samples 

were measured in triplicates to calculate precision. In addition, a certified soil standard, ISE 932, was 

also measured in duplicate to calculate to calculate accuracy by comparing the measured LOI values 

to the recommended values.  

After combustion at 1000 °C, the oxidized samples were preserved in small glass vials for further 

processing for inorganic geochemical analysis by x-ray fluorescence (not part of this study). The LOI550 

and LOI1000 results can be found in Appendix 3. Replicate analyses show an error of 0.46 % (1 σ) for 

the LOI550 measurements. 

3.3.3 Bulk organic geochemistry  

3.3.3.1     Environmental significance  

The next step is to conduct bulk organic geochemical analyses on the samples to determine their 

carbon and nitrogen content as well as their stable isotopic composition. These data should help to 

evaluate the effect of weathering on the bulk organic geochemical properties of andosols, i.e. during 

degradation of the organic matter in the soils. In addition, precise determination of the C/N atomic 

ratios, δ13C and δ15N values of the terrestrial end-member are useful for future paleo-climate, -

limnological or -oceanographic studies. According to Meyers (1994) and Meyers & Teranes (2001), 
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C/N ratios together with δ13C analysis can be used to make a distinction between algal and vascular 

plant origins of sedimentary organic matter, marine and continental sources respectively. In addition, 

different types of land plants can be identified from organic matter. Most photosynthetic plants use 

the C3 Calvin-Benson pathway to incorporate carbon into organic matter (Meyers & Ishiwatari, 1993). 

This pathway preferentially incorporates 12C into organic matter and produces an isotope shift of 

about -20 ‰ from the carbon isotope ratio of the inorganic carbon pool. Other plants, C4 plants, use 

the C4 Hatch-Slack pathway which results in an isotope shift from -8 ‰ to -12 ‰. Consequently, 

organic matter produced by C3 plants have an average δ13C value of approximately -28 ‰, with 

extreme values of -25 and -29 ‰ (O’Leary, 1988), whereas C4 plants have an average  δ13C value of 

circa -14 ‰. Algae typically have C/N ratios between 4 and 10 whereas vascular plants, which are rich 

in cellulose and poor in protein, create organic matter that usually have C/N ratios of > 20 (Meyers, 

1994) (Figure 3.6). Since the analyses were conducted on samples containing soil organic matter, we 

can expect C/N ratios and δ13C values corresponding to C3 land plants, thus δ13C values of -25 to -30 

‰ and C/N ratios above 20. 

 

Figure 3.6. Typical organic δ
13

C values and atomic C/N ratios of the three major groups of sedimentary 

organic matter: marine algae and lacustrine algae, C3 land plants and C4 land plants (Modified after Meyers & 

Teranes, 2001). 

The total organic carbon (TOC), total nitrogen (TN) and stable isotope ratios of sedimentary carbon 

(δ13C) and nitrogen (δ15N) were measured at the Stable Isotope Facility (UCDavis, California) using an 

elemental analyser coupled to a continuous flow isotope ratio mass spectrometer or EA-IRMS. Before 

the analyses could be conducted, the soil samples needed to be prepared.  

3.3.3.2     Sample preparation 

A certain amount of soil sediment needed to be prepared for the bulk organic geochemical analysis. 

Because of the limitations of the EA-IRMS instrument, the total sample weight could not exceed 75 

mg, and the amount of carbon had to be below 1.2 mg. The optimal amount of total organic carbon 

(TOC) for analysis is between 0.8 and 1 mg. Sample sizes were therefore optimized using the organic 

matter content of each sample, as calculated from LOI550. Lake sedimentary organic matter typically 

contains around 50 % carbon, so for lake sediments the LOI550 values are equivalent to about twice 

the TOC values. This is not completely the case for soil samples since Fe(hydr)oxides and clay 
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minerals can also contribute to LOI550 values (Heiri et al., 2001). Based on previous comparisons 

between the LOI550 and TOC values on similar soil samples (Bartels, 2012; Paesbrugge, 2013), the 

relationship between TOC and LOI550 is not continuously linear (Figure 3.7). TOC values are about ½ 

of the LOI550 values above 4 %, but LOI550 values below 4 % are generally not directly related to TOC 

(Fig. 3.7). 

 

Figure 3.7. Polynomial relationship between TOC and LOI550 based on soil sample measurements of Bartels 

(2012) and Paesbrugge (2013). Solid black line represents the polynomial trendline (2nd order). 

Based on this relationship, the optimal weight of soil was calculated to obtain between 0.8 and 1 mg 

of carbon. The exact weights can be found in Appendix 4. In addition to the full sequence of AP12 

and AP13 samples, a representative sample (AP12-02-150) was prepared five times for analysis to 

calculate the analytical precision. Analytical errors on TOC, δ13C, δ15N values and C/N atomic ratios 

are 0.06%, 0.05 ‰, 0.09 ‰ and 0.08, respectively. The ISE 932 standard was also included to check 

accuracy (Appendix 4).   

To avoid the influence of eventual inorganic carbon, samples were acidified using sulfurous acid 

following Verardo et al. (1990). According to the LOI1000 values, the samples do not seem to contain 

any inorganic carbon since all values are below 3.32 %. Removing any potential trace of inorganic 

carbon ensures that the measured carbon concentrations and δ13C values are only related to the 

organic fraction. This is important since inorganic carbon is assumed to be enriched  in 13C relative to 

the organic carbon (Hoefs, 1977; Sharpe, 2007). Several methods exist for the separation of organic 

and inorganic carbon forms, in which different acid reagents and strengths, different reaction 

temperatures and capsules are used (Brodie et al., 2011). Based on the conclusions and 

recommendations of this study, the capsule method was selected.  

Here, silver (Ag) capsules were used to hold the soil sample. These are treated with 60 µl of 

deionised water and 60 µl of sulphurous acid (6 – 8 %). The acidified soil samples were then oven-

dried at a temperature of 60 °C for approximately 24 hours. Finally, the dried capsules were folded to 

sizes smaller than 8 by 8 mm since this is the size limitation defined by the instrument’s autosampler. 

To avoid any contamination, folding was done using tweezers. The samples used for bulk organic 

geochemical analysis are indicated in Figure 3.5.  
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The EA-IRMS (Figure 3.8) which was used to analyze the samples is an Elementar Vario EL Cube or 

Micro Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany) and a PDZ 

Europa 20–20 IRMS (Sercon Ltd., Cheshire, UK). The Ag capsules containing the soil samples were 

first loaded in an autosampler, and subsequently combusted in a reactor packed with copper oxide 

and lead chromate at a temperature of 1000 °C (Fig. 3.8). Following, oxides are removed in a 

reduction reactor containing reduced copper at 650 °C. Afterwards, the helium carrier flows through 

a water trap (magnesium perchlorate). Before entering the IRMS, N2 and CO2 are separated by a 

molecular sieve adsorption trap (Fig. 3.8) in which the helium stream flows through a 

chromatographic column, separating the nitrogen and carbon. Inside the IRMS, natural variations in 

the abundance of stable isotopes of the same element are measured.  

 

Figure 3.8. Simplified schematic diagram of the EA-IRMS used to determine δ13C and δ15N (modified after 

Jasper et al., 2001 and Muccio & Jackson, 2009). 

Beside the soil samples, several replicates of at least two different laboratory standards were 

analyzed. These were selected based on a similar composition to the samples being analyzed and 

have been previously calibrated against NIST Standard Reference Materials (IAEA-N1, IAEA-N2, IAEA-

N3, USGS-40 and USGS-41). The sample’s preliminary isotope ratio is measured relative to the 

reference gases analyzed with each sample. Afterwards, these ratios are finalized by correcting the 

values for the entire batch based on the known values of the included laboratory standards. The long 

term standard deviation amounts 0.2 permil for δ13C and 0.3 permil for δ15N. The obtained delta 

value for the carbon isotope ratios are expressed relative to the Vienne PeeDee Belemnite (V-PDB) 

international standard whereas the delta value for the nitrogen ratio is expressed relative to nitrogen 

in ambient air. Additionaly, carbon and nitrogen weight percentages are determined simultaneously 

with the elemental analyzer. Multiplying these weight percentages by the ratio of atomic weights of 

nitrogen and carbon, i.e. 1.167, yields C/N atomic ratios (Meyers & Teranes, 2001).  

3.3.4 Bulk mineralogy  

In order to determine the mineralogical composition of the samples, X-Ray Diffraction (XRD) analysis 

was conducted. Prior to the analyses, samples were prepared using the non-destructive Backside 
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method (Brown & Brindley, 1980). This method implies that each soil sample is loaded into a PVC ring 

holder which is placed on top of a ground glass plate to avoid preferential orientation of the particles 

(Figure 3.9a). When the ring holder is entirely filled with soil, the ring is sealed off with a black lid. 

Following, the glass plate and the ring holder containing the sediment are flipped and the glass plate 

is removed from the ring holder, leaving a smooth and even surface of soil sample. This way, 

orientation of the grains is avoided, providing the ideal conditions for unoriented powder analysis by 

x-ray diffraction.   

 

Figure 3.9. (A) Ring holders containing soil samples for XRD analysis and (B) Bruker D8-Advance 

diffractometer.  

All samples were analyzed on a Bruker D8-Advance diffractometer at the University of Liège, Belgium 

(Figure 3.9b). This high-resolution diffractometer uses an automated sample changer, which can hold 

up to nine samples simultaneously. The instrument uses CuKα-radiations (λ = 0.15418 nm) which are 

generated when electrons from the L-shell occupy vacancies in the K-shell in Cu atoms. This process 

results in the emission of X-rays. Diffraction occurs by interaction of incident X-rays with the atoms of 

the crystals when the sample’s surface is radiated with X-rays. Despite the fact most diffracted X-rays 

cause destructive interference when the resulting waves are out of phase, in some directions of 

measurement the resulting waves will lead to constructive interference, determined by Bragg’s law: 

2d   sinθ = nλ 

where d is the distance between the atomic layers, θ the incident angle, n the integer and λ the 

wavelength. The angle at which constructive interference occurs is characteristic for each mineral. 

Here, analyses were conducted by rotating the x-ray source and detector from 5° to 45° 2θ. The step 

size was 0.02° and scan speed was set at 2 sec/step. Here θ represents the diffraction angle. This 

way, most common minerals in the samples can be identified.  

The resulting diffractograms of all soils samples were analyzed using the Bruker EVA-software, to 

determine their mineral content. First, noise in the digital pattern was reduced using a smooth factor 

of 0.1. Afterwards the background was removed using a threshold value of zero. To determine the 

amorphous material content, the maximum height of the amorphous diffraction band was measured, 

and an additional background correction fitting the amorphous diffraction band was applied. Next, 

the d-value as well as the height of all diffraction peaks were defined in order to identify the minerals 
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present in the sample. This was done by comparing the position of the peaks with the theoretical d-

values of minerals commonly found in volcanic ashes and sediments. Once all significant diffraction 

peaks are attributed to minerals, i.e., after determination of the mineral assemblages, a semi-

quantification of the minerals was achieved by measuring the height of the principal diffraction peak 

of each mineral (Table 3.1). Finally, the peak intensities were multiplied by a correction factor (from 

Cook et al., 1975) and summed to 100 % to obtain the weight percentages of each mineral. 

Variations in the crystallized clay content were estimated by measuring the diffraction peak at 4.4 Å, 

which corresponds to the 020 reflection of most crystallized clay minerals (Moore & Reynolds, 1989). 

Because of the relatively low intensity of this diffraction peak, total clays were not included in the 

bulk mineralogy calculations. Examples of X-ray diffractograms are displayed in Appendix 5. 

Table 3.1. Minerals most commonly found in volcanic ash and sediment samples. The d-value of their 

principal diffraction peak and the corresponding correction factor (after Cook et al., 1975) is also indicated. 

Mineral Range of D-spacings (Å) Correction factor 

Quartz 3.33 – 3.35 1.00 
Plagioclase 3.16 – 3.21 2.80 
K-feldspar (orthoclase) 3.21 – 3.23 4.30 
Amphibole (hornblende) 8.40 – 8.48 2.50 
Pyroxene  2.99 – 3.01 5.00 
Total clays 4.46 20.00 
Amorphous material  - 20.00 

The samples that were selected for XRD analysis are shown in Figure 3.5. Coarse tephra layers were 

avoided since since they are not representative of the regional volcanic ash soil profiles.  

3.3.5 Radiocarbon dating 

One sample from the base of each profile (AP12-02, AP12-04 and AP13-11) was used for radiocarbon 

dating. The samples were taken, as indicated on figure 3.5, at the boundary between the volcanic ash 

soil deposits and the underlying bedrock or fluvio-glacial deposits. Hence, the samples were taken at 

0 cm, except for the sample from profile AP12-04 where the sample was taken at 10 cm. This is 

because the lowest 6 cm of the profile consists in coarse volcanic ash so the organic carbon content 

would have been too low for analysis.    

An aliquot of the fine-grained fraction (< 90 µm) was placed into a glass vial and sent to the National 

Ocean Sciences AMS Facility (NOSAMS) in Woods Hole, Massachusetts, USA for 14C analysis. At the 

facility, bulk sediment samples first undergo an acid pretreatment to remove inorganic carbon. 

Afterwards samples are combusted at high temperature to produce CO2. Eventually CO2 is reduced 

with the use of a catalyst (Fe or Co) in the presence of excess hydrogen to obtain graphite.  

After the samples are converted to graphite, they are pressed into targets and subsequently analyzed 

by accelerator mass spectrometry (Figure 3.10) along with primary and secondary standards as well 

as process blanks. For all 14C measurements, the primary standard NBS Oxalic Acid I (NIST-SRM-4990) 

is used. Process blank materials include FIRI A and B wood as well as FISONS acetanilide for organic 

carbon samples.    
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Figure 3.10. Schematic overview of the Accelerated Mass Spectrometer (AMS) at the NOSAMS facility, 

Massachusetts, USA. 

First, a negative ion beam is generated by bombarding the compacted solid carbon samples with 

cesium ions from the ion source (Figure 3.10a). Afterwards,the pre-accelerated negative ions are sent 

to the tandem accelerator, which is situated in between a low-energy mass spectrometer on the left 

side and a high-energy mass spectrometer on the right side, functioning at 2.5 million Volt with two 

stages operating in tandem to accelerate the particles (Figure 3.10d-f). In between the two stages, by 

an electron stripper device the ions change charge from negative to positive by passing through a 

small tube filled with argon gas. When leaving the second stage of the tandem accelerator, the now 

positively charged ions will leave with a kinetic energy of about ten million electron Volts.  

In a second stage of the mass spectrometer, the isotope beams are separated by mass by the 

bending magnet (Figure 3.10g). To filter out the lighter ion beams (12C, 13C) and measure their 

current, two Faraday cups are located after the bending magnet (Figure 3.10h). This way, only 14C 

ions are allowed to travel on. Afterwards, the ions emerging from the bending magnet (Figure 3.10j) 

are analyzed by a gas ionization detector (Figure 3.10k). Since the stopping power for particles in 

matter is dependent on the number of protons in the ion’s nucleus, particles can be identified by 

their energy loss. The 14C ions are selected by adjusting the gas pressure in the detector and the 

ionization-charge pulses they create in the gas are then proportional to their energy. Finally, these 

charge pulses are counted in the detector.  

The ratio of the 14C particles per second detected in the ionization chamber to the particle currents 

measured in the Faraday cups is then compared with the ratios of the known standards to obtain the 

final result. Radiocarbon ages are calculated using 5568 years as the half-life of radiocarbon. The 

obtained conventional age is then calibrated with OxCal v4.2, using the most recent calibration curve 

for the southern Hemisphere SHCal13 (Hogg et al., 2013). 
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4. RESULTS 

4.1 VOLCANIC ASH SOIL THICKNESS MAP 

The isopach map of volcanic ash soils in Northern Chilean Patagonia, which was generated as 

explained in section 3.2, is presented in Figure 4.1.  

 

Figure 4.1. Volcanic ash soil thickness map resulting from gridding the soil thickness values on the AP12 and 

AP13 locations and extra thickness values according to the procedures in Section 3.2. Soil thickness was not 

mapped in Argentina. 
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4.1.1 General features 

When observing the volcanic ash soil thickness map (Fig. 4.1), one can notice the extension of the 

volcanic soils. To the west, the volcanic ash soil cover extends to the limit between the mainland and 

the Taitao Peninsula and Chonos Archipelago (i.e, to the north-south oriented Elefantes-Moraleda 

fjords). The southern extent of the volcanic ash soils runs through the Baker and the Exploradores 

watersheds where it covers a large part of General Carrera Lake and reaches up to the northern part 

of the NPI. The eastern boundary of the volcanic ash soils has only been mapped in the Cisnes 

watershed. Further south, the volcanic ash soils extend across the Chile-Argentina border. The 

northern limit was not mapped since the andosols continue north of 44°S, i.e., to the north of our 

study area.  

High volcanic ash soil thicknesses are concentrated on and around the four volcanoes Hudson, Cay, 

Maca and Mentolat. Thickness abruptly decreases towards the West. Towards the East, it decreases 

more gradually, reflecting the westward transport of volcanic ashes by the prevailing westerly winds. 

The area with the thickest volcanic ash soils is located to the east and southeast of Hudson volcano, 

reflecting the large explosive eruptions of this volcano during the Holocene (Naranjo & Stern, 1998).  

4.1.2 Validation using the sediment cores  

To validate the soil thickness map, the isopachs shown in Fig. 4.1 were compared to additional data 

from marine and lake cores as well as field observations (Appendix 6). 

First, the tephra content of four sediment cores from the Aysen fjord and Golfo Elefantes were used 

to validate the isopach map. The cores that were used were obtained during the Pachiderme (MD-

159; Kissel & Leau, 2007) and the Palmer (NBP0505; Anderson et al., 2005) cruises. In total, three 

cores from the MD-159 cruise were located in the study area: MD07-3112, MD07-3115 and MD07-

3117. From the NBP0505 cruise, only one core (JPC14) was suitable. From these cores, the total 

volcanic ash soil thickness is derived from the core descriptions. Only tephra layers deposited after 

the LGM are taken into account since volcanic material on which the soils formed only accumulated 

after the glacial retreat (Watt et al., 2013). For the cores MD07-3112, MD07-3115 and MD07-3117, 

cumulated volcanic deposits of 3 cm, 12 cm and 27 cm, respectively, are observed in the postglacial 

section of the cores. JPC14 contains a total of 5 cm of tephra layers. 

Secondly, based on Haberle & Lumley’s (1998) study on tephra deposits preserved in lake sediments, 

additional points were added to the map. Eight lake sediment cores, all situated on the Chonos 

Archipelago and the Taitao Peninsula, on the western side of the study area, were used, in addition 

to one core from Laguna Miranda (46°08’S – 73°26’W) close to Cupquelan fjord. The cumulated 

thickness of tephras preserved in these cores are less than 10 cm, except for the core from Laguna 

Miranda which contains 10 cm of tephra. This confirms the absence of the occurrence of volcanic ash 

soils on the Taitao Peninsula and the Chonos Archipelago.  

In addition, five sediment cores from Mallίn Pollux (45°41’30”S – 71°50’30”W), Lago Shaman (44°26’S 

– 71°11’W), Mallίn El Embudo (44°40’S – 71°42’W), Lago Castor (45°35’S – 71°46’W) and Lago 

Augusta (47°05’S – 72°23’W) were studied based on their tephra content. The sediment core 

(approximately 18 654 cal. yr BP) from Mallίn Pollux, obtained from fen surface, contains a great 

number of black volcanic ash and lapilli layers, ranging from a few mm to 30 cm in thickness 



29 | P a g e                                                                   R e s u l t s      
 

(Markgraf et al., 2007). Only two tephra layers are described with thicknesses of 17 cm and 25 cm. 

Therefore, the total cumulated tephra thickness should be minimum 42 cm. The sediment core 

(LS0604A, with a calibrated base of 19 000 yr BP) collected from the wetland area at the shore of 

Lago Shaman, contains six tephra layers between depths of 595 and 356 cm (de Porras et al., 2012). 

Their cumulated thickness amounts 9 cm. The sediment core from Mallίn El Embudo, which has a 

calibrated age of 12 997 yr BP, contains four tephra layers which account for a total volcanic ash 

thickness of 36 cm (de Porras et al., 2014). The sediment core (18 320 cal. yr BP) obtained from Lago 

Castor contains a great number of tephra layers, adding up to a total cumulated tephra thickness of 

79.9 cm (Van Daele et al., 2011). On Lago Augusta, the sediment core (19 536 cal. yr BP) contains two 

tephra layers between 267-275 and 222-226 cm depth, resulting in a total cumulated tephra 

thickness of 12 cm (Villa-Martίnez et al., 2012). All core deposits accumulated after the LGM. 

All additional fjord and lake sediment cores are plotted as green, orange or pink dots, according to 

the cumulative thickness of the tephra layers, on Figure 4.2.  

 

Figure 4.2. Additional fjord and lake sediment cores together with soil samples verifying the precision of the 

volcanic ash soil thickness map shown in Figure 4.1. (Note: the area north of approximately 44°S was not 

mapped, similarly to Argentina) 
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The sediment cores obtained from the fjords seem to match perfectly with the distribution map and 

are situated in the according thickness interval, i.e. all cores with tephra thickness < 10 cm are 

situated outside of the region covered by volcanic ash soils and the cores from Aysen fjord (MD07-

3115 and MD07-3117), with respective tephra thicknesses of 12 and 27 cm, are in agreement with 

the 0-1 m isopach. The cumulated tephra thicknesses derived from the lake cores (Haberle & Lumley, 

1998) on the Chonos Archipelago and the Taitao Peninsula are in accordance with the isopach map 

where all cores, except for the core from Laguna Miranda, are mapped in the region which is not 

covered by volcanic ash soils. The thickness of the tephra deposits from the sediment core from 

Laguna Miranda is in accordance with the > 10 cm isopach.  

In addition, the cumulative volcanic ash thicknesses from the sediment cores from Mallίn El Embudo, 

Mallίn Pollux and Lago Shaman fit with the isopach map. The sediment core from Lago Augusta 

contains a slightly higher cumulated volcanic ash thickness. The sediment core collected from Lago 

Castor is situated in the 1-2 m-isopach area whereas it contains in total only 79.9 cm of volcanic ash. 

Furthermore, surface soil samples collected by Bertrand (2013), which were described as non 

volcanic soils, were used to verify the southern boundary for the extent of volcanic ash soils. The 

locations of the used surface soil samples are displayed in Figure 4.2. All of them fit with the 

distribution map although one sample is situated at the southernmost end of the volcanic soil map 

(0-1 m isopach). This can be explained by field observations, which mention the presence of ash 

particles incorporated in this soil sample. 

4.1.3 Description of the individual watersheds 

The only watershed completely covered with andosols is Aysen (Fig. 4.1). It is also the watershed that 

has the highest volcanic ash soil thickness, with an average of 2.36 m (Table 4.1). It is followed by the 

Cisnes watershed, which is covered for 70.24 % with volcanic ash soils, with an average thickness of 

1.19 m. Although Baker is the largest watershed in the region, only 26.52 % is covered in andosols, 

resulting in a low average volcanic ash soil thickness (0.63 m). The much smaller Exploradores 

watershed, which is located to the SW of the Hudson volcano, has an average volcanic ash thickness 

of 0.09 m and 36.47 % of its surface is covered with volcanic ash soils. Like the Baker watershed, only 

its northern part contains volcanic ash soils (Fig. 4.1). Finally, the Gualas watershed does not contain 

any volcanic ash soil. 

Table 4.1. Calculated volcanic ash volumes deposited in the different watersheds.  

Watershed Surface area 
(km2) 

Surface area covered with 
volcanic ash soils (%) 

Volume volcanic ash 
(km3) 

Average thickness 
for the total 

surface area (m) 

Aysen 12 270 100 28.98 2.36 
Cisnes 5338.5 70.24 6.40 1.19 

Exploradores 1857.1 36.47 0.18 0.09 
Baker 29 317 26.52 18.71 0.63 
Gualas 360.37 0.00 0.00 0.00 

Regarding the volumes of volcanic ash soil per watershed, Aysen contains more volcanic ash soils 

(28.98 km3) than the four other watersheds combined (Table 4.1). This is directly related to its 

location immediately to the West of most of the volcanoes in the study area (Fig. 4.1). It is followed 
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by Baker, which contains 18.71 km3 of volcanic ash soils. The Cisnes watershed contains a total 

volume of 6.40 km3. Finally, the Exploradores watershed only contains 0.18 km3 of volcanic ash soils. 

4.2  LOSS ON IGNITION  

The LOI550 measurements of andosol profiles AP13-11, AP12-02 and AP12-04 are shown in Figures 

4.3a, b and c, respectively. Overall, the three profiles show similar decreasing trends with depth, 

although the absolute values are consistently higher in profile AP12-02 (15.44 ± 4.03 %) and AP12-04 

(12.38 ± 4.74 %) than in profile AP13-11 (7.03 ± 2.12 %). The underlying fluvio-glacial deposits 

(profiles AP13-11 and AP12-02) are characterized by very low LOI550 values (5.45 ± 0.83 %).  

In Figure 4.3a, the results of LOI550 measurements for andosol profile AP13-11 are displayed. The 

lowest LOI550 value (4.51 %) is found in the lowermost sample, AP13-11--10, whereas the highest 

value (11.8 %) corresponds to sample AP13-11-125. The lowest LOI550 values are situated at the 

bottom of the profile, close to the fluvio-glacial deposits, whereas the higher values can be found 

near the surface, higher in the profile. A gradual increase in LOI550 can be observed from the bottom 

to the top of the profile, although some little variations occur. The largest fluctuation is seen at the 

top of the profile, at samples AP13-11-134 and AP13-11-130, where a sharp decrease is observed. 

This can be explained by the presence of pumices around 130 cm above the fluvio-glacial depositions 

(Figure 4.3a).  

The results of the LOI550 measurements for the andosol profile AP12-02 are demonstrated in Figure 

4.3b. The highest LOI550 value (25.42 %) is observed in sample AP12-02-145, just below the surface. 

The lowest LOI550 value (5.74 %) is located at the very bottom of the profile (AP12-02--40). Some 

interruption of the gradual decrease with depth can be noticed at samples AP12-02-125, AP12-02-

130 and AP12-02-135. This is probably due to the fact that in these samples pumices are present.  

The decrease in LOI550 values with depth for profile AP12-04 (Fig. 4.3c) show less variations compared 

to the other two profiles. A large drop in LOI550 can be observed between samples AP12-04-390 and 

AP12-04-350. At the height of sample AP12-04-350, many volcanic sand layers and pumice occur in 

the profile (Appendix 2). The occurrence of pumices at roughly 260-270 cm affirms the lowering in 

the LOI550 values. In addition, the low values in samples AP12-04-120 and AP12-04-110 relative to the 

values below and above these samples, can be explained by the appearance of scoria and volcanic 

sand (Figure 4.3c). The lowest LOI550 value (6.33 %) for the entire profile is present in sample AP12-

04-110. The sample AP12-04-450, located at the very top of the profile, contains the highest LOI550 

value (23.67 %).  

The LOI1000 values, which are displayed in Appendix 3, are very low in all profiles (1.33 ± 0.32 %, 2.17 

± 0.55 % and 2.24 ± 0.49 % for profiles AP13-11, AP12-02 and AP12-04, respectively). Such values do 

not represent carbonates but are most likely due to the loss of organic matter not entirely burned 

after 4 hours (Heiri et al., 2001). This is confirmed by the observation that the lowest LOI1000 values 

belong to profile AP13-11, which also has the lowest LOI550 values.  
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Figure 4.3. Results for the LOI550 measurements and the carbon and nitrogen content and isotopic analysis 

for the three selected profiles, AP13-11 (A), AP12-02 (B) and AP12-04 (C).  

4.3 BULK ORGANIC GEOCHEMISTRY  

4.3.1 Summary andosol profiles AP13-11, AP12-02 and AP12-04  

Comparison between the three profiles reveals that all three profiles display decreasing TOC 

amounts towards the bottom of the profile. The highest average TOC value, when excluding the 

samples from the fluvio-glacial deposits, is observed in profile AP12-02 (4.50 ± 2.78 %), followed by 

an average TOC value of 3.49 % (± 2.64) in profile AP12-04. The lowest average TOC is present in 

profile AP13-11 (1.76 ± 1.23 %). All three profiles contain more fluctuating TOC values at the top of 

the profile, although profile AP12-04 does not fluctuate much. δ13C values display increasing trends 

with depths in all three profiles. On average, the highest  δ13C, again without the samples from the 

fluvio-glacial deposits, is observed in profile AP13-11 (-25.13 ± 1.03 ‰), followed by profile AP12-04, 

which contains on average a δ13C value of -25.80 ‰ (± 0.51). Profile AP12-02 contains on average the 
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lowest δ13C  value (-26.13 ± 0.93 ‰). With regards to the δ15N values, all three profiles display, 

similarly to the δ13C values, increasing trends with depth. Profile AP12-02 displays the lowest average 

δ15N value (5.06 ± 1.47 ‰). Profiles AP13-11 and AP12-04 display similar δ15N values, 6.97 ‰ (± 2.22) 

and 6.76 ‰ (± 2.33), respectively. The latest mentioned profile displays the highest fluctuations in 

δ15N values, especially at the bottom of the profile. Regarding the C/N atomic ratio, profiles AP12-02 

and profile AP12-04 both show an increasing trend with depth in the volcanic ash deposits whereas 

in profile AP13-11, no clear trend is presented and ratios vary around the same value. Average C/N 

atomic ratios, without the fluvio-glacial samples, are lowest for profile AP13-11 (13.79 ± 1.29) 

whereas profile AP12-04 shows a slightly higher average (14.23 ± 1.65). The highest average C/N 

atomic ratio is present in profile AP12-02 (18.34 ± 2.37). 

4.3.2 Profile AP13-11  

In Figure 4.3a, the downcore record of TOC, C/N atomic ratios, δ13C and δ15N for profile AP13-11 are 

shown.   

When observing the TOC for the entire profile, TOC values fluctuate more at the top of the profile 

and the decreasing trend seems to stabilize at sample AP13-11-75. From sample AP13-11-75 

onwards, TOC values stay more or less stay constant (0.88 ± 0.12 %) until the bottom of the volcanic 

ash soil deposits (sample AP13-11-0). A rather steep decrease can be observed from sample AP13-

11-0 to sample AP13-11--10 where TOC values are halved, going from 0.90 % to 0.45 %.  

Regarding the C/N atomic ratios for profile AP13-11, ratios seem to vary around a constant value 

(13.79 ± 1.29). Two outliers are present in the volcanic ash deposits, namely in sample AP13-11-110, 

which represents the highest ratio for the entire profile (17.67), and in sample AP13-11-40, which 

contains the lowest ratio of the profile (9.90). The sample in the fluvio-glacial deposits, AP13-11--10, 

contains also a lower C/N ratio (10.92) compared to the other values in the entire profile.  

The lowest δ13C value is measured in sample AP13-11-130 (-27.84 ‰) whereas the highest δ13C value 

(-23.82 ‰) is present in the lowermost sample (AP13-11--10). 

With regards to the δ15N values, samples located above sample AP13-11-45 show an increasing 

trend. At sample AP13-11-40, this increase is interrupted by a lower δ15N value (5.88 ‰). From then 

on downwards in the profile until sample AP13-11-0, values are more or less stable, varying around 

7.95 ‰ (± 0.28). Sample AP13-11--10 displays again a lower δ15N value (5.73 ‰). The highest δ15N 

value can be observed in sample AP13-11-75 (9.35 ‰) whereas sample AP13-11-130 contains the 

lowest δ15N value of the entire profile (0.46 ‰).  

4.3.3 Profile AP12-02 

The results of the carbon and nitrogen analysis for profile AP12-02 are represented in Figure 4.3b.  

For profile AP12-02, the fluctuations in the decreasing trend for TOC values diminish towards the 

bottom. The highest TOC amount is present at the top of the profile in sample AP12-02-140, which 

contains 11.95 % TOC, whereas the lowest TOC content is 0.75 % (AP12-02--40).  

With regards to the C/N atomic ratios, the samples from the fluvio-glacial deposits, samples AP12-02-

-20 and AP12-02--40, have lower C/N atomic ratios, 13.48 and 15.01 respectively. The lowest C/N 
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ratio is observed in sample AP12-02-140 (13.40) whereas 22.53 is the highest C/N atomic ratio (AP12-

02-20).  

The upper part of the profile shows more fluctuations in δ13C values. Downwards the profile, 

fluctuations decrease and the increase lowers. The lowest δ13C value amounts -28.69 ‰ and is 

present in sample AP12-02-145. The highest δ13C value is observed in sample AP12-02--40 (-24.51 

‰).  

Regarding the δ15N values, profile AP12-02 displays an increasing trend towards the bottom of the 

profile until sample AP12-02-85. From then onwards, values decrease first a little and increase again. 

Lower values occur at the top of the profile where the lowest δ15N value is observed in sample AP12-

02-145 (1.84 ‰), whereas higher δ15N values are present at the bottom of the profile, with the 

highest value (6.77 ‰) observed in sample AP12-02-5.  

4.3.4 Profile AP12-04 

Figure 4.3c demonstrates the downcore record of TOC, C/N atomic ratios, δ13C and δ15N for profile 

AP12-04.  

In profile AP12-04, the sharpest decrease in TOC values is at the top of the profile where a steep 

decrease is present going from sample AP12-04-390 (9.53 %) to sample AP12-04-350 (1.57 %). From 

then onwards, TOC values seem to fluctuate less and vary around 2.34 % (± 0.76). The uppermost 

sample, AP12-04-450 contains the highest TOC amount (10.19 %). The lowest TOC content can be 

observed in two samples, sample AP12-04-120 and sample AP12-04-110 (0.96 %).  

Regarding the C/N atomic ratios, from the top of the profile up until sample AP12-04-360, the ratios 

stay more or less constant, varying around 12.96 (± 0.21). From then onwards towards the bottom of 

the profile, C/N atomic ratios display an increasing trend. Two large fluctuations occur in the profile 

at samples AP12-04-350 and AP12-04-70. The lowest C/N value is measured in sample AP12-04-270 

(12.45) whereas the highest C/N ratio is 19.66, observed in the lowest sample AP12-04-0. 

In Figure 4.3c, the TOC value and C/N atomic ratio for sample AP12-04-420 displayed large 

fluctuations in the graph due to the fact that the sample had leaked so therefore the values are not 

reliable and are left out from the graph.  

δ13C values display a steady increase towards the bottom of profile AP12-04 where they go from the 

lowest value (-27.47 ‰), observed in the uppermost sample AP12-04-450, to sample AP12-04-0, 

containing a δ13C value of -25.46 ‰. The highest δ13C value is present in sample AP12-04-20, 

containing -25.22 ‰.  

When observing the δ15N values for this profile, the increment looks more or less constant at the top 

of the profile whereas, starting from sample AP12-04-130, some larger fluctuations are present. The 

lowest δ15N value is present in sample AP12-04-350, containing 2.32 ‰. Sample AP12-04-20 contains 

the highest δ15N value (10.29 ‰).  

All measurements on the samples for the carbon an nitrogen analysis and stable isotopic composition 

are displayed in Appendix 4. Additionaly, the results from the TOC and LOI550 measurements are 
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added to the TOC and LOI550 results from Bartels’ (2012) and Paesbrugge’s (2013) studies to evaluate 

their relationship for soil samples.  

4.3.5 C/N atomic ratio vs δ1 3C 

Figure 4.4 displays all the samples from the three profiles plotted on the δ13C and C/N atomic ratio 

graph. Here, one can observe that all samples are plotted, as expected, within the range of the δ13C 

values of the C3 land plants, ranging from a maximal value of -23.82 ‰ (AP13-11--10) to a minimal 

value of -28.69 ‰ (AP12-02-145). Samples from profile AP13-11 seem to be clustered to less 

negative δ13C values whereas most of the samples from profiles AP12-02 and AP12-04 vary around 

the same δ13C values. For the C/N atomic ratios of all three profiles, plotted values are all lower than 

the values corresponding to land plants. They also vary more than δ13C values, ranging from 9.90 

(AP13-11-40) to 22.53 (AP12-02-20). Overall, samples from profile AP13-11 seem to be more spread 

out whereas the other two profiles illustrate more clustered samples, especially the samples from 

profile AP12-04. 

 

Figure 4.4. δ13C versus C/N atomic ratio of the samples measured in the three volcanic ash soil profiles AP13-

11, AP12-02 and AP12-04.  

4.4 RADIOCARBON DATING 

The calculated radiocarbon ages on the selected samples are displayed Table 4.2 and the calibration 

plots of the radiocarbon ages are shown in Figure 4.5. In Fig. 4.5, the left-hand axis displays the 

radiocarbon dated age expressed in years BP, showing the radiocarbon concentration of the sample 

in the red curve. The bottom axis shows calendar years (derived from tree ring data) and the pair of 

blue curves display the radiocarbon measurements on the tree rings (± 1σ standard deviation). The 

possible calibrated ages are displayed by the grey histogram (the higher the histogram, the more 

likely that age is). 
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Table 4.2. Radiocarbon ages obtained on samples from the base of profiles AP13-11, AP12-02 and AP12-04 (0 

BP = AD 1950). 

 Lab.# 14C age ± 1σ (years BP) Calibrated age range (2σ) (cal. yr BP) δ13C 

AP13-11-0 OS-109722 6110 ± 40 6786 – 7156 -23.88 
AP12-02-0 OS-109720 5510 ± 35 6186 – 6392 -25.19 
AP12-04-10 OS-109721 8110 ± 45 8765 – 9129 -25.83 
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Figure 4.5. Calibration plots for the selected samples (A) AP13-11-0, (B) AP12-02-0 and (C) AP12-04-10. 

The calibrated age ranges of samples AP13-11-0, AP12-02-0 and AP12-04-10 all correspond to the 

early Holocene (Table 4.2) respectively. The δ13C values confirm the terrestrial nature of the dated 

material (Table 4.2).   

4.5 MINERALOGY 

In Figure 4.6, the results of the XRD analysis are displayed for the three profiles. Examples of some 

diffraction patterns can be found in Appendix 5. As seen in Figure 4.6, the three profiles contain the 

same minerals. Amorphous material, quartz, plagioclase, K-feldspar and pyroxenes are present in 

every sample. In two samples, the presence of amphiboles are detected. The total clay content was 

not included into the bulk mineralogy since values were rather low and peaks were not well defined, 

but are displayed at the right side as corrected intensities for every sample.  

When comparing the three profiles, it is clear that profile AP13-11 displays the clearest trends in 

amorphous material and quartz content towards the bottom of the profile. In addition, this profile 

displays the highest average amount of quartz (18.55 ± 9.10 %), excluding the sample from the fluvio-

glacial deposits. Andosol profile AP12-02 shows an abrupt increase in quartz content with depth, 

with an average of 12.47 % (± 13.15), however the amorphous content stays constant. In profile 

AP12-04, no clear trends are displayed for the amorphous content and quartz content. On average, 

this profile contain the lowest quartz content (1.33 ± 0.70 %). All three profiles have on average 

approximately the same content of amorphous material, amounting 19.16 % (± 6.74), 19.31 % (± 

5.24) and 20.67 % (± 8.00) for profiles AP12-04, AP12-02 and AP13-11, respectively, without the 

samples from the fluvio-glacial deposits. Regarding the clay content, comparison of the three 

profiles, without including the fluvio-glacial samples, shows that andosol profile AP13-11 contains 

the highest average amount of clay (306 corrected counts ± 162), followed by profile AP12-02, which 

contains on average 172 (± 76) corrected counts of clay. Profile AP12-04 holds the lowest average 

clay amount (142 corrected counts ± 49). In addition, profile AP13-11 displays the clearest trend in 

increasing clay content towards the bottom of the profile, where values of > 800 can be observed in 

the sample from the fluvio-glacial deposits (AP13-11--10). 
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Andosol profile AP12-04 displays no clear trend in bulk mineralogy with increasing depth. The 

amount of amorphous material varies between a minimum of 7.16 % in sample AP12-04-130 and a 

maximum of 31.81 % in sample AP12-04-370. It can be noted that the upper samples (i.e., the upper 

five samples) contain generally more amorphous material than the lower section of the profile. The 

amount of quartz is very low in all samples (1.33 ± 0.70 %). Plagioclase is in every sample the most 

abundant mineral, showing values up to 69.78 % (AP12-04-130). The upper samples display lower 

plagioclase content values. On average, the profile contains 48.13 % (± 10.62) plagioclase. The 

orthoclase content vary around 20.11 % (± 3.76), with a minimal occurring at the lowermost sample 

AP12-04-10 (14.77 %), and a maximal content at AP12-04-450, the uppermost sample, amounting 

27.15 %. When observing the pyroxene content, the amount in every sample is more or less constant 

(10.48 ± 2.43 %), excluding for the outlier in sample AP12-04-80 (27.08 %). 

In profile AP12-02, a trend in the mineralogical composition with depth is visible. With regards to the 

amorphous content, the highest value is observed in sample AP12-02-90 (28.54 %) whereas the 

lowest value is present in the lowermost sample in the profile, AP12-02--40 (8.09 %). Overall, a 

slightly decreasing trend in the amorphous content, although not clearly visible, towards the bottom 

of the profile is displayed. On the contrary, the quartz content is clearly increasing towards the 

bottom of the profile. Until sample AP12-02-50, values vary around 4.70 % (± 1.33). A sharp increase 

in quartz content is visible from sample AP12-02-50 to AP12-02-40 where values climb up to > 30 %, 

although this increase is interrupted at sample AP12-02-30 where an intermediate value of 11.28 % 

can be observed. The plagioclase content, orthoclase content as well as the amount of pyroxene 

display a decreasing trend towards the bottom of the profile. The average plagioclase, orthoclase and 

pyroxene content for the profile without the fluvio-glacial deposits are 39.96 % (± 7.64), 19.54 % (± 

5.70) and 8.72 % (± 3.20), respectively. In the fluvio-glacial deposits of sample AP12-02--20, 

amphiboles are observed, amounting 12.87 % of the total mineralogical content.  

For andosol profile AP13-11, XRD analysis displays again a trend in bulk mineralogy with increasing 

depth. The amorphous content shows a gradual decrease from the top to the bottom of the profile, 

although this decrease is interrupted by very low values at sample AP13-11-100 followed by higher 

values around samples AP13-11-70 and AP13-11-80. In addition, the uppermost sample, AP13-11-

134, depicts a lower amorphous content. The higher values of amorphous material are consistent 

with the presence of pumice layers in the profile (e.g. high amorphous content in sample AP13-11-

130). The amount of quartz present in the samples shows an opposite trend, namely increasing 

values towards the bottom of the profile. This gradual augmentation is slightly interrupted by sample 

AP13-11-100 and at the top of the profile where rather high values occur. The highest quartz amount 

is present in the sample located in the fluvio-glacial deposits (AP13-11--10) and amounts 

approximately 50 %. Regarding the plagioclase content, values are varying around 36.51 % (± 8.69), 

excluding the sample from the fluvio-glacial deposits. The amount of K-feldspar shows, again without 

sample AP13-11--10, an average of 16.48 % (± 3.89) and displays lower values towards the bottom of 

the profile. This gradual decrease is also observed in the pyroxene content, with an average of 7.61 % 

(± 2.55). Amphiboles are only observed in a small amount (3.73 %) in sample AP13-11-0.  
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Figure 4.6. Results of the XRD and radiocarbon analysis for the three profiles AP12-04, AP12-02 and AP13-11.   
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5. DISCUSSION 

5.1 DISTRIBUTION OF THE VOLCANIC ASH SOILS IN NORTHERN CHILEAN PATAGONIA 

5.1.1 Origin of the andosol parent material  

When observing the volcanic ash soil thickness map (Figure 4.1), it is clear that the dominating 

westerlies have a significant influence on the distribution of andosols in Northern Chilean Patagonia. 

The volcanic ash soils are thick and widespread on the eastern side of the volcanoes whereas their 

thickness sharply decreases to the western side. The decrease in thickness towards the west is so 

steep that andosols are replaced by cambisols and histosols within less than 50 km to the west of the 

volcanoes (e.g., Taitao Peninsula and Chonos Archipelago, see Fig. 2.9). 

Comparison of the volcanic ash soil extent (Fig. 4.1) with the soil map of Gut (2008) indicates that the 

eastern extent of the volcanic ash soils on Gut’s map is accurate. Differences are however observed 

for the southern limit, where Gut’s map indicates the presence of andosols south of General Carrera 

Lake, up to latitudes > 47°S, whereas no volcanic ash soils were observed on the field in this area. Our 

detailed soil thickness map illustrates that the southern extent of the volcanic ash soils is restricted 

to approximately 46°30’S, with a central lobe reaching almost up to 47°S (Fig. 4.1).  

The observation that the volcanic ash soils are thick and widespread to the east of the regional 

volcanoes is in direct agreement with the distribution of tephras emitted by the regional volcanoes 

during the Holocene. More specifically, the volcanic ash distribution map (Fig. 4.1) clearly displays 

two lobes on the eastern side of Hudson volcano.  These lobes seem to match the isopach maps of 

the three largest eruptions of the Hudson volcano. The first lobe, located in the southern region, 

mimics the 6700 BP and 1991 AD eruption events, for which the thickness of volcanic ash decreases 

in a southeastward direction (S40°E; Naranjo & Stern, 1998), whereas the second lobe, situated 

immediately to the east of the volcano, roughly follows the lobe of the 3600 BP eruption, where the 

axis of dispersal is in a more easterly direction. In addition, the lobe visible on the eastern side of the 

volcanoes Cay and Maca (Fig. 4.1) matches the distribution of volcanic ashes of the 1540 BP Maca 

eruption (Naranjo & Stern, 2004).  

These results are consistent with Wright’s hypothesis (1965) stating that the volcanic ash soils in 

Chile developed on direct volcanic ash falls. They are also in agreement with Bertrand and Fagel’s 

(2008) study in south-central Chile (36°S – 42°S). The latter pointed out that the andosol parent 

material has the typical mineralogical and geochemical signature of the regional volcanoes. In 

addition, grain size of the deposits and the rough morphology of the coarse grains exclude re-

transportation of these particles by wind, suggesting that most of the andosols that occur in the 

Andes and eastern part of the Intermediate Depression of south-central Chile are developed on 

volcanic ashes directly deposited by successive volcanic eruptions throughout Late Glacial and 

Holocene times. These authors suggested that exceptions can be made for andosols which have 

developed on volcanic ashes locally re-transported by glaciers, lahars or rivers (Bertrand & Fagel, 

2008).     
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Although the andosol thickness map produced in this thesis is accurate at the scale of Northern 

Patagonia, some considerations should be made concerning the distribution of the volcanic ashes at 

the local scale.  

Volcanic deposits are not entirely independent of the topography in the study region. Regional 

variations in ash soil thickness can occur due to the fact that volcanic ashes smooth the pre-existing 

topography. In south-central Chile, Bertrand & Fagel (2008) acknowledged that volcanic deposits 

cover the region despite the elevation, with a relatively uniform thickness draping all but the 

steepest slopes. This may influence the precision of the map at the local scale. Furthermore, the 

rugged topography of the region can also influence volcanic ash preservation since tephra is 

extremely prone to erosion and remobilisation from/on slopes.    

With regards to the volcanic ash soils on the slopes of the volcanoes, high thickness values were 

attributed to these locations. In reality, the ash soil thickness values should remain zero on the 

proximal slopes of the volcanoes since the volcanic deposits near the craters are generally too 

coarse/unconsolidated to allow the formation of andosols.  

Finally, restricted accessibility on the western side of the volcanoes limits the amount of field 

measurements (andosol thickness) in this region (Fig. 3.1). Distribution of the volcanic soil deposits 

on the western side of the volcanoes is therefore an approximation based on (a) the isopach maps of 

known volcanic eruptions, which indicate a very steep decrease in thickness values, and (b) the 

absence of andosols on Taitao Peninsula (Gut, 2008). The accuracy of the distribution map is higher 

on the eastern side of the volcanoes and in the southern part of the study area since a large amount 

of the measured points are located there.   

5.1.2 Preservation potential of tephra in southern Chile  

It is very important to mention the poor preservation potential of volcanic ash in this region which 

may have influenced the final volcanic ash soil isopach map.  

First, Fontijn et al. (2014) reported that for many prehistoric deposits in southern Chile and 

Argentina, no volume estimates exist at all, resulting in an underestimation of explosive eruptions in 

the region. This is due to the fact that volcanic ash deposits less than 10 cm in thickness are most 

likely not preserved in terrestrial records. Fontijn et al. (2014) illustrated this by comparing the area 

encompassed by 1 cm isopach contours for recent eruptions (e.g. 1991 Hudson) with the dispersal 

patterns for prehistoric eruptions (for which 1 cm isopach contours are usually not available). This 

justifies the use of the 10 cm isopach as the maximum extension of the volcanic ash soils (Fig. 4.1).   

When comparing the cumulative thicknesses of tephras preserved in lake sediment cores with the 

isopach map (as displayed in Fig. 4.2), it is clear that differences occur. A first good example is the 

sediment core from Lago Augusta, which is located south of the 10 cm isopach. By comparison, the 

sediment core from Lago Augusta contains a cumulative volcanic ash thickness of 12 cm (Villa-

Martίnez et al., 2012), which can be explained by the lake environment yielding better preservation 

potential for tephra deposits. In addition, tephra layers are easier to distinguish in sediment cores 

from lakes than on land since characterization of tephra layers on land is hard due to weathering 

which can modify or even remove diagnostic features (Fontijn et al., 2014), whereas tephra layers 

deposited in lakes are hardly subjected by chemical alteration and erosion. Although tephra layers 
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are better preserved in lakes, their thickness however may not be representative of primary fallout 

(Fontijn et al., 2014). Remobilisation of tephra layers by turbidites for example (Moernaut et al., 

2007; Bertrand et al., 2008) is a common phenomenon in lakes. This is probably what happened with 

the sediment core from Lago Castor (cumulative volcanic ash thickness of 79.9 cm) which is situated 

on the edge of the 1-2 m-isopach region. In addition, profile AP12-01, which is located next to Lago 

Castor and contains in total 120 cm of volcanic ash deposits, displays one distinctive 9 cm-thick 

pumice layer, identified as volcanic deposits from the 3600 BP Hudson eruption (Bartels, 2012). Since 

pumices contain a very high porosity, they generally float on water and are rafted to the downwind 

side of the lake. This frequently results in an uneven distribution of pumice in lakes and thus 

differences in tephra thicknesses within lakes.  

Finally, on the eastern side of the regional volcanoes, a gradual decrease in volcanic ash soil 

thicknesses is visible. This gradual decrease is due to the prevailing westerly winds, carrying most of 

the volcanic ashes towards the East. Therefore, in the easternmost part of our study region, a large 

area is covered with relatively thin volcanic ash soils (mostly < 2 m). However, this decrease in 

thickness may not only be the result of the increasing distance from the source volcanoes. Another 

important factor influencing this decrease is vegetation. As mentioned in section 2.2, the decreasing 

annual precipitation towards the eastern part of the study region results in an increasing aridity, and 

therefore lower vegetation density, towards the East. Peri & Bloomberg (2002) and Villa-Martίnez & 

Moreno (2007) pointed out that the sparsely vegetated eastern region, which is dominated by 

steppe, is very susceptible to strong wind erosion. Tephra accumulation is therefore restricted to 

sites where vegetation is present to preserve volcanic ash falls. As a consequence, volcanic ash 

preservation decreases towards the East, following the decrease in vegetation density. This is 

particularly well illustrated by the 1991 AD Hudson eruption where Wilson et al. (2011) noticed that 

ash deposits were naturally stabilized most rapidly in areas with high rainfall (> 1500 mm/yr) through 

compaction and enhanced vegetation growth. On the contrary, stabilization was slowest in windy, 

semi-arid regions. 

5.1.3 Age of the andosol parent material  

The radiocarbon ages obtained at the bottom of each of the three profiles correspond to an early 

Holocene age (6786 – 7156, 6186 – 6392 and 8765 – 9129 cal. years BP for AP13-11-0, AP12-02-0 and 

AP12-04-10, respectively). This is in agreement with the hypothesis that the soils developed on 

volcanic ashes that accumulated during the Holocene. This is also in agreement with the study of 

Pfeiffer et al. (2010), who reported that soil development begins immediately after glacial retreat. 

Although volcanic eruptions have probably occurred during the Pleistocene, glaciated regions greatly 

restrict terrestrial preservation of tephra during glacial periods (Watt et al., 2013). Consequently the 

unconsolidated deposits on which the andosols developed are post-glacial in age. This observation is 

also in agreement with one of the observations of Bertrand & Fagel’s study (2008), which indicates 

the presence of allophane, a secondary product of volcanic ashes under humid, temperate or tropical 

climatic conditions (Quantin, 1972; Righi & Meunier, 1995), in soil samples collected to the north of 

the study region around lake Puyehue (40°40’S – 72°20’W) and lake Icalma (38°50’S – 71°20’W). 

According to Laugenie (1982), halloysite is commonly formed by neoformation of allophane, 

although due to the humid Mediterranean climatic conditions of south-central Chile, allophane can 

regionally remain stable for up to 18 000 to 22 000 years (Besoain, 1985). Since the soil samples do 
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not contain halloysite, Bertrand & Fagel (2008) concluded the studied deposits are younger than the 

LGM. 

Due to the fact that the radiocarbon-dated samples were taken at or near the boundary between the 

fluvio-glacial deposits or bedrock and the overlying andosol deposits, the radiocarbon ages provide 

the minimum age of glacier retreat at each site.  

Using a similar approach in the vicinity of Puerto Aysen, Vargas et al. (2013) obtained radiocarbon 

ages of 10 350 and 12 000 cal. years BP at the base of the volcanic ash falls deposits. Comparison of 

these ages with the age of sample AP12-04-10 (8765 – 9129 cal. years BP), which is also located near 

Puerto Aysen, shows a rather large difference in age. This can be explained by the fact that the 

radiocarbon age of sample AP12-04-10 was obtained on a bulk soil sample whereas Vargas et al. 

(2013) dated charcoal fragments preserved in the volcanic ash soils. According to Wang & Amundson 

(1996), radiocarbon dating of bulk soil organic matter always yields younger ages than the true age of 

the soil formation since differences in the dynamics of organic carbon in different soils can result in 

significantly different carbon ages even when the true age of the soils are the same. This is very much 

dependent on a number of variables which include climate, biotic factors, and physical/chemical 

factors. For example, contamination of environmental 14C, which occurs when roots are in contact 

with the soil, influence the calculated ages. Thus, bulk soil samples are in equilibrium with 

athmospheric CO2 for as long as roots are in contact with the soil. In addition, Arnalds (2012) 

acknowledged that roots can often extend far into andosols. Furthermore, soils will only start to 

develop when tephra is deposited, which occurs when the first eruption after the glacial retreat 

produces enough volcanic ash to provide a significant amount of parent material. Afterwards, it can 

take several hundreds of years in order to form the soils. The radiocarbon ages of Vargas et al. (2013) 

on charcoal fragments are less affected by these processes and therefore yield ages that better 

represent the beginning of volcanic ash accumulation.  

As a consequence, it should be taken into account that the obtained ages are minimal ages for the 

deposition of volcanic ashes, and that the age of initial ash deposition is likely older than the 

radiocarbon results obtained on bulk soil samples.   

With regards to the calculated radiocarbon ages from samples AP13-11-0, AP12-02-0 and AP12-04-

10, sample AP12-04-10 is clearly older than samples AP12-02-0 and AP13-11-0 (Table 4.2). At first 

glance, this seems to indicate that glacier retreat occurred earlier around site AP12-04. The 

radiocarbon ages are however also influenced by the thickness of the profiles. Comparison between 

the thickness of the profiles and the calculated ages show that AP13-11-0 and AP12-02-0 have more 

or less the same age and thickness, whereas AP12-04-10, which displays an older age, is three times 

thicker than profiles AP13-11 and AP12-02. The older apparent age of the bottom of profile AP12-04 

is therefore probably also influenced by the rate of ash accumulation, which can bury soils and 

isolate them from atmospheric CO2. As a result, the radiocarbon age obtained on sample AP12-04-10 

was likely less affected by post-depositional contamination processes, and is probably closer to the 

age of glacier retreat.  

Finally, it is worth noting that the deglaciation was not synchronous over Northern Chilean 

Patagonia. Local differences in the age of deglaciation may also have influenced the thickness of the 

volcanic deposits since regions that deglaciated early could cumulate volcanic ashes for longer 
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periods of time. This influence is however probably negligible in comparison with the influence of the 

distance from the source volcanoes.   

5.2 NATURE OF ANDOSOL PARENT MATERIAL  

The andosol parent material contains an inorganic component and an organic fraction. Bulk organic 

geochemical and mineralogical analysis on the samples demonstrate that the andosols are mainly 

composed of inorganic matter (91.00-96.48 %), which represent the volcanic ash deposits from the 

surrounding volcanoes. The organic fraction is the result of post-depositional processes, i.e., the 

development of vegetation on top of these volcanic deposits, and subsequent incorporation into the 

soil, accounting for approximately 3.52 %, 9.00 % and 6.98 % for profiles AP13-11, AP12-02 and 

AP12-04, respectively.  

5.2.1 Mineralogical composition 

The mineralogical composition of the investigated samples, which is dominated by plagioclase, 

amorphous material, K-feldspar and pyroxene (Fig. 4.6), demonstrates the volcanic nature of the 

parent material. The high amount of plagioclase (36.51 ± 8.69 %, 39.96 ± 7.64 % and 48.13 ± 10.62 % 

for profiles AP13-11, AP12-02 and AP12-04, respectively) and pyroxene (7.61 ± 2.55 %, 8.72 ± 3.20 % 

and 10.48 ± 2.43 % for profiles AP13-11, AP12-02 and AP12-04, respectively) in the volcanic ash soil 

samples is consistent with their origin from the regional SVZ volcanoes since these minerals are 

commonly found in basalts and andesitic basalts (Cull, 2009). The only minerals that were observed 

in the volcanic ash soil samples and that are not related to regional volcanism are quartz and 

amphibole (Fig. 4.6).  

X-ray diffraction analysis clearly demonstrates that the nature of the deposits underlying the 

andosols influences their mineralogical composition. This is particularly marked by the trends in 

quartz at the bottom of the volcanic ash soil profiles. The increase in quartz towards the bottom of 

profiles AP13-11 and AP12-02 (Fig. 4.6) can be explained by the presence of fluvio-glacial deposits 

underlying the volcanic ash soils. Fine-grained quartz grains from the fluvio-glacial deposits can easily 

be incorporated into the volcanic deposits at the bottom of the profile. On the contrary, andosol 

profile AP12-04 is underlain by granitic bedrock, which limits the incorporation of quartz in the 

volcanic ash soils. In addition, the length of profile AP12-04 is three times higher than profiles AP13-

11 and AP12-02 since this profile is located closer the the source volcanoes, where the accumulation 

rate of volcanic deposits is higher. Therefore, quartz in profile AP12-04 is more diluted by volcanic 

ashes, explaining the overall low quartz content of this profile. The same process can explain the 

increasing trend in crystallized clay content with depth for profiles AP12-02 and AP13-11. Especially 

in the fluvio-glacial deposits, the amount of crystallized clay is very high. On the contrary, profile 

AP12-04 displays no such trend and the crystallized clay content is on average very low (Fig. 4.6).  

The relatively high quartz content of the volcanic ashes of profile AP13-11 (18.55 ± 9.10 %) compared 

to profiles AP12-02 (12.47 ± 13.15 %) and AP12-04 (1.33 ± 0.70 %) (Fig. 4.6) is likely related to the 

particular location of profile AP13-11 in the valley of Rio Ibáñez (Fig. 2.1), which is illustrated in Figure 

2.3b. This site is surrounded by mountain ranges (e.g. Cerro Castillo), mostly to the North and to the 

West. The dominating westerly winds can therefore easily transport proglacial deposits from the 

local mountains towards the lower elevated regions, resulting in a relatively high supply of fine-

grained quartz at site AP13-11.  
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With regards to the quartz content of profile AP13-11, one can notice that the trend in quartz is 

interrupted at the top of the profile, where a higher quartz amount is present in the upper two 

samples (i.e., AP13-11-130 and AP13-11-134; Fig. 4.6). The higher quartz content in these two 

samples probably orginates from anthropogenic contamination from road construction, which 

typically uses local fluvio-glacial deposits. This explanation is additionally supported by the decrease 

in TOC in these two samples (Fig. 4.3A), which likely also represents the anthropogenic addition of 

inorganic (fluvio-glacial) material.  

As illustrated in Figure 4.6, amphibole only occurs in two samples at the base of profiles AP12-02 and 

AP13-11. In the region, amphibole is typically associated to the granitoids of the North Patagonian 

Batholith (Nelson et al., 1988; Pankhurst et al., 1999) and it is absent in volcanic products. This 

explains why amphibole only occurs at the base of profiles AP12-02 and AP13-11, where it probably 

originates from the underlying fluvio-glacial deposits. This observation is consistent with the results 

of Bertrand & Fagel (2008), where a similar low amount of amphiboles was observed in soil samples 

collected at the bottom of the profile (OC5), near or at the boundary between the volcanic ash 

deposits and the fluvio-glacial deposits.  

With regards to the material quantified as amorphous by XRD analysis, which occurs at similar 

concentrations in the three profiles (~20 %), it represents the combined contribution of organic 

matter, volcanic glasses and non-crystallized clays. A typical amorphous (i.e., non-crystallized) clay 

mineral which originates from the weathering of andosols is allophane, as mentioned in section 

5.1.3. Other typical clays derived from the weathering of andosols are imogolite, ferrihydrite and 

halloysite (Arnalds, 2012). Allophane is most likely present in the amorphous material, since it is a 

typical product of weathering of volcanic glasses and feldspars in volcanic ash soils and that it was 

described in similar volcanic ash soil samples in south-central Chile (Bertrand & Fagel, 2008).  

Part of the amorphous material consists also of organic matter. This is clearly illustrated in profile 

AP12-04 where the high amorphous content in the upper part of the profile (Fig. 4.6) corresponds to 

high TOC values (Fig. 4.3c).  

5.2.2 Organic matter content (LOI5 5 0  and TOC)   

In the literature, both LOI550 and TOC are used to estimate the amount of organic matter and organic 

carbon, respectively, in soil samples (e.g., Dean, 1974; Bengtsson & Enell, 1986). It is generally 

assumed that LOI550 values are about 2x TOC since organic matter is composed of ~50 % of carbon. 

When comparing the LOI550 measurements with the calculated TOC content of the samples, a good 

correlation is visible (r2= 0.92, Fig. 5.1). The relation between TOC and LOI550 is also in good 

agreement with the relation that was calculated using Bartels (2012) and Paesbrugge (2013) samples 

(Fig. 5.1). Some of the AP13-11 samples seem to fall out of the otherwise very good relationship 

between TOC and LOI550 (Fig. 5.1). The slightly deviating samples of profile AP13-11 (e.g., AP13-11-

130) are located at the top of the profile, where the TOC graph and LOI550 graph do not match 

perfectly (Fig. 4.3A). These deviations are probably due to the presence of pumice layers (Fig. 4.6). To 

estimate the relationship between LOI550 and organic carbon, a linear regression was applied for the 

soil samples, resulting in a slope of 1.816 (y=1.816x + 5.6836). This implies that organic matter of the 

soil samples contain approximately 55 % of carbon. In addition, the x-intercept of 4.77 % means that 

factors other than organic matter contribute to the high LOI550 values, such as clay and oxide 
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components. It should however be noted that the highest coefficient of determination is achieved 

using a 2nd order polynomial correlation (r²=0.92; Fig. 5.1), which means that the relative contribution 

of dehydration of clay minerals and/or metal oxides is higher in organic-poor samples. As a 

consequence, LOI550 values can be used to estimate trends in the organic matter content of the soil 

samples. LOI550 values are particularly useful to optimize the amount of sediment to use for more 

precise TOC measurements.   

 

Figure 5.1. Relationship between TOC and LOI550 results from profiles AP13-11, AP12-02 and AP12-04 and 

comparison with the measurements of Bartels (2012) and Paesbrugge (2013). 

Comparison between the average TOC content of the three profiles indicates that profile AP13-11 

contains by far the lowest TOC content, amounting only 1.76 ± 1.23 %. Profile AP12-02 displays the 

highest average TOC content (4.50 ± 2.78 %) and profile AP12-04 contains a slightly lower average 

TOC content (3.49 ± 2.64 %) than profile AP12-02. The total accumulation of organic carbon at site 

AP12-04 is however much higher than in the other profiles since the profile is three times longer. 

Based on the average TOC content, length of the profile and assuming a constant bulk density of 0.8 

g/cm³ for andosols in Chile (Casanova et al., 2013), an estimation of the total accumulation of organic 

carbon per m² at each site could be made. Profiles AP12-04, AP12-02 and AP13-11 contain 125.64, 54 

and 18.87 kg carbon per m², respectively. Therefore, one can notice that the higher the precipitation 

values are, and thus the denser the vegetation, the more organic material is delivered and preserved 

into the soils, and the higher the TOC content is in the soil samples (Fig. 5.2).  
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Figure 5.2. Accumulation of kg of organic carbon per m² vs annual precipitation for profiles AP13-11, AP12-02 

and AP12-04. 

5.3 INFLUENCE OF WEATHERING ON SOIL BULK ORGANIC GEOCHEMISTRY   

5.3.1 Comparison between soil organic matter and fresh vegetation 

As demonstrated in Figure 5.3, the C/N values of the soil organic matter samples plot between the 

field of C3 land plants and lacustrine algae. The organic δ13C values from profiles AP13-11, AP12-02 

and AP12-04, however, vary between -23.96 ‰ and -28.69 ‰, in agreement with their terrestrial 

origin.  

 

Figure 5.3. Comparison between the δ13C and C/N atomic ratios of the samples from the three profiles with 

indication of the surface soil samples (upper 10 cm) as full-colored circles and fresh vegetation samples from 

the same region (from Sepύlveda et al., 2010).  
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According to Post et al. (1985), organic matter in soils originates from the terrestrial organisms living 

in the surface of soil profiles, which is in a constant state of decomposition. In addition, Kendall et al. 

(2001) pointed out that the stable and isotopic geochemical composition of soil organic matter 

illustrates the types of plants occurring in the soils, minus by the effect of biological degradation. 

Since surface soil samples contain recently degraded organic matter, C/N atomic ratios and δ13C 

values of surface soil samples are expected to be intermediate between vegetation samples and 

lower soil samples.  

To understand the evolution of organic matter geochemistry during incorporation of terrestrial 

vegetation into soils, the values obtained on soil profiles AP12-02, AP12-04 and AP13-11 were 

compared to the δ13C values and C/N atomic ratios of fresh land vegetation samples (Sepύlveda et 

al., 2010), which were collected in Puerto Cisnes (44°44’5”S – 72°43’W) and on the Mulchey 

(44°08’6”S – 73°28’5”W) and Melchor (45°03’S – 73°43’W) islands along the Moraleda Channel. 

These samples represent the main vegetation samples are very high (35.9 ± 18.8; Sepύlveda et al., 

2010) and in good agreement with the C3 land plants field. The C/N values of land plants are 

generally high since plants consist of C-rich, cellulose-rich and protein-poor materials. The relatively 

large range of C/N atomic ratios is due to the observation that C/N atomic ratios can vary 

significantly according to the type of plant (Meyers, 2003). On the contrary, the range of δ13C values 

of the fresh vegetation samples is relatively limited (-29.4 ± 2.8 ‰; Fig. 5.3). This results from the 

continuous equilibrium exchange reactions between atmospheric CO2 and the living vegetation. 

Table 5.1. Average δ13C values and C/N atomic ratios for the soil samples of the three profiles, surface soil 

samples and fresh vegetation samples with standard deviation (1σ). 

Sample type Number of 
samples 

C/N atomic ratio δ13C (‰) 

AP13-11 averagea 28 13.79 (± 1.29) -25.13 (± 1.03) 
AP12-02 averagea 31 18.34 (± 2.37) -26.13 (± 0.93) 
AP12-04 average 46 14.23 (± 1.65) -25.80 (± 0.51) 
AP13-11 (upper 10 cm) 3 13.44 (± 0.98) -27.22 (± 0.55) 
AP12-02 (upper 10 cm) 3 13.89 (± 0.67) -28.39 (± 0.34) 
AP12-04 (upper 10 cm) 2 12.75 (± 0.19) -27.10 (± 0.53) 
Vegetation samples (Sepύlveda et al., 2010)

 
 9 35.9 (± 18.8) -29.4 (± 2.8) 

a Calculated average without the samples from the fluvio-glacial deposits. 

Comparison between the fresh vegetation samples and the upper, i.e., less degraded, samples of the 

three soil profiles clearly shows a resemblance between the δ13C values from soil samples and the 

δ13C values from the fresh vegetation samples (Table 5.1 and Fig. 5.3), although the δ13C values from 

the surface soil samples are slightly higher. The latter difference is amplified when comparing the 

δ13C of the terrestrial vegetation samples with the average of the three profiles, suggesting that δ13C 

values increase during soil weathering. Compared to the fresh vegetation samples, the surface soil 

samples from profiles AP13-11, AP12-02 and AP12-04 show significantly lower C/N values, suggesting 

that C/N quickly decreases when terrestrial vegetation decays and is incorporated into soils. The C/N 

values of the entire soil profiles are slightly higher than those of the upper soil samples, which 

indicates that several post-depositional processes may influence C/N. This also clearly demonstrates 

that the soil surface samples have intermediate δ13C values between fresh vegetation samples and 

the lower soil samples due to biological degradation. 
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5.3.2 Vertical profiles 

TOC concentrations are influenced by both initial production of biomass and subsequent degree of 

degradation (Meyers & Teranes, 2001). The gradual decrease in TOC with depth, which is observed in 

all three profiles (Fig. 4.3), can be explained by the increased degradation or decomposition of plant 

material with time (and therefore with depth).  

All three profiles illustrate the largest decrease in TOC values and LOI550 measurements occur at the 

top of the profile and the declining trend seems to diminish towards the bottom of the sections until 

a constant value is reached (Fig. 4.3). The constant TOC values are reached at approximately 1 m 

depth, although in profile AP12-02, the values seem to continue to decrease, albeit slowly, towards 

the bottom of the profile. In addition, the largest fluctuations are mostly observed at the top of the 

three profiles, although profile AP12-04 does not display many fluctuations, except for a steep drop 

between samples AP12-04-390 and AP12-04-350. This is probably due to the effect of precipitation 

on profile AP12-04 since the high vegetation density contributes to very high TOC values to a certain 

depth. More sample-specific excursions from the otherwise continuously decreasing trend of TOC 

values are probably due to the presence of specific tephra layers (e.g., profile AP13-11 displays very 

low LOI550 and TOC values at the top of the profile where pumices are present).  

All three profiles display increasing trends in δ13C values towards the bottom of the sections. These 
13C enrichments with increasing soil depth are commonly observed (Boström et al., 2007; Wynn, 

2007; Bertrand et al., 2010). In profiles AP13-11, AP12-02 and AP12-04 δ13C values increase with 

4.02, 4.18 and 2.01 ‰, respectively, from the minimal values, usually located at the top, to the 

maximal values located at the bottom of the profile. Typically, an increase in δ13C of 1 to 6 ‰ occurs 

relative to the isotopic composition of the surface layer, although the exact process which 

implements this increase is not yet fully understood (Boström et al., 2007; Wynn et al., 2005). Several 

hypotheses have been proposed, which include kinetic discrimination against 13C during respiration, 

variable mobility and sorption of dissolved organic C with variable isotopic values, preferential 

decomposition of certain components and microbes as precursors of stable organic matter (Boström 

et al., 2007).  

Regarding the δ15N values, all three profiles display an increasing trend in δ15N values with depth. 

This is consistent with Högberg’s study (1997), which concluded that δ15N values of soil organic 

matter can increase up to 10 ‰ with depth. The increase observed in profiles AP13-11, AP12-02 and 

AP12-04 amount 8.89, 4.93 and 7.97 ‰, respectively, according to the minimum and maximum 

values of the entire profiles. Högberg (1997) suggested that the 15N gradient is mainly caused by 

fractionation during the mineralization-plant-uptake pathway, which is followed by deposition of 15N-

depleted litter to the soil surface, although this gradient could also result from the accumulation of 

microbially derived products. 

With respect to the C/N ratio, profiles AP12-02 and AP12-04 display an increasing trend with depth. 

In profile AP13-11, on the other hand, C/N ratios do not significantly vary with depth. The 

observation that C/N increases with depth in profiles AP12-02 and AP12-04 is in contradiction with 

what is generally described in the literature. According to Boström et al. (2007), for example, C/N 

atomic ratios typically decrease with depth in soil profiles, due to microbial immobilization of 

nitrogenous material together with remineralization of carbon (Meyers & Ishiwatari, 1993). The 

andosol profiles studied by Bertrand & Fagel (2008) in south-central Chile showed this typical 
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decrease in C/N values with depth. Although rather uncommon, increases in C/N atomic ratios with 

depth in andosol profiles have been described in other studies (e.g. Kosaka, 1963; Sigfusson et al., 

2008), although these authors do not explain the origin of the trends.  

Several factors might contribute to such an increase in C/N atomic ratios with depth, such as changes 

in the type of vegetation, variations in precipitation, and influence of accumulation rates, 

degradation or decomposition rates. 

To assess the hypothesis that downprofile variations in C/N are due to changes in the dominant type 

of vegetation with time, pollen records can be investigated. Several pollen records are available in 

Northern Chilean Patagonia. First, the pollen record of Markgraf et al. (2007) at Mallίn Pollux 

(45°41’30”S – 71°50’30”W), which is located in a ragion with climatic conditions similar to profile 

AP13-11, demonstrates the last 7.5 kyr cal. BP is constantly dominated by Nothofagus trees, except 

for the last 100 cal. yr BP where a steep increase in Poaceae occurs due to forest clearing and grazing 

activities. Additional pollen records are available from the western side of the study region on the 

Chonos Archipelago and Taitao Peninsula (Lumley & Switsur, 1993; Massaferro & Brooks, 2002; 

Haberle & Bennett, 2004). These records, which are located in a climate similar to profile AP12-04, 

clearly demonstrate that the vegetation during the last 9 kyr cal. BP remained roughly constant. 

Pollen records therefore do not support the hypothesis that changes in C/N could be due to 

variations in the dominant types of vegetation. Another argument against the vegetation influence 

hypothesis is the limited differences in the C/N atomic ratios from the upper part of the three soil 

profiles (Table 5.1), although these three sites are characterized by very distinct types of vegetation. 

One can therefore conclude that the decrease in C/N atomic ratios is not related to differences in 

vegetation in the past.  

A similar reasoning can be used to refute the hypothesis that changes in precipitation in the past 

could have affected C/N values. Because the annual precipitation at the three sites differs 

significantly and C/N atomic ratios have similar values, precipitation has likely very little influence on 

the soil C/N atomic ratios.  

A third possible explanation is the influence of variations in the accumulation rates. Since high 

accumulation rates result in faster soil burial rates, they could result in a decreased decomposition 

rate. If this would be the case, andosol profile AP12-04, which has a higher accumulation rate 

because it is three times longer than profile AP12-02, should display higher C/N atomic ratios at the 

bottom of the profile. As seen on Figure 5.4, C/N ratios are higher at the bottom of profile AP12-02, 

which excludes the influence of differences in accumulation rates as an influencing factor on C/N 

ratios.  

None of these factors seem to explain the downprofile increase in C/N atomic ratios. In addition, 

Figure 4.3 illustrates that there are no remarkable fluctuations or unexpected variations in the trends 

in δ13C and δ15N values with depth, so only C/N seems to show unexpected trends. Comparing the 

C/N ratios at the top of the profiles (Table 5.1) to surface soil samples from andosols (Bertrand et al., 

2010; Sigfusson et al., 2008), shows that the C/N atomic ratios close to the surface are normal, i.e., 

normal values for decomposed material. To look into this issue in more details, one can try to assess 

which of the two elements, C or N, controls the downprofile increase in C/N. To evaluate the 

influence of TOC and total nitrogen (TN), these values need to be investigated separately (Fig. 5.4). As 

shown in Fig. 5.4, both the TOC and TN values decrease with depth for the three profiles.   
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Figure 5.4. Comparison between the C/N atomic ratios, TOC (%) and TN (%) of profiles AP13-11 (A), AP12-02 (B) and AP12-04 (C).  
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However, the relative decrease in TN is higher than the decrease in TOC for profiles AP12-02 and 

AP12-04 (Table 5.2), which might explain the downprofile increase in C/N atomic ratios. For andosol 

profile AP13-11, which displays stable C/N ratios, the relative decrease in TN is lower than for the 

two other profiles (84 % compared to 91-92 %). For this profiles, TN and TOC values decrease 

approximately at equal rates, which results in a more constant C/N ratio trend. The downprofile 

increase in C/N in profiles AP12-02 and AP12-04 therefore seems to be mostly related to a higher 

relative decrease in TN. 

Table 5.2. Overview of the maximum and minimum TOC and TN values for the three profiles. 

 AP13-11
a
 AP12-02

a
 AP12-04 

Max TOC value (%) 4.59 11.95 10.19 

Min TOC value (%) 0.68 1.32 0.96 

Relative decrease in TOC (%) 85.19 88.95 90.58 

Max TN value (%) 0.38 1.04 0.94 

Min TN value (%) 0.06 0.08 0.08 

Relative decrease in TN (%) 84.21 92.31 91.49 
aWithout samples from fluvio-glacial deposits. 

A hypothesis that could explain the relatively high decrease in TN is the presence of N bound to clay 

minerals. TN is both a constituent of organic matter as well as bound to inorganic matter, mainly clay 

minerals. Due to difficulties in the separation of the organic fraction from the inorganic fraction of 

nitrogen (Zhu et al., 2013), C/N ratios are in fact TOC/TN ratios. Thus, it is important to notice that TN 

represents both the organic and inorganic fraction. Meyers (2003) mentioned that especially in 

sediments with low organic matter concentrations (TOC < 0.3 %), TOC/TN ratios could be reduced 

due to a high amount of inorganic nitrogen, resulting in poor estimations on the C/N ratios in 

sedimentary organic matter. When observing TOC values for the three profiles (Fig. 4.3), it is clear 

that these values are very low at the bottom of the profiles, especially from sample AP13-11-60 

downwards (TOC < 1 %). Altough this factor cannot explain the downprofile increase in C/N in 

profiles AP12-02 and AP12-04, it can be used to explain the difference in the C/N trends of profile 

AP13-11 compared to the two other profiles. Additionaly, since the bottom part of andosol profile 

AP13-11 displays a high clay content in comparison with the other two profiles, the lowermost 

samples from AP13-11 probably yield more inorganic nitrogen. As a result, the increasing C/N trend 

in profile AP13-11 might be obscured due to the high proportion of clay at the bottom of the profile. 

Although this process can eplain the difference between profiles AP13-11 and profiles AP12-02 and 

AP12-04, it still does not explain the increasing C/N trends. 

5.4 INFLUENCE ON ACCUMULATION RATES IN FJORDS 

Bertrand et al. (2012a) acknowledged that the sediment transported by North Patagonian rivers 

mostly originates from erosion of the regional soils. Since the volcanic ash soils constitute one of the 

main sources of sediments to the regional fjords, local variations in andosol thickness might affect 

the sediment accumulation rates in the fjords. To evaluate this influence, previously published 

accumulation rates in the regional fjords were compared to the average volcanic ash soil thickness of 

the watersheds that drain into these fjords (Table 5.3).  
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As a consequence of the distribution of volcanic ash soils discussed in section 5.1, the watersheds 

located at the eastern side of the regional volcanoes display the highest values for the average 

volcanic soil thicknesses (Table 4.1). The Aysen watershed, which is entirely covered with andosols 

and located in between volcanoes Mentolat, Maca, Cay and Hudson, contains the highest average 

soil thickness (2.36 m) since the area receives much of the volcanic ash deposits from both Maca and 

Hudson volcanoes. On the contrary, the Gualas watershed does not contain any volcanic ashes due 

to the fact that it is located upwind from Hudson volcano. Therefore no tephra is deposited in this 

area. Sediment river discharge to the fjords is largely controlled by glacier melting as well as 

precipitation. In the watersheds which contain little or no volcanic ash deposits, such as Gualas and 

Exploradores, the sediment production in watersheds are largely influenced by glaciers (Fig. 4.1). In 

these watersheds, the rivers which flow into the fjords are dominated by glacial input and are most 

likely not representative for the andosol volumes in the watersheds. Therefore, the influence of the 

volume of andosol for the watersheds on accumulation rates will be investigated in precipitation-fed 

fjords, such as Aysen and Cisnes.  

Table 5.3 demonstrates the different sedimentation rates which are obtained from sediment cores in 

the fjords and Figure 5.5 displays the location of the sediment cores on the volcanic ash soil thickness 

map.  

Table 5.3. Overview of the sediment accumulation rates from the different fjords based on age models 

obtained from radiocarbon ages and from the excess 210Pb distribution. 

Fjord Core/station 
Average 
andosol 

thickness (m) 

Surface area 
covered by 

andosols (%) 
Time-scale 

Sedimentation 
rate (cm yr-1) 

Jacaf PC33 - - 1750 – 75 cal. yr BP 0.10a 
Puyuhuapi BC35  - - 1899 AD – present 0.74 ± 0.08b 
Puyuhuapi BC40  1.19 70.24 1948 AD – present 0.25 ± 0.07b 
Aysen - 2.36 100 - 0.30c 
Aysen Station 79 2.36 100 1883-1930 AD – present  0.19-0.30

d
 

Aysen  MD07-3114 and 
MD07-3115 

2.36 100 3910 – 0.108 cal. yr BP 0.85e 

Quitralco PC29A - - 605 AD – present 0.06 (top)-0.37 
(bottom)

f
 

Quitralco Station 58 - - 1897-1920 AD – present 0.47
d
 

aObtained from Sepύlveda et al. (2009) 
bObtained from Sepύlveda et al. (2005) 
cObtained from Van Daele et al. (2013) 
dObtained from Salamanca & Jara (2003) 
eObtained from Serno (2009) 
f
Obtained from Bertrand et al. (submitted)  
 
The sediment core PC33 is located in the Jacaf fjord where freshwater is mainly supplied by the 

Aldunate river. As seen in Figure 5.5, Jacaf watershed is covered by < 1 m of volcanic ash soils. 

Although the average ash soil thickness for this watershed is not calculated, one can still notice the 

sedimentation rates are very low (0.1 cm/yr). 
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Figure 5.5. Location of fjord sediment cores for which accumulation rate data are available (see list in Table 

5.3) on the volcanic ash soil thickness map.  

Sediment core BC35 displays very high sedimentation rates (0.74 ± 0.08 cm/yr). The sediment core is 

located in a small basin in the northern part of Puyuhuapi fjord. This basin, which is limited to the 

south by a shallow sill ridge, acts as an active sediment trap for sediment discharged mainly by the 

Ventisquero and Pascua rivers (Sepύlveda et al., 2005). In addition, glaciers on the eastern side of 

Puyuhuapi will result in a high glacial-input and thus higher sedimentation rates. Therefore, the 

influence of the andosol thicknesses (the region is covered by < 1 m of andosol), is probably low 

although the input can also be controlled by volcanic ash soils which are deposited by Melimoyu or 

Yanteles (north of the study region), which are not displayed on the map.  

Sediment cores BC40 (Puyuhuapi fjord) and PC33 (Jacaf fjord) show accumulation rates that are more 

typical of fjord sediments (2.5 and 1 mm/yr, respectively). The difference between the two sites 

could be explained by the location of core BC40 near the outflow of Cisnes river, which drains a 

relatively large watershed (5338.5 km²) with a high average ash soil thickness (1.19 m). The lower 
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accumulation rates observed in core PC33 could be either due to the smaller watershed that drains 

this region and/or to the thinner soil cover in the region (Fig. 5.5). Deciphering between the two 

would however require analyzing the watershed of site PC33, which is not part of this study.  

Aysen fjord, which receives sediment from the Aysen river draining the only watershed entirely 

covered by andosols, should display the highest accumulation rates. Salamanca & Jara (2003) and 

Van Daele et al. (2013) suggested sedimentation rates of 0.19-0.30 and 0.30 cm/yr, respectively, 

which are indeed slightly higher then sedimentation rates at BC40 and PC33. Further away from the 

river outflow, sediment cores MD07-3114 and MD07-3115 display even higher values (Table 5.3), 

suggesting that the coverage and thickness of volcanic ash soils in Aysen watershed may be 

responsible for the high accumulation rates in this fjord.  

Further south in Quitralco fjord (Fig. 5.5), sedimentation rates at station 58 are very high (0.47 

cm/yr). This is probably due to the fact that the fjord is located on the western side of Hudson 

volcano. Therefore, the entire surrounding area is covered by andosols and high ash soil thicknesses 

occur rather close to the fjord. On the contrary, sediment core PC29A is located near a river outflow 

draining a small area where volcanic ash soil thicknesses are low. This results in relatively low 

sedimentation rates (0.6-3.7 mm/yr).  

Overall, one might conclude that the sedimentation rates in the fjords can be linked to the andosol 

cover of their respective watersheds, although the correlation is not perfectly clear due to the low 

amount of comparable watersheds and to the variability of accumulation rates within a single fjord. 

This relationship can be obscured by high sedimentation rates in fjords in areas with high glacial 

input.   

5.5 INFLUENCE ON THE BULK ORGANIC GEOCHEMISTRY OF RIVER SEDIMENTS 

As mentioned in the previous section, the volcanic ash soils constitute one of the main sources of 

sediments to the regional fjords. One can therefore expect to find a correlation between the bulk 

organic geochemistry of the soil samples and river sediments. Figure 5.6 displays the δ13C vs C/N 

atomic ratios of river sediment samples collected at the outflow of the Aysen and Baker rivers (from 

Bertrand, 2009 and Bertrand, 2011), and it compares them to the C/N and δ13C values of the soil 

profiles that are located in the drainage basins of these rivers.  
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Figure 5.6. δ13C and C/N atomic ratios of the soil samples from the three profiles and river outflow samples 

from the two watersheds in which the profiles are located. For each profile, the soil samples from the upper 

10 cm of the profile are indicated as full-colored circles.  

Andosol profile AP13-11 is situated in Baker watershed whereas profiles AP12-02 and AP12-04 are 

located in Aysen watershed. It is clear that the C/N and δ13C values of the river outflow sediment 

samples are within the range of δ13C values and C/N atomic ratios from the three soil profiles. The 

C/N values of the river sediment samples however seem systematically lower than the average of the 

corresponding soil profiles (Table 5.4). If the C/N atomic ratio of the river sediment samples is 

compared to the average C/N atomic ratio of the upper 10 cm of the soil profiles, i.e., the part of the 

soils that is most susceptible to erosion, this difference decreases (Table 5.4). This tends to 

demonstrate that the river sediment samples mostly originate from erosion of the upper part of the 

soils. It should however not be forgotten that part of the difference between the C/N atomic ratios of 

the river sediment samples and the C/N atomic ratio of the river sediment samples may be due to 

the incorporation of freshwater algae growing directly in the river.    

Table 5.4. Summary δ13C values and C/N atomic ratios, with standard deviation (1σ) for different samples. 

Sample type C/N atomic ratio δ13C (‰) 

AP13-11 average
a 

13.79 (± 1.29) -25.13 (± 1.03) 
AP12-02 average

a 
18.34 (± 2.37) -26.13 (± 0.93) 

AP12-04 average 14.23 (± 1.65) -25.80 (± 0.51) 
AP13-11 (upper 10 cm) 13.44 (± 0.98) -27.22 (±0.55) 
AP12-02 (upper 10 cm) 13.89 (± 0.67) -28.39 (± 0.34) 
AP12-04 (upper 10 cm) 12.75 (± 0.19) -27.10 (± 0.53) 
Baker river outflow sample (Bertrand, 2011) 11.72 -26.74 
Aysen river outflow sample (Bertrand, 2009) 12.43 -27.17 
a Calculated average without the samples from the fluvio-glacial deposits. 
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With respect to δ13C, one can observe that the values obtained on the river sediment samples are 

also within the range of the values obtained on the volcanic ash soil samples (Fig. 5.6). The δ13C 

values are however not closer to the average of the entire volcanic ash soil profiles than to the 

average of the upper 10 cm only (Table 5.4), suggesting that erosion of the upper part of the soils do 

contribute to the δ13C values observed in river sediment samples. 

5.6 INFLUENCE ON RIVER CHEMISTRY 

Andosols commonly form rapidly by the weathering of tephra deposits, resulting in a typical soil 

solution oversaturated with regard to Al, Si and frequently Fe or organic molecules (Arnalds, 2012), 

which results in the precipitation of the colloidal andosol constituents. The dominant factors that 

control the rate of weathering of tephra deposits are (a) the nature of the parent materials (tephra), 

and (b) climate. High precipitation enhance the weathering of tephra, and therefore the leaching of 

Si, in particular from fresh volcanic glasses. The weathering rate of basaltic tephra is also higher than 

weathering rates of more silicious (rhyolitic) tephra. Since terrestrial weathering is the major source 

of dissolved silica to freshwater environments (Berner, 2004), the volcanic ash soils covering 

Northern Chilean Patagonia may have an important impact on dissolved Si concentrations in the 

regional aquatic environments (rivers, lakes and fjords).  

Variations in thickness of volcanic ash soils in specific watersheds may therefore influence the 

composition and concentration of dissolved elements in the regional rivers. For the watersheds 

located in the areas where a lot of the volcanic ash soil deposits occur, e.g. Aysen and Cisnes (Fig. 

4.1), weathering of the andosols probably plays an important role in controlling river chemistry. 

Watersheds located more to the South containing lower volumes of andosols, e.g. Gualas, 

Exploradores and Baker, are less influenced by the weathering of andosols. In these watersheds the 

influence of glacial weathering becomes significant since they contain more glaciers because they are 

located closer to the NPI.  

To assess the influence of volcanic ash soil thickness and distribution on river chemistry, we 

compared the dissolved Si (DSi) concentrations measured in the five main rivers that drain northern 

Chilean Patagonia and discharge into the fjords (Aysen, Cisnes, Baker, Exploradores and Gualas) to 

the average volcanic ash soil thickness of the corresponding watersheds (Fig. 5.7). The DSi data were 

obtained on river water samples collected by Bertrand (2011) in austral spring, i.e., when river 

discharge is at its maximum. For each river, DSi concentrations measurements were conducted on 

four or five samples that were collected along a vertical profile (Table 5.5).  

Table 5.5. Location and dissolved Si concentrations of the river water samples collected at the outflow of the 

five major rivers that drain Northern Chilean Patagonia. See Figure 5.7 for location. DSi was measured in E. 

Van Ranst’s laboratory in January 2012. The data are presented here as averages per river (average ± 1σ). 

The average volcanic ash soil thickness of the corresponding watersheds is also indicated.  

River Longitude Latitude 
Number of 

samples 
Average dissolved 

Si (ppm) 
Average volcanic ash 

soil thickness (m) 

Rio Aysen -72.6250 -45.4058 5 3.66 (± 0.08) 2.36 

Rio Cisnes -72.6912 -44.7848 5 1.91 (± 0.05) 1.19 

Rio Baker -73.4889 -47.7975 5 1.37 (± 0.09) 0.63 

Rio Exploradores -73.4177 -46.3192 5 0.96 (± 0.06) 0.09 

Rio Gualas -73.7192 -46.4950 4 0.56 (± 0.02) 0.00 
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A comparison between the average volcanic ash soil thickness and the average DSi concentration in 

the rivers is displayed in Figure 5.7b. This figure clearly demonstrates the strong positive relationship 

between the average volcanic ash soil thickness and the DSi concentrations. The rivers that drain 

watersheds with high average volcanic ash soil thickness systematically have higher DSi 

concentrations.  

 

Figure 5.7. (A) Location of the river water samples on which DSi concentrations were made on the isopach 

map of volcanic ash soils and (B) correlation between the average DSi concentrations of the river water 

samples (Oct-Nov 2011) and average volcanic ash soil thickness for the different watersheds in the study 

area. 

Another source of information confirming that the andosols are the main contributor to the input of 

dissolved silica in the regional rivers is displayed in Figure 5.8 (B. Reid, pers. comm.). This figure 

shows the distribution of mean annual DSi concentrations from monthly sampling for rivers Cisnes, 

Aysen, Murta, Ibáñez and Baker, which are located in the study area. By comparison with the 

volcanic soil thickness map (Figure 5.8c), a clear resemblance is visible. The regions containing a high 

average volcanic ash thickness (e.g., Aysen watershed) are also those where rivers are characterized 

by high DSi concentrations.  

Although the previous section clearly demonstrates the link between DSi concentrations in North 

Patagonian rivers and volcanic ash soil thickness in the corresponding watersheds, other factors or 

processes may also influence the DSi concentrations. One of these factors is the nature of the 

regional geological bedrock. Other physical factors include precipitation, vegetation, relief and 

temperature. 

As seen in Figure 5.8a, regional geology varies longitudinally in the study region. This trend is not 

expressed in the DSi concentrations map presented in Figure 5.8b. The influence of the geological 

bedrock on variations in DSi concentrations therefore seem negligible. 
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Figure 5.8. Comparison of the (A) geological map of the study area (modified after Cembrano & Lara, 2009), (B) the concentration of dissolved silica (DSi) (B. Reid, pers. 

comm.) and (C) the volcanic ash soil thickness map (this study).   
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When observing the vegetation map of the area (Figure 5.9), a similar longitudal trend is visible, with 

evergreen forests dominating the western coast of Northern Chilean Patagonia, and deciduous 

forests covering the region close to the border with Argentina. This trend results from the west-east 

gradient in precipitation (Fig. 2.2a), which is the main factor controlling vegetation in the region. The 

absence of longitudinal trends in the DSi map presented in Fig. 5.8b can therefore also be used to 

demonstrate the limited unfluence of vegetation and precipitation changes on DSi concentrations in 

rivers.  

 

Figure 5.9. Vegetation map of the study area (Modified after Luebert & Pliscoff, 2006). 

Finally, the effect of temperature can also be excluded since the region displays a similar annual 

temperature (Figure 2.2b). 

As a consequence, one might conclude that the andosols, in particular the distribution and average 

volcanic ash soil thickness of the watershed, is the main factor that control the input of DSi into the 

river systems, which act as a conduit between the soils and marine systems. In addition, silica 

riverine input may be amplified due to high precipitation in the study region. This observation has 

important consequences for the primary productivity in aquatic environments such as fjords and 

lakes since Si is one of the main nutrients for aquatic plankton, mostly diatoms. Nelson et al. (1995) 

acknowledged that approximately 30 % of ocean productivity, and up to 70 % of productivity in near-

shore and estuarine areas is from diatoms. Terrestrial weathering of andosols and therefore leaching 

of DSi into rivers result in increased diatom productivity, which, after sedimentation, acts as the 

ultimate sink for CO2. 
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6. CONCLUSIONS                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

6.1 CONCLUSIONS 

In this thesis, the volcanic ash soil thickness data obtained during two field expeditions in 2012 and 

2013 were used to construct a detailed volcanic ash soil isopach map for northern Chilean Patagonia 

(44°S – 48°S). This map was then used to investigate the extent and spatial variability in thickness of 

the regionial volcanic ash soils, which clearly illustrates the significant influence of the dominating 

westerlies on the distribution of the volcanic ashes, i.e., the volcanic ashes are mainly deposited on 

the eastern side of the regional volcanoes. On the western side of the source volcanoes, a steep 

decrease in volcanic ash soil thicknesses was observed. These results are consistent with Wright’s 

hypothesis (1965) stating direct volcanic ash falls as nature of deposition, and with Bertrand and 

Fagel’s (2008) study on the transport and deposition of andosols in south-central Chile (36°S – 42°S), 

which demonstrates that the volcanic ashes are directly deposited by successive volcanic eruptions 

throughout Late Glacial and Holocene times. Still the poor preservation of tephra deposits should be 

considered which may have influenced the final volcanic soil thickness map. Volcanic deposits less 

than 10 cm in thickness, for example, are most likely not preserved on land, especially where 

vegetation is scarse.   

Radiocarbon dating of soil samples at the base of the andosol profiles displayed early Holocene ages. 

These age are minimal ages for the deposition of volcanic ashes, which started after the glacial 

retreat.  

X-ray diffraction analyses on soil samples reveal the andosol parent material consists mainly in 

plagioclase, K-feldspar and pyroxene, reflecting the typical mineralogical signature of the regional 

volcanoes. The influence of the underlying fluvio-glacial deposits in two of the three profiles is clearly 

demonstrated by the increasing quartz content with depth.  

The overall TOC of the three investigated andosol profiles increases with annual precipitation, and 

thus vegetation density. In the profiles, TOC generally decreases with depth, due to biological 

degradation, although fluctuations in the decreasing TOC trend were visible, in relation to the 

presence of pumice layers. The increase of δ15N and δ13C values with depth in the profiles are 

consistent with literature. For the C/N atomic ratios, however, a clear increase with depth was 

observed in profiles AP12-02 and AP12-04. This is in contradiction with the literature, which shows 

that C/N typically decreases with depth due to microbial immobilization of nitrogenous material 

together with remineralization of carbon. Several factors that might influence C/N atomic ratios were 

investigated but no clear explanation was found. Nevertheless, vegetation, precipitation and 

accumulation rates can be excluded as contributing factors.  

The surface soil samples (0-10 cm) display C/N atomic ratios that are much lower than regional fresh 

vegetation samples, demonstrating the rapid decrease of C/N during organic matter degradation. 

The δ13C values of the surface soil samples, however, are intermediate between those obtained on 

fresh vegetation samples and those of lower soil samples, demonstrating that δ13C continuously 

increases during organic matter degradation and soil weathering. Furthermore, a clear correlation 

was found between the bulk organic geochemistry of the surface soil samples and river sediments 
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from the corresponding watershed, demonstrating that the river sediment samples mostly originate 

from erosion of the upper part of the soils.    

Comparison between the accumulation rates in fjords and the watershed’s coverage with andosols 

shows that these can be linked, although the correlation is not perfectly clear due to the low amount 

of comparable watersheds. However, this relationship can be obscured by high sedimentation rates 

in fjords in areas with high glacial input.  

Weathering of tephra material during andosol formation is accompanied by Si leaching. Comparing 

the average soil thickness for a particular watershed with the dissolved Si concentrations of water 

outflow samples for that watershed yield perfect relationship, with dissolved Si concentrations being 

the highest for rivers that drain watersheds with high average soil thicknesses and vice versa. Other 

factors that can influence DSi concentrations in rivers, such as vegetation, precipitation and regional 

geology, can be excluded since they show a longitudinal variation which is not present in the 

distribution of DSi concentrations. The similar annual temperature in the region discounts the 

influence of temperature on DSi concentrations. As a consequence, one might conclude that the 

andosols, in particular the average volcanic ash soil thickness of the watershed, is the main 

parameter affecting the DSi into the river systems of the watershed. This observation has important 

consequences for the primary productivity in aquatic environments such as fjords and lakes since Si is 

one of the main nutrients for aquatic plankton, mostly diatoms. Terrestrial weathering of andosols 

and therefore leaching of DSi into rivers result in increased diatom productivity, which, after 

sedimentation, acts as the ultimate sink for CO2. 

6.2 PERSPECTIVES 

Although the extent and spatial variability in volcanic ash soil thickness was accurately mapped in 

this thesis, more andosol thickness could be measured, especially along the western side of the 

volcanoes where measurements are scarse.  

In addition, the time of deglaciation of the Northern Patagonian Icefield, and therefore the onset of 

accumulation of the andosol parent material, is poorly investigated in the study region. More 

measurements are needed to accurately determine the onset of volcanic ash accumulation. These 

measurements should be conducted on samples on which accurate radiocarbon dating can be 

applied (e.g., charcoal fragments, wood rests, etc.) taken at the boundary between the volcanic ash 

deposits and the underlying deposits. Another alternative would be dating the age of deglaciation, 

using cosmogenic radionuclides (e.g., 10Be), as Glasser et al. did on the eastern side of the NPI 

(Glasser et al., 2012). In addition to providing the age of volcanic ash accumulation, this would help 

to make a correlation with the deglaciation on other sites in the southern hemisphere where 

deglaciation occurred after the Antarctic Cold Reversal to determine the onset of deglaciation more 

accurately.  

To improve our understanding of the impact of climate on mineralogical properties of andosols, one 

might investigate clay minerals by infrared spectrometry to confirm the presence of allophane and 

other non-crystallized clay minerals. This was not studied in this thesis but could shed light on the 

influence of precipitation on the rate formation of allophane.  
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In order to identify what is causing the unexpected increase in C/N with depth in the andosols of 

Northern Chilean Patagonia, the processes controlling N in soils should be studied in more details. 

Answering this question would require involving a biogeochemist in this research to study the 

mechanisms of nitrogen fixation in these specific andosols.  

Furthermore, to study the influence of the average volcanic ash soil thickness on sediment 

accumulation rates in fjords more accumulation rates should be compared to the watershed’s 

andosol coverage to clearly investigate the relationship, including the influence of glacial input.  

Finally, although the correlation between the dissolved silica concentrations in rivers and the andosol 

thickness map is clear, DSi measurements in rivers throughout the year could help to refine the 

relationship. Measuring biogenic silica accumulation rates in the downstream lakes and fjords could 

also be used to directly assess the influence of volcanic ash soil thickness on aquatic productivity.   
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NEDERLANDSTALIGE SAMENVATTING 

Het noordelijke deel van Chileens Patagonië (44°S – 48°S) is grotendeels bedekt met vulkanische 

afzettingen (andosols). De diktes van deze vulkanische afzettingen variëren naargelang de afstand tot 

hun bronnen, de vulkanen Melimoyu, Mentolat, Cay, Maca en Hudson. Het moedermaterial van de 

vulkanische bodems bestaat geheel uit vulkanische assen, afkomstig van Holocene uitbarstingen, die 

accumuleerden sinds de glaciale terugtrekking in de zuidelijke hemisfeer. Verschillende hypotheses 

werden aangehaald voor de verspreiding en depositie van de andosols, zoals directe vulkanische 

afzettingen (Wright, 1965; Bertrand & Fagel, 2008), löss-achtige afzettingen (Laugenie et al., 1975) of 

glaciale distributie samengaand met ablatie morene-achtige afzettingen (Langhor, 1974). De 

overheersende westelijke winden zijn verantwoordelijk voor de oostwaartse verspreiding van een 

groot deel van de vulkanische assen. Echter ontbreekt er een gedetailleerde kaart van de vulkanische 

bodems van deze regio. In het gebied hebben de andosols zich ontwikkeld op zacht 

moedermateriaal, waarbij zij bijdragen tot de één van de voornaamste sedimentbronnen voor de 

meren en fjorden en de aangrenzende Oostelijke Pacifische Oceaan. De samenstelling van de 

vulkanische bodems beïnvloedt ook de geochemische samenstelling van de opgeloste stoffen en 

stoffen in suspensie van de rivieren, hoewel de mate van hun invloed niet gekend is vanwege andere 

factoren die hun invloed uitoefenen op de verwering van de andosols.  

Verschillende profielen werden onderzocht door Bartels Astrid (Bartels, 2012) om de verspreiding 

van de vulkanische bodems in kaart te brengen en om het volume van vulkanische afzettingen in het 

gebied te evalueren. De berekende volumes vormden echter een ruwe schatting vanwege de kleine 

hoeveelheid meetpunten. Hierdoor werden bijkomende profielen verzameld in het gebied door 

Bertrand S. om een preciezere berekening van de volumes van vulkanische afzettingen te bekomen. 

Op deze wijze zal, op basis van de gemeten diktes van de andosols, een vulkanische bodemkaart 

opgesteld worden om de verschillende factoren die de aard van het moedermateriaal zoals bronnen, 

vulkanen, windrichting, etc. bepalen, te begrijpen. Om inzicht te krijgen in de verweringsevolutie van 

deze bodems tijdens het Holoceen, zal de mineralogie en de geochemie van bodemstalen, verzameld 

in 2012 en 2013, onderzocht worden.  

Uiteindelijk zal er in deze thesis getracht worden de volgende informatie te bekomen: (1) de 

ruimtelijke variabiliteit in de aard van de vulkanische bodems, (2) de impact van het klimaat op de 

verwering van de andosols en (3) de invloed van bodemverwering op de distributie van deeltjes en 

opgeloste stoffen in aquatische milieu’s.  

Tijdens twee expedities (Bartels, 2012; Bertrand, 2013) in januari – februari 2012 en 2013 werden 

respectievelijk in totaal 7 en 61 profieldiktes opgemeten van de andosols. Tijdens de expeditie van 

2012 werden alle 7 profielen bemonsterd met een interval afhankelijk van de lengte van het profiel. 

Tijdens de 2013 expeditie werden bodemstalen genomen van drie profielen, namelijk AP13-01, 

AP13-11 en AP13-50. Op basis van alle gemeten profieldiktes kon een isopachenkaart van de 

vulkanische bodem opgebouwd worden. Hiervoor werd gebruik gemaakt van het programma Surfer 

v9 om een contourgrid op te stellen via de Kriging methode. SRTM (Shuttle Radar Topography 

Mission) data werden hierbij gebruikt als achtergrond voor de kaart. Naast de gemeten AP12 en 

AP13 profielen, werden extra punten toegevoegd aan de database alvorens gridding werd toegepast. 
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Allereerst werden diktes toegekend aan vier vulkanen op basis van hun eruptie-geschiedenis. 

Daarnaast werden 20 locaties toegevoegd waar geen andosols zijn waargenomen tijdens de 2013 

veldexpeditie. Ook werden, op basis van de bodemkaart van zuidelijk Zuid-Amerika (Gut, 2008), de 

westelijke en oostelijke limieten van de vulkanische bodems bepaald. Uiteindelijk werden 

isopachenkaarten van de grootste vulkanische erupties van Hudson (Naranjo & Stern, 1998) en Maca 

en Cay (Naranjo & Stern, 2004) benut om de vorm van de verspreiding van de vulkanische assen te 

optimaliseren. De resulterende grid file werd geüpload in Global Mapper waar alle diktes kleiner dan 

0.1 m beschouwd werden als onnatuurlijk. Deze kaart kon dan gebruikt worden om het volume van 

de vulkanische afzettingen per stroomgebied te bepalen.  

Drie van de bemonsterde profielen, AP12-02, AP12-04 en AP13-11, werden geselecteerd voor 

verdere analyse. Deze profielen vertegenwoordigen het volledige bereik van de jaarlijkse neerslag in 

het gebied. Profielen AP12-04, AP12-02 en AP13-11 ontvangen jaarlijks respectievelijk 2600 mm, 

1400 mm en 725 mm precipitatie. Bodemstalen voor verdere geochemische en mineralogische 

analyses werden genomen om de vijf (AP12-02 en AP13-11) of tien (AP12-04) cm. Alvorens de stalen 

werden onderzocht, werden deze gedroogd in een oven op 60 °C en gezeefd. Analyses werden 

uitgevoerd op de kleinste korrelgrootte fractie (< 90 µm) omdat deze korrelgrootte het best de 

fractie voorstelt die getransporteerd kan worden naar de meren en fjorden door rivieren. 

Daarenboven zal de invloed van de korrelgrootte op de resultaten beperkt worden. 

Allereerst werd via de LOI (Loss On Ignition) methode een ruwe meting gedaan van het organische- 

en carbonaatgehalte van de stalen. Hierbij werden de stalen opgewarmd tot 550 °C gedurende 4 uur 

om de organische inhoud te bepalen en daarna gedurende 2 uur verwarmd tot 1000 °C om het 

carbonaatgehalte te bepalen (Heiri et al., 2001). Deze methode werd gebruikt om de optimale 

hoeveelheid bodemstaal te bepalen dat nodig is voor de koolstof (C) en stikstof (N) analyses.  

Tijdens de geochemische analyse, die werd uitgevoerd in de Stable Isotope Facility (UCDavis, 

Californië) aan de hand van een EA-IRMS instrument, werden het koolstof- en stikstofgehalte 

gemeten en de stabiele isotopen 13C en 15N van de stalen bepaald. Deze data kon worden gebruikt 

om het effect van verwering op de geochemische eigenschappen van andosols te evalueren. C/N 

ratios samen met δ13C analyse kan helpen om onderscheid te maken tussen verschillende bronnen 

van organisch materiaal (Meyer, 1994; Meyers & Teranes, 2001). Aangezien we hier te maken 

hebben met bodemstalen, worden C/N ratios en δ13C waarden verwacht > 20 en tussen -25 en -30, 

respectievelijk.     

Via X-stralen diffractie (XRD) analyse werd de mineralogische samenstelling van de bodemstalen 

bepaald. Via de backside methode (Brown & Brindley, 1980) werden de stalen geprepareerd om 

willekeurige oriëntatie van de korrels te verkrijgen. Alle stalen werden geanalyseerd met de Bruker 

D8-Advance diffractometer in Luik, België. De resulterende diffractogrammen werden geanalyseerd 

via de Bruker EVA-software. Aan de hand van de gemeten hoogte van de kenmerkende 

diffractiepieken en deze te vermenigvuldigen met de correctiefactor (Cook et al., 1975) kon de 

mineralogische samenstelling van alle stalen bepaald worden.  

Daarnaast werden drie bodemstalen, AP12-02-0, AP13-11-0 en AP12-04-10, gedateerd via 14C-

datering. Deze stalen werden genomen op de grens tussen de bodemafzettingen en het 

onderliggende gesteente of fluvio-glaciale afzettingen. Alle koolstofdateringen werden uitgevoerd in 

het National Ocean Sciences AMS Facility (NOSAMS) in Massachusetts, Verenigde Staten. 
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De gegenereerde isopachenkaart van de vulkanische afzettingen in het noordelijke deel van Chileens 

Patagonië toont aan dat de dominerende westelijke winden duidelijk een belangrijke invloed 

uitoefenen in de verspreiding van de andosols. Dit wordt gedemonstreerd aan de graduele daling in 

vulkanische afzettingen naar het oosten toe, terwijl er een sterke daling voorkomt aan de westelijke 

zijde van de vulkanen. Het Gualas stroomgebied bevat geen vulkanische afzettingen terwijl de 

Exploradores en Baker stroomgebieden, beiden vulkanische afzettingen bevatten in het noordelijk 

gedeelte. Exploradores en Baker zijn voor een oppervlakte van respectievelijk 0.18 km³ en 18.71 km³ 

bedekt met vulkanische afzettingen, die bijdragen tot een volume van respectievelijk 36.47 % en 

26.52 % andosols. Het hoogste volume aan vulkanische afzettingen kan teruggevonden worden in 

het Aysen stroomgebied (28.98 km³), dat compleet bedekt is met andosols. Het stroomgebied 

gelegen in het noorden van studiegbied, Cisnes, is voor 70.24 % bedekt met vulkanische afzettingen 

en bevat een volume van 6.40 km³ andosols. De gemiddelde dikte vulkanische afzettingen bedraagt 

voor het Aysen stroomgebied 2.36 m. De daaropvolgende gemiddelde dikte is 1.19 m in het Cisnes 

stroomgebied. Het Baker stroomgebied bevat gemiddeld 0.63 m en de laagste gemiddelde dikte 

bevindt zich in het Exploradores stroomgebied (0.09 m). Het gebied ten zuidoosten van Hudson twee 

lobben. Deze blijken perfect over een te stemmen met de isopachenkaarten van de drie grootste 

erupties van de Hudson (6700 BP, 3600 BP en 1991 AD). Deze resultaten tonen aan dat de andosols 

afkomstig zijn van directe vulkanische afzettingen. Echter dienen enkele bedenkingen gesteld te 

worden bij de isopachenkaart. Allereerst zullen vulkanische afzettingen de oppervlakte uitvlakken en 

zullen geen afzettingen voorkomen op de steilste hellingen. Daarenboven zorgt de beperkte 

toegankelijkheid aan de westelijke kant van de vulkanen ervoor dat de nauwkeurigheid in dit gebied 

kleiner is door het beperkt aantal meetpunten. Tot slot is het belangrijk om de slechte preservatie 

van vulkanische afzettingen te vermelden, die de accuraatheid van de isopachenkaart op lokale 

schaal kan beïnvloeden. Dit is duidelijk te zien aan de sedimentkernen uit de meren in het oostelijke 

deel van het gebied. Door de betere preservatie van vulkanische afzettingen in meren vertonen deze 

grotere andosoldiktes dan de overeenstemmende plaats op de isopachenkaart. In tegenstelling 

zullen meren oncorrecte asdiktes weergeven als de vulkanische afzettingen bestaan uit puimsteen 

vermits deze zullen drijven op water en dit zal uiteindelijk leiden tot lagere asdiktes dan op land. 

Allerlaatst kan opgemerkt worden dat de graduele daling in andosoldiktes naar het oosten toe niet 

enkel afkomstig is van de stijgende afstand tot de vulkanen, maar ook door de daling in vegetatie, die 

moeilijker vulkanische afzettingen kan vasthouden. 

LOI metingen tonen aan dat voor profielen AP13-11, AP12-02 en AP12-04 de LOI550 waarden dalen 

met de diepte. Over het algemeen is het carbonaatgehalte uiterst laag voor alle profielen. De 

gemiddelde LOI550 waarde is het hoogst in profiel AP12-02 en bedraagt 15.44 %. Profiel AP12-04 

bevat een ietwat lager gemiddelde (12.38 %) terwijl profiel AP13-11 veruit het laagste gemiddelde 

LOI550 bevat (6.94 %). De trend in LOI550 stemt goed overeen met de TOC trend. De daling in deze 

trends is te wijten aan de decompositie van organisch materiaal met diepte. Profiel AP13-11 bevat de 

laagste gemiddelde TOC waarde (1.76 %), zonder het staal uit de fluvio-glaciale afzettingen. De 

gemiddelde TOC waarden voor profielen AP12-02 en AP12-04, zonder de stalen uit de fluvio-glaciale 

afzettingen, bedragen 4.50 % en 3.49 %, respectievelijk. Hierbij kan vastgesteld worden dat er een de 

duidelijke correlatie bestaat tussen de precipitatie en accumulatie van organisch materiaal per m². 

Met stijgende precipitatie, en dus een hogere densiteit in vegetatie, de TOC waarden hoger zijn en de 

accumulatie van organisch materiaal stijgt. Zowel de δ13C waarden als de δ15N waarden vertonen 

stijgende trends met de diepte voor de drie profielen. Voor de stijging in δ13C waarden bestaat nog 
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geen duidelijke verklaring alhoewel verschillende hypotheses worden voorgeteld. De stijging in δ15N 

waarden is te wijten aan fractionatie tijdens het mineralisatie-plant-opname pad, dat opgevolgd 

wordt door depositie van 15N-arm strooisel aan de oppervlakte.  

Aangaande C/N ratio’s is een stijgende trend met de diepte zichtbaar in zowel profiel AP12-02 als 

profiel AP12-04 terwijl profiel AP13-11 geen duidelijke trend vertoont in C/N ratio’s. Deze stijgende 

trend komt niet overeen met andere onderzoeken die een dalende trend waarnemen. Verschillende 

factoren kunnen bijdragen tot verschillen in C/N ratio’s maar een invloed van vegetatie, precipitatie 

en accumulatiesnelheid kan uitgesloten worden. 

Het plotten van alle bodemstalen op de C/N ratio versus δ13C waarden grafiek toont aan dat alle 

stalen in het gebied van de C3 landplanten voorkomt. Vermits δ13C waarden en C/N ratio’s 

representatief zijn voor het type plantmateriaal aan de oppervlakte en deze in een staat van 

decompositie bevinden, vertonen de bodemstalen dichtbij de oppervlakte intermediare waarden 

tussen de δ13C en C/N waarden van de heersende vegetatie en de onderliggende bodemstalen. 

Daarenboven is er een correlatie waarneembaar tussen de δ13C waarden en C/N ratio’s van de 

bodemstalen dichtbij het oppervlak en rivierstalen aan de monding van het stroomgebied. Echter de 

C/N ratio’s in de rivierstalen is waarschijnlijk te wijten aan de C/N waarden van planten in de rivier.   

De mineralogische samenstelling van de drie profielen staaft de vulkanische herkomst van de 

bodemstalen. Alle stalen bevatten amorf materiaal, plagioklaas, K-veldspaat en pyroxeen. In twee 

stalen werden amfibolen gedetecteerd (bodemstalen AP12-02--20 en AP13-11-0) dat kan worden 

geassocieerd met graniet van de NPB. Daarenboven hebben de afzettingen die zich onder de 

andosols bevinden, een sterke invloed op de compositie. Dit wordt aangetoond met de stijgende 

kwartsinhoud en klei-inhoud met de diepte in profielen AP13-11 en AP12-02 door de onderliggende 

fluvio-glaciale afzettingen. Profiel AP12-04 waar het sokkelgesteente onder andosols voorkomt, 

vertoont geen stijgende trend in klei-inhoud met de diepte en de kwartinhoud is over het algemeen 

zeer laag (1.33 %). 

Koolstofdateringen op bodemstalen AP13-11-0, AP12-02-0 en AP12-04-10 vertonen vroeg-Holocene 

ouderdommen van respectievelijk 6786-7165, 6186-6392 en 8765-9129 gekalibreerde jaren BP.  

Deze ouderdommen zijn jonger dan gedateerde koolstofstalen uit hetzelfde gebied. Dit kan verklaard 

worden door het feit dat de dateringen werden uitgevoerd op bodemstalen die altijd jongere 

ouderdommen zullen geven omdat deze afhankelijk zijn van verschillende processen zoals 

contaminatie met atmosferisch CO2 door het contact van wortels. Over het algemeen kan gesteld 

worden dat, doordat deze stalen genomen zijn aan de grens tussen de vulkanische afzettingen en de 

fluvio-glaciale afzettingen, de bekomen ouderdommen minimale ouderdommen voorstellen voor de 

tefra-afzettingen na de glaciale terugtrekking op de specifieke plaats van de bodemstaal.  

Een vergelijkende studie tussen het percentage van de oppervlakte van het stroomgebied dat bedekt 

is met andosols en de accumulatie snelheden in de fjorden toont aan dat deze aan elkaar gelinkt 

kunnen worden. Hoe groter het oppervlakte van de vulkanische bodems van het stroomgebied, des 

te hoger de sediment accumulatie snelheden in de fjorden. Toch lijkt de correlatie niet zeer 

uitgesproken door de lage hoeveelheid aan vergelijkbare stroomgebieden en fjorden. Ook moet er 

sterk rekening gehouden worden dat de glaciale inbreng kan leiden tot hoge sedimentatie snelheden 

in de fjorden.  
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Om na te gaan of de vulkanische afzettingen een invloed uitoefenen op de chemische samenstelling 

van rivieren worden rivierstalen van de riviermonding van de stroomgebieden vergeleken met de 

gemiddelde vulkanische asdikte van de stroomgebieden. Een duidelijkde correlatie is waarneembaar 

tussen de gemiddelde asdikte en de gemiddelde opgeloste Si concentraties. Een stroomgebied met 

een grote gemiddelde andosoldikte vertoont hoge opgeloste Si concentraties aan de riviermonding 

van stroomgebied. Daarenboven is er sterke gelijkenis tussen de isopachenkaart met de vulkanische 

afzettingen en de kaart waarop gemiddelde Si concentraties aangeduid staan. Gebieden die bedekt 

zijn met veel tefra-afzettingen vertonen hogere opgeloste Si waarden. Precipitatie, vegetatie en 

regionale geologie lijken geen invloed te hebben op de opgeloste Si concentraties vermits deze een 

longitudinale trend vertonen. Daarenboven kan temperatuur geen invloed hebben op de opgeloste Si 

concentraties omdat deze over het ganse gebied niet genoeg varieert naargelang de ligging.  
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1. Data used to construct the volcanic ash soil thickness map 

Table A.1. Coordinates of the data points used to construct the volcanic ash soil thickness map, and 

corresponding thickness value. 

Longitude Latitude Thickness (cm) Profile name/site description 

-72.51106 -45.55106 340 AP13-01  

-72.49273 -45.64659 310 AP13-02  

-72.26113 -45.68610 160 AP13-03 

-72.22803 -45.67123 140 AP13-04 

-72.20023 -45.66462 170 AP13-05 

-71.91740 -45.80919 83 AP13-06 

-71.91430 -45.80938 126 AP13-07 

-71.77163 -45.88436 80 AP13-08 

-71.83161 -45.90363 75 AP13-09 

-71.84232 -45.90330 120 AP13-10 

-72.04875 -46.12351 135  AP13-11 

-71.99477 -46.25842 175 AP13-12 

-72.16641 -46.12390 190 AP13-13 

-72.17902 -46.18638 180 AP13-14 

-72.32635 -46.15645 310 AP13-15 

-72.56729 -46.13251 810 AP13-16 

-72.67273 -46.44527 150 AP13-17 

-72.76503 -46.44693 90 AP13-18 

-72.72543 -46.53739 80 AP13-19 

-72.74640 -46.60497 35 AP13-20 

-72.79305 -46.63343 15 AP13-21 

-72.64100 -46.66082 60 AP13-22 

-72.71094 -46.71268 30 AP13-23 

-72.72353 -46.72822 26 AP13-24 

-72.61241 -46.79757 30 AP13-25 

-72.78270 -46.19353 220 AP13-26 

-72.57553 -46.13185 440 AP13-27 

-72.04203 -45.48266 130 AP13-28 

-71.87226 -45.35502 75 AP13-29 

-71.83856 -45.33607 70 AP13-30 

-71.69581 -45.21839 75 AP13-31 

-71.58507 -45.12859 50 AP13-32 

-71.53939 -45.15479 70 AP13-33 

-71.39591 -45.23076 95 AP13-34 

-71.54457 -45.27620 70 AP13-35 

-71.52760 -45.37200 80 AP13-36 

-71.66579 -45.48975 50 AP13-37 

-71.98908 -45.54396 110 AP13-38 

-72.04002 -45.57503 125 AP13-39 

-71.99733 -45.36465 120 AP13-40 

-72.13521 -45.28419 150 AP13-41 

-72.14142 -45.13654 140 AP13-42 

-72.15219 -44.98460 190 AP13-43 

-72.41776 -44.65524 180 AP13-44 

-72.42526 -44.65544 120 AP13-44bis 

-72.23441 -44.70032 140 AP13-45 

-72.18368 -44.72748 160 AP13-46 
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-72.00957 -44.69205 90 AP13-47 

-71.79927 -44.65834 80 AP13-48 

-71.73497 -44.64653 80 AP13-49 

-72.23259 -44.70291 180 AP13-50 

-72.47672 -44.67929 180 AP13-51 

-72.61228 -44.75664 160 AP13-52 

-72.24887 -45.26119 140 AP13-53 

-72.81419 -45.46282 120 AP13-54 

-72.59951 -45.44014 300 AP13-55 

-72.60458 -45.36271 240 AP13-56 

-72.56241 -45.38602 290 AP13-57 

-72.44743 -45.35251 190 AP13-58 

-72.41181 -45.45220 140 AP13-59 

-72.14007 -45.50003 145 AP13-60 

-72.11141 -45.50533 120 AP13-61 

-71.78972 -45.58667 120 AP12-01 

-72.07027 -45.15111 150 AP12-02 

-72.06472 -44.70500 125 AP12-03 

-72.74000 -45.29500 454 AP12-04 

-72.06583 -45.80792 236 AP12-05 

-72.44555 -46.70666 30 AP12-06 

-72.56027 -46.12305 453 AP12-07 

-72.96667 -45.90000 1500 Hudson 

-73.16667 -45.08333 1000 Maca 

-73.08333 -44.66666 1000 Mentolat 

-72.08333 -46.63200 0 Southern constraint based on field observations  

-72.87700 -46.58900 0 Southern constraint based on field observations 

-72.93900 -46.54600 0 Southern constraint based on field observations 

-72.05200 -46.51000 0 Southern constraint based on field observations 

-73.18000 -46.47900 0 Southern constraint based on field observations 

-73.28200 -46.37100 0 Southern constraint based on field observations  

-73.40000 -46.35100 0 Southern constraint based on field observations 

-72.87000 -46.75700 10 Southern constraint based on field observations 

-72.81200 -46.85100 0 Southern constraint based on field observations 

-72.82800 -46.99300 0 Southern constraint based on field observations 

-72.63800 -47.13700 0 Southern constraint based on field observations  

-72.70000 -46.85100 0 Southern constraint based on field observations 

-72.18600 -46.58300 0 Southern constraint based on field observations 

-71.95500 -46.56200 0 Southern constraint based on field observations 

-71.74300 -46.54000 0 Southern constraint based on field observations 

-71.24100 -44.53300 0 Southern constraint based on field observations 

-71.48800 -44.57200 0 Southern constraint based on field observations 

-71.67700 -44.64400 0 Southern constraint based on field observations 

-72.57100 -46.13000 900 Forced Hudson plume direction 

-72.57700 -46.12700 1000 Forced Hudson plume direction 

-72.58900 -46.12000 1100 Forced Hudson plume direction 

-72.62900 -46.09600 1150 Forced Hudson plume direction 

-72.67500 -46.07900 1200 Forced Hudson plume direction 

-72.75500 -46.02200 1400 Forced Hudson plume direction 

-72.80800 -45.99200 1600 Forced Hudson plume direction 

-72.88600 -45.94800 1800 Forced Hudson plume direction 

-72.55000 -46.14000 750 Forced Hudson plume direction 
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-72.49800 -46.17400 700 Forced Hudson plume direction 

-72.38500 -46.23800 500 Forced Hudson plume direction 

-72.31700 -46.27500 350 Forced Hudson plume direction 

-72.84100 -46.16700 220 Forced Hudson plume direction 

-72.91100 -46.11900 220 Forced Hudson plume direction 

-72.97800 -46.05000 220 Forced Hudson plume direction 

-73.05200 -45.99000 220 Forced Hudson plume direction 

-72.70900 -46.23300 220 Forced Hudson plume direction 

-72.58900 -46.30300 220 Forced Hudson plume direction 

-72.50300 -46.38600 220 Forced Hudson plume direction 

-72.65700 -46.28400 220 Forced Hudson plume direction 

-71.77000 -44.35000 0 Northern constraint based on Gut (2008) map 

-71.55000 -44.35000 0 Northern constraint based on Gut (2008) map 

-71.22000 -44.35000 0 Northern constraint based on Gut (2008) map 

-71.59000 -44.69000 0 Northern constraint based on Gut (2008) map 

-71.31000 -44.75000 0 Northern constraint based on Gut (2008) map 

-73.67860 -46.22750 10 Western constraint based on Gut (2008) map 

-73.64480 -46.14820 10 Western constraint based on Gut (2008) map 

-73.62730 -46.06650 10 Western constraint based on Gut (2008) map 

-73.64480 -45.96050 10 Western constraint based on Gut (2008) map 

-73.61680 -45.86890 10 Western constraint based on Gut (2008) map 

-73.59000 -45.78500 10 Western constraint based on Gut (2008) map 

-73.55850 -45.71030 10 Western constraint based on Gut (2008) map 

-73.53400 -45.62990 10 Western constraint based on Gut (2008) map 

-73.52940 -45.54360 10 Western constraint based on Gut (2008) map 

-73.51500 -45.41900 10 Western constraint based on Gut (2008) map 

-73.47100 -45.30100 10 Western constraint based on Gut (2008) map 

-73.44100 -45.21600 10 Western constraint based on Gut (2008) map 

-73.43600 -45.13400 10 Western constraint based on Gut (2008) map 

-73.42800 -45.03500 10 Western constraint based on Gut (2008) map 

-73.45000 -44.92800 10 Western constraint based on Gut (2008) map 

-73.43900 -44.83800 10 Western constraint based on Gut (2008) map 

-73.45500 -44.73400 10 Western constraint based on Gut (2008) map 

-73.45200 -44.63500 10 Western constraint based on Gut (2008) map 

-73.41700 -44.54200 10 Western constraint based on Gut (2008) map 

-73.38900 -44.44000 10 Western constraint based on Gut (2008) map 

-73.38600 -44.31400 10 Western constraint based on Gut (2008) map 

-73.46500 -45.41900 50 Western constraint Hudson volcano 

-73.42100 -45.30100 50 Western constraint Hudson volcano 

-73.39100 -45.21600 50 Western constraint Hudson volcano 

-73.38600 -45.13400 50 Western constraint Hudson volcano 

-73.37800 -45.03500 50 Western constraint Hudson volcano 

-73.40000 -44.92800 50 Western constraint Hudson volcano 

-73.38900 -44.83800 50 Western constraint Hudson volcano 

-73.40500 -44.73400 50 Western constraint Hudson volcano 

-73.40200 -44.63500 50 Western constraint Hudson volcano 

-73.36700 -44.54200 50 Western constraint Hudson volcano 

-73.33900 -44.44000 50 Western constraint Hudson volcano 

-73.33600 -44.31400 50 Western constraint Hudson volcano 

-72.91100 -46.45700 50 Western constraint Hudson volcano 

-72.97700 -46.37400 50 Western constraint Hudson volcano 

-73.03600 -46.27500 50 Western constraint Hudson volcano 
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-73.07300 -46.18600 50 Western constraint Hudson volcano 

-73.10300 -46.06900 50 Western constraint Hudson volcano 

-73.14600 -45.99200 50 Western constraint Hudson volcano 

-73.12500 -45.90200 50 Western constraint Hudson volcano 

-73.08500 -45.80800 50 Western constraint Hudson volcano 

-73.03700 -45.72700 50 Western constraint Hudson volcano 

-72.98200 -45.65500 50 Western constraint Hudson volcano 

-72.88200 -45.56400 50 Western constraint Hudson volcano 

-73.47000 -45.55600 20 Western constraint Hudson volcano 

-73.49500 -45.70400 20 Western constraint Hudson volcano 

-73.49800 -45.89100 20 Western constraint Hudson volcano 

-73.52800 -46.05100 20 Western constraint Hudson volcano 

-73.37500 -46.22200 20 Western constraint Hudson volcano 

-73.20600 -46.34800 20 Western constraint Hudson volcano 

-73.30100 -45.96200 50 Western constraint Hudson volcano 

-73.09700 -46.39300 20 Western constraint Hudson volcano 

-73.28200 -46.27800 20 Western constraint Hudson volcano 

-73.21100 -46.15200 50 Western constraint Hudson volcano 

-73.31300 -46.06900 50 Western constraint Hudson volcano 

-73.22300 -45.85600 50 Western constraint Hudson volcano 

-73.35300 -45.37900 20 Western constraint Hudson volcano 

-73.16300 -45.64800 50 Western constraint Hudson volcano 

-73.20900 -45.54600 20 Western constraint Hudson volcano 

-73.37200 -45.59000 20 Western constraint Hudson volcano 

-73.20500 -45.74000 50 Western constraint Hudson volcano 

-73.04400 -45.56600 50 Western constraint Hudson volcano 

-73.08200 -45.67000 50 Western constraint Hudson volcano 

-73.14300 -45.80200 50 Western constraint Hudson volcano 

-73.19000 -45.93300 50 Western constraint Hudson volcano 

-73.19000 -46.05200 50 Western constraint Hudson volcano 

-73.28100 -45.15900 50 Western constraint Maca and Cay volcanoes 

-73.29800 -45.06200 50 Western constraint Maca and Cay volcanoes 

-73.29100 -44.95400 50 Western constraint Maca and Cay volcanoes 

-73.28400 -44.82700 50 Western constraint Maca and Cay volcanoes 

-73.24300 -44.65500 50 Western constraint Maca and Cay volcanoes 

-73.18400 -44.47300 50 Western constraint Maca and Cay volcanoes 

-73.05900 -44.42300 50 Western constraint Maca and Cay volcanoes 

-72.92200 -44.34200 50 Western constraint Maca and Cay volcanoes 

-72.74300 -44.28800 50 Western constraint Maca and Cay volcanoes 

-72.51300 -44.21800 50 Western constraint Maca and Cay volcanoes 

-72.51300 -44.21800 50 Western constraint Maca and Cay volcanoes 

-73.29300 -45.26500 50 Western constraint Maca and Cay volcanoes 

-73.23800 -44.53900 50 Western constraint Maca and Cay volcanoes 

-73.29300 -45.11300 50 Western constraint Maca and Cay volcanoes 

-73.29400 -45.0070 50 Western constraint Maca and Cay volcanoes 

-73.27700 -44.88400 50 Western constraint Maca and Cay volcanoes 

-73.25500 -44.74000 50 Western constraint Maca and Cay volcanoes 

-73.16000 -44.31900 50 Western constraint Maca and Cay volcanoes 

-73.05600 -44.27500 50 Western constraint Maca and Cay volcanoes 

-72.90600 -44.23000 50 Western constraint Maca and Cay volcanoes 

-73.21500 -44.26700 50 Western constraint Maca and Cay volcanoes 

-73.21800 -45.25000 50 Western constraint Maca and Cay volcanoes 
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-73.15800 -45.29700 50 Western constraint Maca and Cay volcanoes 

-73.09300 -45.33700 50 Western constraint Maca and Cay volcanoes 

-72.98700 -45.37300 50 Western constraint Maca and Cay volcanoes 

-72.87800 -45.40500 50 Western constraint Maca and Cay volcanoes 

-73.21700 -45.38300 50 Western constraint Maca and Cay volcanoes 

-73.11100 -45.43500 50 Western constraint Maca and Cay volcanoes 

-73.01600 -45.47300 50 Western constraint Maca and Cay volcanoes 

-72.92900 -45.50000 50 Western constraint Maca and Cay volcanoes 

-73.25000 -45.45100 50 Western constraint Maca and Cay volcanoes 

-73.13900 -45.49700 50 Western constraint Maca and Cay volcanoes 

-72.66000 -46.29100 200 Extra smoothing  

-72.88100 -46.15400 200 Extra smoothing 

-72.95100 -46.09500 200 Extra smoothing 

-73.02700 -46.02900 200 Extra smoothing 

-73.11300 -45.85800 50 Extra smoothing 

-73.63000 -45.76200 50 Extra smoothing 

-73.00800 -45.69100 50 Extra smoothing 

-72.92900 -45.61000 50 Extra smoothing 

-73.06100 -45.99400 200 Extra smoothing 

-72.99500 -46.05600 200 Extra smoothing 

-72.97100 -46.07600 200 Extra smoothing 

-72.91700 -46.12500 200 Extra smoothing 

-72.84400 -46.17500 200 Extra smoothing 

-72.80500 -46.19600 200 Extra smoothing 

-72.76800 -46.21600 200 Extra smoothing 

-72.73200 -46.23800 200 Extra smoothing 

-72.70000 -46.26100 200 Extra smoothing 

-72.62000 -46.31800 200 Extra smoothing 

-72.59500 -46.33800 200 Extra smoothing 

-72.57000 -46.36000 200 Extra smoothing 

-73.05600 -45.99700 200 Extra smoothing 

-72.98900 -46.06000 200 Extra smoothing 

-72.97800 -46.06900 200 Extra smoothing 

-72.79100 -46.20100 200 Extra smoothing 

-72.77900 -46.20800 200 Extra smoothing 

-72.72200 -46.24300 200 Extra smoothing 

-72.70900 -46.25100 200 Extra smoothing 

-72.61200 -46.32300 200 Extra smoothing 
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2. Profile descriptions 

The descriptions of AP12-02 and AP12-04 are based on observations conducted by Astrid Bartels 

(Bartels, 2012). The description of profile AP13-11 was provided by Dr. S. Bertrand.  

Table A.2. Description of andosol profile AP12-02. 

AP12-02 

Height above 
fluvio-glacial 
deposits (cm) 

Munsell color Description 

127-150 Dull yellowish brown (10YR/5/3) Dark loam containing organic material 

120-127 Bright yellowish brown (10YR/7/6) Pumices mixed with fine ash, no clear boundary 

0-120 Bright yellowish brown (10YR/7/6) Brown loam 

…-0  Fluvio-glacial deposits 

Table A.3. Description of andosol profile AP12-04. 

AP12-04 

Height above 
bedrock (cm) 

Munsell color Description 

360-454 Grayish yellow brown (10YR/4/2) Dark brown loam, rich in organic material 

344-360 Light yellow (5Y/7/3) Yellowish white consolidated loam 

337-344 Black (10YR/2/1) Black volcanic sand 

332-337 Dull yellowish brown (10YR/4/3) Brown loam 

325-332 Black (10YR/2/1) Black volcanic sand 

315-325 

Brown (10 YR/4/4) down, to 
Yellowish brown (10 YR/5/6) up 

Dark brown loam containing pumice 

300-315 Dark brown loam containing less pumice 

300 Grey spots occurrence 

270-300 Dark brown loam containing little pumice 

260-270 Dark brown loam containing pumice 

128-260 Dark brown loam containing little pumice 

118-128 Brownish grey  (10YR/4/1) Grey sand 

105-118 Brownish black (10YR/3/1) Coarse-grained scoria 

92-105 Brown (10YR/4/4) Dark brown loam 

83-92 Brownish grey ( 10YR/5/1) Grey consolidated loam 

72-83 Dull yellowish brown (10YR/4/3) Brown consolidated loam  

60-72 Grayish yellow brown (10YR/5/2) Grey consolidated loam 

6-60 Yellowish brown (10YR/5/6) Dark brown compacted loam 

0-6 Bright brown (7,5YR/5/8) Dark orange compacted loam, volcanic ash 

…-0  Granitic bedrock 

Table A.4. description of andosol profile AP13-11. 

AP13-11 

Height above 
fluvio-glacial 
deposits (cm) 

Munsell color Description 

130-134 Bright yellowish brown (10YR/7/6) Loam 

128-130 Light grey (10YR/8/2) White-gray pumices (2-3mm Φ) 

124-128 Brown (10YR/4/6) Loam 

122-124 Light grey (10YR/8/2) Hard grey silt 

114-122 Brown (10YR/4/6) Loam containing small pumices (<1cm Φ) 

113-114  Charcoal layer 
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110-113 Light grey (10YR/8/2) Fine grey silt 

90-110 Brown (10YR/4/6) Loam with few widespread pumices (<1cm Φ) 

65-90 Brown (10YR/4/6) loam and Light 
yellow orange (10YR/8/3) pumices 

Pumices with very few fine-grained loam 

50-65 Brown (10YR/4/4) Brown loam with very few pebbles and pumices 
(<1cm Φ) 

0-50 Brown (10YR/4/4) Brown loam with very few 1cm-sized pebbles 
(fluvio-glacial) 

…-0  Fluvio-glacial deposits 
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3. LOI measurements 

Table A.5.LOI550 and LOI1000 results obtained on samples from profile AP13-11. 

Sample label 

Crucible 
Sample 

weight (g) 
Total (g) 

LOI550 (Organic matter content) LOI1000 (Carbonate content)  

Nr Weight (g) 
weight crucible + 

sample (g) 
weight sample (g) Δ LOI550 (%) 

weight crucible + 
sample (g) 

weight sample  Δ LOI1000 (%) 

AP13-11-134 80 19.9276 0.9724 20.9000 20.8163 0.8887 0.0837 8.61 20.8063 0.8787 0.0100 1.03 

AP13-11-130 67 21.0630 0.9825 22.0455 21.9508 0.8878 0.0947 9.64 21.9454 0.8824 0.0054 0.55 

AP13-11-125 65 19.5863 0.9745 20.5608 20.4458 0.8595 0.1150 11.80 20.4378 0.8515 0.0080 0.82 

AP13-11-120 77 21.4046 0.9716 22.3762 22.2826 0.8780 0.0936 9.63 22.2741 0.8695 0.0085 0.87 

AP13-11-115 11 19.7387 0.9668 20.7055 20.6051 0.8664 0.1004 10.38 20.5933 0.8546 0.0118 1.22 

AP13-11-110 16 20.3277 0.9700 21.2977 21.1974 0.8697 0.1003 10.34 21.1884 0.8607 0.0090 0.93 

AP13-11-105 15 21.1866 0.9545 22.1411 22.0593 0.8727 0.0818 8.57 22.0489 0.8623 0.0104 1.09 

AP13-11-100 64 19.8046 0.9484 20.7530 20.6583 0.8537 0.0947 9.99 20.6464 0.8418 0.0119 1.25 

AP13-11-95 6 21.0539 0.9344 21.9883 21.9075 0.8536 0.0808 8.65 21.8940 0.8401 0.0135 1.44 

AP13-11-90 63 21.0310 0.9452 21.9762 21.9095 0.8785 0.0667 7.06 21.8971 0.8661 0.0124 1.31 

AP13-11-85 14 20.1776 0.9473 21.1249 21.0535 0.8759 0.0714 7.54 21.0398 0.8622 0.0137 1.45 

AP13-11-80 1 21.2407 0.9511 22.1918 22.1193 0.8786 0.0725 7.62 22.1060 0.8653 0.0133 1.40 

AP13-11-75 13 20.1698 0.9547 21.1245 21.0629 0.8931 0.0616 6.45 21.0527 0.8829 0.0102 1.07 

AP13-11-70 66 20.8379 0.9542 21.7921 21.7367 0.8988 0.0554 5.81 21.7233 0.8854 0.0134 1.40 

AP13-11-65 7 20.3623 0.9364 21.2987 21.2427 0.8804 0.0560 5.98 21.2308 0.8685 0.0119 1.27 

AP13-11-60 5 20.4208 0.9170 21.3378 21.2868 0.8660 0.0510 5.56 21.2712 0.8504 0.0156 1.70 

AP13-11-55 60 20.8106 0.9353 21.7459 21.6893 0.8787 0.0566 6.05 21.6733 0.8627 0.0160 1.71 

AP13-11-50 61 20.9483 0.9364 21.8847 21.8349 0.8866 0.0498 5.32 21.8209 0.8726 0.0140 1.50 

AP13-11-45 62 20.7032 0.9333 21.6365 21.5835 0.8803 0.0530 5.68 21.5691 0.8659 0.0144 1.54 

AP13-11-40 71 20.4358 0.9377 21.3735 21.3243 0.8885 0.0492 5.25 21.3093 0.8735 0.0150 1.60 

AP13-11-35 72 20.9994 0.9147 21.9141 21.8584 0.8590 0.0557 6.09 21.8450 0.8456 0.0134 1.46 

AP13-11-30 73 21.2553 0.9349 22.1902 22.1415 0.8862 0.0487 5.21 22.1256 0.8703 0.0159 1.70 

AP13-11-25 58 20.6503 0.9414 21.5917 21.5439 0.8936 0.0478 5.08 21.5285 0.8782 0.0154 1.64 

AP13-11-20 76 21.8124 0.9484 22.7608 22.7185 0.9061 0.0423 4.46 22.7071 0.8947 0.0114 1.20 
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AP13-11-15 45 21.4013 0.9560 22.3573 22.3140 0.9127 0.0433 4.53 22.3000 0.8987 0.0140 1.46 

AP13-11-10 74 20.7635 0.9136 21.6771 21.6273 0.8638 0.0498 5.45 21.6172 0.8537 0.0101 1.11 

AP13-11-5 70 21.5734 0.9550 22.5284 22.4812 0.9078 0.0472 4.94 22.4634 0.8900 0.0178 1.86 

AP13-11-0 68 20.8484 0.9442 21.7926 21.7444 0.8960 0.0482 5.10 21.7267 0.8783 0.0177 1.87 

AP13-11--10 69 20.4450 0.9734 21.4184 21.3745 0.9295 0.0439 4.51 21.3626 0.9176 0.0119 1.22 

Table A.6. LOI550 and LOI1000 results obtained on samples from profile AP12-02. 

Sample label 

Crucible 
Sample 

weight (g) 
Total (g) 

LOI550 (Organic matter content)  LOI1000 (Carbonate content) 

Nr Weight (g) 
weight crucible + 

sample (g) 
weight sample (g) Δ LOI550 (%) 

weight crucible + 
sample (g) 

weight sample (g) Δ LOI1000 (%) 

AP12-02-150 31 21.3358 0.9278 22.2636 22.0695 0.7337 0.1941 20.92 22.0585 0.7227 0.0110 1.19 

AP12-02-145 64 19.8051 0.9303 20.7354 20.4989 0.6938 0.2365 25.42 20.4903 0.6852 0.0086 0.92 

AP12-02-140 28 20.4562 0.9307 21.3869 21.1569 0.7007 0.2300 24.71 21.1469 0.6907 0.0100 1.07 

AP12-02-135 27 20.4915 0.9261 21.4176 21.2536 0.7621 0.1640 17.71 21.2413 0.7498 0.0123 1.33 

AP12-02-130 26 19.6324 0.9239 20.5563 20.3735 0.7411 0.1828 19.79 20.3645 0.7321 0.0090 0.97 

AP12-02-125 33 21.0886 0.8957 21.9843 21.8207 0.7321 0.1636 18.27 21.8022 0.7136 0.0185 2.07 

AP12-02-120 32 21.5969 0.8997 22.4966 22.3015 0.7046 0.1951 21.69 22.2835 0.6866 0.0180 2.00 

AP12-02-115 39 20.1019 0.8654 20.9673 20.8206 0.7187 0.1467 16.95 20.7998 0.6979 0.0208 2.40 

AP12-02-110 35 19.8679 0.8921 20.7600 20.6326 0.7647 0.1274 14.28 20.6146 0.7467 0.0180 2.02 

AP12-02-105 34 21.1752 0.8913 22.0665 21.9261 0.7509 0.1404 15.75 21.9075 0.7323 0.0186 2.09 

AP12-02-100 37 20.5986 0.8154 21.4140 21.2957 0.6971 0.1183 14.51 21.2751 0.6765 0.0206 2.53 

AP12-02-95 41 21.1016 0.8615 21.9631 21.8302 0.7286 0.1329 15.43 21.8092 0.7076 0.0210 2.44 

AP12-02-90 52 19.9683 0.8842 20.8525 20.7226 0.7543 0.1299 14.69 20.6995 0.7312 0.0231 2.61 

AP12-02-85 48 20.9819 0.8784 21.8603 21.7236 0.7417 0.1367 15.56 21.6991 0.7172 0.0245 2.79 

AP12-02-80 46 20.7667 0.8494 21.6161 21.4845 0.7178 0.1316 15.49 21.4606 0.6939 0.0239 2.81 

AP12-02-75 42 21.1740 0.8663 22.0403 21.9116 0.7376 0.1287 14.86 21.8866 0.7126 0.0250 2.89 

AP12-02-70 51 20.6866 0.8649 21.5515 21.4044 0.7178 0.1471 17.01 21.3836 0.6970 0.0208 2.40 

AP12-02-65 47 18.9546 0.8600 19.8146 19.6747 0.7201 0.1399 16.27 19.6546 0.7000 0.0201 2.34 

AP12-02-60 50 21.0679 0.8011 21.8690 21.7504 0.6825 0.1186 14.80 21.7260 0.6581 0.0244 3.05 

AP12-02-55 49 20.4012 0.8440 21.2452 21.1189 0.7177 0.1263 14.96 21.0994 0.6982 0.0195 2.31 
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AP12-02-50 57 20.6764 0.8697 21.5461 21.4155 0.7391 0.1306 15.02 21.3981 0.7217 0.0174 2.00 

AP12-02-45 9 20.8054 0.8381 21.6435 21.5235 0.7181 0.1200 14.32 21.5029 0.6975 0.0206 2.46 

AP12-02-40 54 20.7334 0.8867 21.6201 21.5072 0.7738 0.1129 12.73 21.4847 0.7513 0.0225 2.54 

AP12-02-35 53 19.8126 0.8635 20.6761 20.5632 0.7506 0.1129 13.07 20.5459 0.7333 0.0173 2.00 

AP12-02-30 79 20.6939 0.8749 21.5688 21.4658 0.7719 0.1030 11.77 21.4438 0.7499 0.0220 2.51 

AP12-02-25 43 20.5290 0.8857 21.4147 21.3164 0.7874 0.0983 11.10 21.2941 0.7651 0.0223 2.52 

AP12-02-20 56 20.6330 0.8832 21.5162 21.4098 0.7768 0.1064 12.05 21.3884 0.7554 0.0214 2.42 

AP12-02-15 75 21.0980 0.8768 21.9748 21.8751 0.7771 0.0997 11.37 21.8562 0.7582 0.0189 2.16 

AP12-02-10 10 20.4862 0.8742 21.3604 21.2686 0.7824 0.0918 10.50 21.2474 0.7612 0.0212 2.43 

AP12-02-5 8 20.9301 0.8885 21.8186 21.7300 0.7999 0.0886 9.97 21.7097 0.7796 0.0203 2.28 

AP12-02-0 45 21.4012 0.9283 22.3295 22.2590 0.8578 0.0705 7.59 22.2361 0.8349 0.0229 2.47 

AP12-02--20 29 21.6705 0.4185 22.0890 22.0635 0.3930 0.0255 6.09 22.0564 0.3859 0.0071 1.70 

AP12-02--40 17 20.5174 0.4736 20.9910 20.9638 0.4464 0.0272 5.74 20.9554 0.4380 0.0084 1.77 

Table A.7. LOI550 and LOI1000 results obtained on samples from profile AP12-04. 

Sample label 

Crucible 
Sample 

weight (g) 
Total (g) 

LOI550 (Organic matter content) LOI1000 (Carbonate content) 

Nr Weight (g) 
weight crucible + 

sample (g) 
weight sample (g) Δ LOI550 (%) 

weight crucible + 
sample (g) 

weight sample (g) Δ LOI1000 (%) 

AP12-04-450 17 20.5173 0.9160 21.4333 21.2165 0.6992 0.2168 23.67 21.2016 0.6843 0.0149 1.63 

AP12-04-440 27 20.4916 0.9244 21.4160 21.2046 0.7130 0.2114 22.87 21.1887 0.6971 0.0159 1.72 

AP12-04-430 41 21.1014 0.9199 22.0213 21.8217 0.7203 0.1996 21.70 21.8059 0.7045 0.0158 1.72 

AP12-04-420 48 20.9820 0.9191 21.9011 21.7078 0.7258 0.1933 21.03 21.6904 0.7084 0.0174 1.89 

AP12-04-410 49 20.4014 0.9428 21.3442 21.1370 0.7356 0.2072 21.98 21.1202 0.7188 0.0168 1.78 

AP12-04-400 42 21.1744 0.9214 22.0958 21.8880 0.7136 0.2078 22.55 21.8742 0.6998 0.0138 1.50 

AP12-04-390 39 20.1016 0.9334 21.0350 20.8285 0.7269 0.2065 22.12 20.8130 0.7114 0.0155 1.66 

AP12-04-380 47 18.9546 0.9412 19.8958 19.7396 0.7850 0.1562 16.60 19.7232 0.7686 0.0164 1.74 

AP12-04-370 53 19.8112 0.9366 20.7478 20.5954 0.7842 0.1524 16.27 20.5749 0.7637 0.0205 2.19 

AP12-04-360 26 19.6329 0.9275 20.5604 20.4530 0.8201 0.1074 11.58 20.4336 0.8007 0.0194 2.09 

AP12-04-350 37 20.5978 0.9398 21.5376 21.4711 0.8733 0.0665 7.08 21.4562 0.8584 0.0149 1.59 

AP12-04-340 56 20.6330 0.9252 21.5582 21.4709 0.8379 0.0873 9.44 21.4520 0.8190 0.0189 2.04 
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AP12-04-330 10 20.4861 0.9356 21.4217 21.3404 0.8543 0.0813 8.69 21.3230 0.8369 0.0174 1.86 

AP12-04-320 79 20.6943 0.9169 21.6112 21.5170 0.8227 0.0942 10.27 21.4964 0.8021 0.0206 2.25 

AP12-04-310 57 20.6758 0.9313 21.6071 21.5025 0.8267 0.1046 11.23 21.4816 0.8058 0.0209 2.24 

AP12-04-300 33 21.0878 0.9043 21.9921 21.8748 0.7870 0.1173 12.97 21.8509 0.7631 0.0239 2.64 

AP12-04-290 50 21.0689 0.8550 21.9239 21.8054 0.7365 0.1185 13.86 21.7770 0.7081 0.0284 3.32 

AP12-04-280 54 20.7316 0.9127 21.6443 21.5336 0.8020 0.1107 12.13 21.5071 0.7755 0.0265 2.90 

AP12-04-270 51 20.6865 0.9192 21.6057 21.5023 0.8158 0.1034 11.25 21.4766 0.7901 0.0257 2.80 

AP12-04-260 43 20.5291 0.9158 21.4449 21.3528 0.8237 0.0921 10.06 21.3254 0.7963 0.0274 2.99 

AP12-04-250 52 19.9674 0.9197 20.8871 20.7904 0.8230 0.0967 10.51 20.7649 0.7975 0.0255 2.77 

AP12-04-240 75 21.0977 0.9148 22.0125 21.9180 0.8203 0.0945 10.33 21.8900 0.7923 0.0280 3.06 

AP12-04-230 72 20.9998 0.9228 21.9226 21.8127 0.8129 0.1099 11.91 21.7942 0.7944 0.0185 2.00 

AP12-04-220 16 20.3290 0.9236 21.2526 21.1474 0.8184 0.1052 11.39 21.1299 0.8009 0.0175 1.89 

AP12-04-210 14 20.1780 0.9160 21.0940 20.9941 0.8161 0.0999 10.91 20.9757 0.7977 0.0184 2.01 

AP12-04-200 70 21.5730 0.9312 22.5042 22.3952 0.8222 0.1090 11.71 22.3781 0.8051 0.0171 1.84 

AP12-04-190 1 21.2402 0.9217 22.1619 22.0675 0.8273 0.0944 10.24 22.0505 0.8103 0.0170 1.84 

AP12-04-180 74 20.7629 0.9283 21.6912 21.5917 0.8288 0.0995 10.72 21.5749 0.8120 0.0168 1.81 

AP12-04-170 63 21.0326 0.9262 21.9588 21.8616 0.8290 0.0972 10.49 21.8430 0.8104 0.0186 2.01 

AP12-04-160 7 20.3625 0.9344 21.2969 21.2046 0.8421 0.0923 9.88 21.1846 0.8221 0.0200 2.14 

AP12-04-150 58 20.6499 0.9261 21.5760 21.4921 0.8422 0.0839 9.06 21.4744 0.8245 0.0177 1.91 

AP12-04-140 60 20.8102 0.9055 21.7157 21.6310 0.8208 0.0847 9.35 21.6133 0.8031 0.0177 1.95 

AP12-04-130 32 21.5980 0.9332 22.5312 22.4542 0.8562 0.0770 8.25 22.4366 0.8386 0.0176 1.89 

AP12-04-120 9 20.8055 0.9287 21.7342 21.6733 0.8678 0.0609 6.56 21.6555 0.8500 0.0178 1.92 

AP12-04-110 61 20.9483 0.9273 21.8756 21.8169 0.8686 0.0587 6.33 21.7962 0.8479 0.0207 2.23 

AP12-04-100 8 20.9290 0.9105 21.8395 21.7633 0.8343 0.0762 8.37 21.7389 0.8099 0.0244 2.68 

AP12-04-90 4 20.6849 0.9343 21.6192 21.5492 0.8643 0.0700 7.49 21.5273 0.8424 0.0219 2.34 

AP12-04-80 28 20.4564 0.9151 21.3715 21.2886 0.8322 0.0829 9.06 21.2641 0.8077 0.0245 2.68 

AP12-04-70 68 20.8482 0.9020 21.7502 21.6705 0.8223 0.0797 8.84 21.6497 0.8015 0.0208 2.31 

AP12-04-60 67 21.0641 0.9105 21.9746 21.8954 0.8313 0.0792 8.70 21.8726 0.8085 0.0228 2.50 

AP12-04-50 13 20.1697 0.8641 21.0338 20.9463 0.7766 0.0875 10.13 20.9256 0.7559 0.0207 2.40 

AP12-04-40 76 21.8119 0.8988 22.7107 22.6108 0.7989 0.0999 11.11 22.5840 0.7721 0.0268 2.98 
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AP12-04-30 71 20.4357 0.8940 21.3297 21.2203 0.7846 0.1094 12.24 21.1962 0.7605 0.0241 2.70 

AP12-04-20 80 19.9271 0.9043 20.8314 20.7219 0.7948 0.1095 12.11 20.6968 0.7697 0.0251 2.78 

AP12-04-10 6 21.0555 0.8803 21.9358 21.8189 0.7634 0.1169 13.28 21.7932 0.7377 0.0257 2.92 

AP12-04-0 65 19.5881 0.8335 20.4216 20.3116 0.7235 0.1100 13.20 20.2854 0.6973 0.0262 3.14 

Table A.8. LOI550 and LOI1000 results obtained on the certified soil standard ISE 932 and the replicate samples.  

Sample label 
Crucible 

Sample 
weight (g) 

Total (g) 
LOI550 (Organic matter content) LOI1000 (Carbonate content) 

Nr Weight (g) 
Weight crucible 

+ sample (g) 
Sample weight (g) Δ LOI550 (%) 

Weight crucible 
+ sample (g) 

Sample weight (g) Δ LOI1000 (%) 

AP13-11-70 66 20.8379 0.9542 21.7921 21.7367 0.8988 0.0554 5.81 21.7233 0.8854 0.0134 1.40 

AP13-11-70 35 19.8688 0.9424 20.8112 20.7689 0.9001 0.0423 4.49 20.7531 0.8843 0.0158 1.68 

AP13-11-70 31 21.3360 0.9448 22.2808 22.2312 0.8952 0.0496 5.25 22.2210 0.8850 0.0102 1.08 

AP12-02-150 31 21.3358 0.9278 22.2636 22.0695 0.7337 0.1941 20.92 22.0585 0.7227 0.0110 1.19 

AP12-02-150 29 21.6700 0.9234 22.5934 22.4000 0.7300 0.1934 20.94 22.3866 0.7166 0.0134 1.45 

AP12-02-150 73 21.2548 0.9281 22.1829 21.9845 0.7297 0.1984 21.38 21.9730 0.7182 0.0115 1.24 

AP12-04-350 37 20.5978 0.9398 21.5376 21.4711 0.8733 0.0665 7.08 21.4562 0.8584 0.0149 1.59 

AP12-04-350 46 20.7663 0.9381 21.7044 21.6467 0.8804 0.0577 6.15 21.6318 0.8655 0.0149 1.59 

AP12-04-350 5 20.4216 0.9400 21.3616 21.2971 0.8755 0.0645 6.86 21.2852 0.8636 0.0119 1.27 

ISE 932 34 21.1747 0.9395 22.1142 21.9915 0.8168 0.1227 13.06 21.9750 0.8003 0.0165 1.76 

ISE 932 15 21.1865 0.0936 22.1225 21.9877 0.8012 0.1348 14.40 21.9759 0.7894 0.0118 1.26 

Table A.9. Precision and accuracy based on the measurements of the replicate samples and the andosol standard ISE 932 (data in Table A.8).  

Sample label 
Number of 

replicates (n) 
Average LOI550 (%) 

Standard deviation 
(1σ) 

Relative standard 
deviation (%) 

AP13-11-70 3 5.18 0.66 12.76 

AP12-02-150 3 21.08 0.26 1.22 

AP12-04-350 3 6.70 0.48 7.23 

ISE 932 2 13.73 0.95 6.91 

Accuracy check was performed on the certified andosol standard ISE 932. The certified value is 12.3 % (± 1.70, 1σ) OM so the calculated OM is within the 

error. 
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4. Sample weights and results from bulk organic geochemical analysis  

In tables A10 to A12, the column labeled “measured weights” correspond to the weight of soil 

samples that was used for bulk organic geochemical analysis. Sample weight was optimized to obtain 

between 0.8 and 1 mg of TOC, based on the LOI550 measurements and on the TOC-LOI550 relationship 

shown in Figure 3.7. 

Table A.10. Sample weights and bulk organic geochemical results of profile AP12-02.  

Sample label LOI550 (%) 
Measured 

weights 
(mg) 

δ13C 
(‰) 

C amount 
(µg) 

δ15N 
(‰) 

N amount 
(µg) 

TOC 
(%) 

C/N 
atomic 
ratio 

AP12-02-150 20.92 9.983 -28.02 926.92 1.96 73.79 9.28 14.66 

AP12-02-145 25.42 6.942 -28.69 811.14 1.84 69.54 11.68 13.61 

AP12-02-140 24.71 7.513 -28.46 898.00 2.22 78.21 11.95 13.40 

AP12-02-135 17.71 12.331 -26.93 899.93 3.50 63.03 7.30 16.66 

AP12-02-130 19.79 10.164 -27.38 898.00 3.00 65.20 8.84 16.07 

AP12-02-125 18.27 12.328 -26.34 683.42 3.58 49.55 5.54 16.10 

AP12-02-120 21.69 9.137 -26.94 706.67 2.87 55.12 7.73 14.96 

AP12-02-115 16.95 12.961 -26.14 664.03 3.90 45.89 5.12 16.89 

AP12-02-110 14.28 16.119 -26.28 710.54 4.60 46.58 4.41 17.80 

AP12-02-105 15.75 14.45 -26.07 747.33 4.91 50.68 5.17 17.21 

AP12-02-100 14.51 16.966 -26.13 667.91 4.89 47.72 3.94 16.33 

AP12-02-95 15.43 16.338 -26.19 708.61 6.25 45.62 4.34 18.13 

AP12-02-90 14.69 18.237 -26.12 727.97 6.06 46.76 3.99 18.17 

AP12-02-85 15.56 16.349 -26.08 665.97 6.50 41.96 4.07 18.52 

AP12-02-80 15.49 18.081 -26.03 716.35 6.23 44.05 3.96 18.98 

AP12-02-75 14.86 16.594 -25.92 566.97 6.20 34.80 3.42 19.01 

AP12-02-70 17.01 13.517 -25.98 524.19 6.01 30.00 3.88 20.39 

AP12-02-65 16.27 13.547 -25.83 502.79 5.83 29.04 3.71 20.21 

AP12-02-60 14.80 15.661 -25.73 467.74 5.73 26.41 2.99 20.67 

AP12-02-55 14.96 18.315 -25.68 566.97 5.59 33.14 3.10 19.97 

AP12-02-50 15.02 15.494 -25.62 459.95 5.44 25.45 2.97 21.09 

AP12-02-45 14.32 18.914 -25.49 477.48 5.46 27.90 2.52 19.97 

AP12-02-40 12.73 21.326 -25.37 545.59 5.62 32.09 2.56 19.84 

AP12-02-35 13.07 21.271 -25.41 541.70 5.35 30.87 2.55 20.48 

AP12-02-30 11.77 21.592 -25.35 491.11 5.42 20.43 2.27 18.83 

AP12-02-25 11.10 24.976 -25.43 568.91 5.94 31.22 2.28 21.27 

AP12-02-20 12.05 22.663 -25.54 543.64 6.20 28.16 2.40 22.53 

AP12-02-15 11.37 24.769 -25.43 574.74 6.61 31.31 2.32 21.42 

AP12-02-10 10.50 27.819 -25.29 580.57 5.91 40.91 2.09 16.56 

AP12-02-5 9.97 29.941 -25.18 557.25 6.77 32.71 1.86 19.88 

AP12-02-0 7.59 48.17 -24.89 636.88 6.56 39.52 1.32 18.81 

AP12-02- -20 6.09 54.565 -24.69 477.48 6.70 41.35 0.88 13.48 

AP12-02- -40 5.74 60.576 -24.51 452.15 6.53 35.15 0.75 15.01 

Table A.11. Sample weights and bulk organic geochemical results of profile AP12-04.  

Sample label LOI550 (%) 
Measured 

weights 
(mg) 

δ
13

C 
(‰) 

C amount 
(µg) 

δ
15

N 
(‰) 

N amount 
(µg) 

TOC 
(%) 

C/N atomic 
ratio 

AP12-04-450 23.67 8.655 -27.47 882.32 2.65 81.61 10.19 12.62 

AP12-04-440 22.87 8.023 -26.72 773.78 3.64 70.09 9.64 12.88 
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AP12-04-430 21.70 9.642 -26.57 856.69 3.72 78.17 8.88 12.79 

AP12-04-420 21.03 10.303 -26.58 396.40 3.82 36.77 - - 

AP12-04-410 21.98 9.631 -26.74 909.90 3.66 81.18 9.45 13.08 

AP12-04-400 22.55 8.907 -26.87 876.41 3.43 77.40 9.84 13.21 

AP12-04-390 22.12 8.759 -26.78 835.00 4.25 73.44 9.53 13.27 

AP12-04-380 16.60 14.367 -26.22 919.74 5.37 83.58 6.40 12.84 

AP12-04-370 16.27 14.687 -26.08 854.72 4.63 76.97 5.82 12.86 

AP12-04-360 11.58 23.954 -26.16 757.97 3.86 68.28 3.16 12.95 

AP12-04-350 7.08 45.183 -26.13 708.51 2.32 53.71 1.57 15.39 

AP12-04-340 9.44 33.178 -25.92 829.08 4.01 75.77 2.50 12.77 

AP12-04-330 8.69 32.962 -25.84 801.44 4.39 73.27 2.43 12.76 

AP12-04-320 10.27 26.897 -25.92 907.93 5.37 78.43 3.38 13.51 

AP12-04-310 11.23 24.999 -25.64 896.11 5.62 77.57 3.58 13.48 

AP12-04-300 12.97 21.304 -25.62 880.35 6.94 73.62 4.13 13.96 

AP12-04-290 13.86 20.76 -25.53 787.61 7.23 65.87 3.79 13.95 

AP12-04-280 12.13 24.524 -25.48 864.58 6.34 68.28 3.53 14.78 

AP12-04-270 11.25 25.517 -25.32 829.08 6.03 77.74 3.25 12.45 

AP12-04-260 10.06 28.256 -25.49 797.49 7.82 71.29 2.82 13.05 

AP12-04-250 10.51 26.98 -25.47 769.83 8.66 68.11 2.85 13.19 

AP12-04-240 10.33 26.746 -25.47 775.76 7.88 71.38 2.90 12.68 

AP12-04-230 11.91 24.474 -25.65 645.10 8.15 58.72 2.64 12.82 

AP12-04-220 11.39 26.194 -25.65 730.28 8.41 66.21 2.79 12.87 

AP12-04-210 10.91 24.574 -25.53 581.59 7.73 49.31 2.37 13.76 

AP12-04-200 11.71 22.752 -25.46 533.89 8.21 46.11 2.35 13.51 

AP12-04-190 10.24 30.636 -25.41 692.66 7.66 58.37 2.26 13.85 

AP12-04-180 10.72 26.491 -25.58 607.40 8.43 20.78 2.29 13.96 

AP12-04-170 10.49 26.543 -25.51 579.60 8.46 48.10 2.18 14.06 

AP12-04-160 9.88 30.087 -25.59 664.93 9.03 54.32 2.21 14.29 

AP12-04-150 9.06 34.119 -25.50 680.78 9.51 56.13 2.00 14.15 

AP12-04-140 9.35 31.934 -25.55 589.53 9.46 48.62 1.85 14.15 

AP12-04-130 8.25 37.368 -25.54 641.13 9.09 51.12 1.72 14.64 

AP12-04-120 6.56 49.392 -25.38 476.16 4.70 37.90 0.96 14.66 

AP12-04-110 6.33 51.893 -25.48 500.06 5.54 39.89 0.96 14.63 

AP12-04-100 8.37 41.951 -26.01 716.42 9.92 54.75 1.71 15.27 

AP12-04-90 7.49 42.002 -25.93 557.74 9.19 41.88 1.33 15.54 

AP12-04-80 9.06 35.687 -25.74 670.87 8.89 49.83 1.88 15.71 

AP12-04-70 8.84 32.834 -25.39 448.27 5.02 39.63 1.37 13.20 

AP12-04-60 8.70 34.545 -25.32 551.78 8.11 43.61 1.60 14.77 

AP12-04-50 10.13 32.335 -25.45 577.62 9.91 40.84 1.79 16.51 

AP12-04-40 11.11 25.765 -25.47 553.77 9.85 39.11 2.15 16.52 

AP12-04-30 12.24 20.835 -25.35 456.24 9.55 30.88 2.19 17.24 

AP12-04-20 12.11 21.99 -25.22 496.08 10.29 34.00 2.26 17.03 

AP12-04-10 13.28 19.822 -25.57 529.91 8.60 32.79 2.67 18.86 

AP12-04-0 13.20 19.516 -25.46 384.43 5.54 22.82 1.97 19.66 

The TOC and C/N atomic ratio of sample AP12-04-420 are not calculated because this sample leaked 

during transport to the UCDavis facility. 
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Table A.12. Sample weights and bulk organic geochemical results of profile AP13-11.  

Sample label 
LOI550 

(%) 

Measured 
weights 

(mg) 

δ
13

C 
(‰) 

C amount 
(µg) 

δ
15

N 
(‰) 

N amount 
(µg) 

TOC 
(%) 

C/N atomic 
ratio 

AP13-11-134 8.61 36.098 -27.03 768.61 2.13 72.67 2.13 12.34 

AP13-11-130 9.64 28.606 -27.84 1 314.15 0.46 107.85 4.59 14.22 

AP13-11-125 11.80 23.523 -26.78 1 048.14 3.10 88.86 4.46 13.77 

AP13-11-120 9.63 33.498 -26.38 1 099.98 4.80 95.77 3.28 13.40 

AP13-11-115 10.38 26.887 -26.30 1 084.63 5.57 90.59 4.03 13.97 

AP13-11-110 10.34 27.546 -26.16 948.11 4.63 62.60 3.44 17.67 

AP13-11-105 8.57 34.076 -25.45 791.81 6.55 74.23 2.32 12.45 

AP13-11-100 9.99 28.767 -25.73 857.49 5.87 74.57 2.98 13.42 

AP13-11-95 8.65 35.479 -25.54 980.29 6.48 82.72 2.76 13.83 

AP13-11-90 7.06 48.541 -25.34 799.55 8.18 67.72 1.65 13.78 

AP13-11-85 7.54 45.346 -25.12 733.78 8.50 58.95 1.62 14.53 

AP13-11-80 7.62 43.814 -25.26 807.28 7.90 60.60 1.84 15.55 

AP13-11-75 6.45 52.753 -24.92 634.94 9.35 50.07 1.20 14.80 

AP13-11-70 5.81 56.996 -24.91 545.59 8.76 43.79 0.96 14.54 

AP13-11-65 5.98 58.719 -24.85 603.88 8.66 48.59 1.03 14.50 

AP13-11-60 5.56 54.800 -24.62 442.41 9.25 38.65 0.81 13.36 

AP13-11-55 6.05 60.019 -24.72 563.08 8.88 47.45 0.94 13.85 

AP13-11-50 5.32 57.511 -24.73 469.69 8.09 41.09 0.82 13.34 

AP13-11-45 5.68 56.995 -24.66 498.90 8.39 43.01 0.88 13.54 

AP13-11-40 5.25 55.036 -24.42 485.27 5.88 57.21 0.88 9.90 

AP13-11-35 6.09 54.194 -24.38 475.53 8.14 38.03 0.88 14.59 

AP13-11-30 5.21 55.566 -24.20 483.32 7.79 47.02 0.87 12.00 

AP13-11-25 5.08 58.657 -24.19 479.43 8.18 39.87 0.82 14.03 

AP13-11-20 4.46 60.878 -24.04 411.21 7.87 36.38 0.68 13.19 

AP13-11-15 4.53 54.146 -24.07 430.71 8.07 36.64 0.80 13.72 

AP13-11-10 5.45 55.856 -24.01 450.20 8.01 37.60 0.81 13.97 

AP13-11-5 4.94 55.782 -23.99 500.84 8.19 42.92 0.90 13.62 

AP13-11-0 5.10 55.698 -23.96 502.05 7.35 41.35 0.90 14.11 

AP13-11--10 4.51 55.573 -23.82 248.41 5.73 26.55 0.45 10.92 
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Table A.13. Sample weights and bulk organic geochemical results measured on the replicate soil samples and 

the standard sample ISE932 to estimate analytical precision. 

Sample label 
LOI550 

(%) 

Measured 
weights 

(mg) 

δ13C 
(‰) 

C amount 
(µg) 

δ15N 
(‰) 

N amount 
(µg) 

TOC 
(%) 

C/N 
atomic 
ratio 

LOI1000 

(%) 

AP12-02-150 (1) 20.92 9.216 -27.95 842.89 1.82 67.07 9.15 14.67 - 

AP12-02-150 (2) 20.92 10.017 -27.94 917.77 1.91 73.27 9.16 14.62 - 

AP12-02-150 (3) 20.92 10.648 -27.92 972.86 1.89 77.40 9.14 14.67 - 

AP12-02-150 (4) 20.92 9.865 -27.87 907.93 1.97 71.46 9.20 14.83 - 

AP12-02-150 (5) 20.92 9.833 -27.93 - 2.60 - - - - 

Mean   -27.94  1.92  9.19 14.69  

Standard 
deviation (1σ) 

  0.05  0.09  0.06 0.08  

ISE 932 (1) 13.06 20.038 -28.02 926.92 1.86 73.79 9.28 14.66 0.80 

ISE 932 (2) 14.40 - - - - - - - 0.79 

Mean 13.73        0.79 

Standard 
deviation (1σ) 

0.95        0.01 

Sample AP12-02-150(5) was not used to calculate the analytical precision on the TOC and C/N atomic 

ratio since the sample leaked during transport to the UCDavis facility. No recommended TOC, δ13C or 

δ15N values are available for standard ISE932. 
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 5. XRD results 

 

Figure A.1. Example of the X-ray diffractogram of sample AP13-11--10 with the left graph after smoothing 

and background substraction and the right graph with indication of the diffraction peaks with the attributed 

minerals. 
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Figure A.2. Example of the X-Ray diffractogram of sample AP12-02-150 with the left graph after smoothing 

and background substraction and the right graph with indication of the diffraction peaks with the attributed 

minerals. 
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Table A.14. Bulk mineralogy of profile AP12-02. The values indicated in the last column (Crystallized clays) 

correspond to the intensity of the diffraction peak at 4.4 Å, multiplied by 20 (correction factor from Cook et 

al., 1975). 

Sample label 

Mineralogical content (%) Crystallized 
clays 

(corrected 
counts) 

Amorphous Quartz Plagioclase K-feldspar Pyroxene Amphibole 

AP12-02-150 21.0 4.6 41.9 20.3 12.1 0.0 192.4 

AP12-02-140 21.3 5.9 39.7 19.6 13.5 0.0 166.4 

AP12-02-130 20.5 3.8 39.7 24.1 11.9 0.0 147.4 

AP12-02-120 23.9 3.8 40.4 22.7 9.2 0.0 159.2 

AP12-02-110 19.1 4.0 37.0 24.8 15.1 0.0 195.0 

AP12-02-100 24.0 2.7 37.3 28.9 7.1 0.0 61.0 

AP12-02-90 28.5 4.9 37.6 19.3 9.7 0.0 118.2 

AP12-02-80 17.5 3.8 48.2 21.5 9.0 0.0 86.6 

AP12-02-70 25.0 7.7 41.6 18.7 7.0 0.0 143.6 

AP12-02-60 14.5 5.2 59.0 15.9 5.4 0.0 214.0 

AP12-02-50 9.0 5.2 48.4 28.1 9.3 0.0 142.0 

AP12-02-40 14.3 34.5 34.0 8.2 8.9 0.0 149.4 

AP12-02-30 22.4 11.3 43.8 16.3 6.3 0.0 140.2 

AP12-02-20 14.8 29.9 30.1 19.4 5.8 0.0 202.0 

AP12-02-10 21.0 37.4 27.8 10.1 3.6 0.0 240.0 

AP12-02-0 12.1 34.8 32.7 14.8 5.7 0.0 400.0 

AP12-02- -20 13.5 34.9 21.2 14.1 6.8 9.4 368.0 

AP12-02- -40 8.1 26.4 47.1 12.4 6.1 0.0 376.0 

Table A.15. Bulk mineralogy of profile AP12-04. 

Sample label 

Mineralogical content (%) Crystallized
clays 

(corrected 
counts) 

Amorphous Quartz Plagioclase K-feldspar Pyroxene Amphibole 

AP12-04-450 23.9 1.5 32.8 27.2 14.7 0.0 126.4 

AP12-04-430 26.1 2.3 35.1 24.8 11.7 0.0 163.6 

AP12-04-410 28.3 1.0 44.4 16.3 9.9 0.0 198.0 

AP12-04-390 31.1 1.2 39.3 20.3 8.0 0.0 197.4 

AP12-04-370 31.8 0.7 35.7 20.7 11.1 0.0 88.2 

AP12-04-340 22.4 0.3 48.3 19.2 9.9 0.0 88.8 

AP12-04-320 14.1 1.1 57.0 14.9 12.9 0.0 144.8 

AP12-04-300 19.1 1.5 45.2 19.7 14.6 0.0 109.2 

AP12-04-280 13.6 0.4 60.4 16.1 9.7 0.0 30.8 

AP12-04-250 18.9 0.6 47.9 22.6 10.1 0.0 130.8 

AP12-04-230 14.1 0.6 60.0 17.8 7.6 0.0 15.4 

AP12-04-210 14.5 1.0 56.8 17.3 10.4 0.0 214.0 

AP12-04-190 13.7 1.3 47.0 25.5 12.5 0.0 88.0 

AP12-04-170 11.3 0.9 60.6 16.6 10.6 0.0 74.0 

AP12-04-150 17.6 1.8 46.4 23.3 10.9 0.0 158.4 

AP12-04-130 7.2 1.4 69.8 17.2 4.4 0.0 136.0 

AP12-04-100 15.1 2.4 49.9 24.7 8.0 0.0 129.2 

AP12-04-80 16.4 2.9 30.8 22.9 27.1 0.0 134.6 

AP12-04-50 15.7 1.4 56.4 17.5 9.2 0.0 137.4 

AP12-04-30 26.9 1.3 36.3 23.1 12.5 0.0 133.2 
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AP12-04-10 20.7 2.5 51.0 14.8 11.0 0.0 116.8 

Table A.16. Bulk mineralogy of profile AP13-11. 

Sample label 

Mineralogy (%) Crystallized 
clays 

(corrected 
counts) 

Amorphous Quartz Plagioclase K-feldspar Pyroxene Amphibole 

AP13-11-134 19.8 24.2 35.2 13.9 7.0 0.0 248.0 

AP13-11-130 33.6 17.2 16.9 25.3 7.0 0.0 244.0 

AP13-11-120 27.4 8.0 33.4 17.1 14.1 0.0 258.0 

AP13-11-110 29.0 10.8 33.0 19.0 8.2 0.0 108.8 

AP13-11-100 11.6 23.5 42.7 15.1 7.1 0.0 191.6 

AP13-11-90 26.4 4.3 40.8 17.5 11.0 0.0 104.4 

AP13-11-80 30.7 6.3 35.9 17.2 9.8 0.0 69.6 

AP13-11-70 30.8 12.5 33.8 17.9 5.1 0.0 304.0 

AP13-11-60 22.3 14.2 33.7 21.1 8.8 0.0 378.0 

AP13-11-50 18.5 14.1 42.8 15.9 8.8 0.0 199.0 

AP13-11-40 13.8 18.3 54.3 9.7 4.0 0.0 328.0 

AP13-11-30 18.4 26.7 32.2 14.6 8.2 0.0 352.0 

AP13-11-20 11.2 24.3 44.9 14.2 5.4 0.0 488.0 

AP13-11-10 14.0 34.1 30.9 15.6 5.4 0.0 472.0 

AP13-11-5 11.3 26.9 46.3 10.0 5.6 0.0 638.0 

AP13-11-0 11.9 31.7 27.4 19.8 6.5 2.8 522.0 

AP13-11- -10 7.7 50.5 31.3 6.2 4.3 0.0 854.0 
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6. Data points used to validate the volcanic ash soil thickness map 

Table A.17. Coordinates of the sites used to validate the volcanic ash soil thickness map. The sites 

correspond to lake sediment cores, marine sediment cores or non-volcanic ash soils. 

Longitude Latitude Cumulated tephra thickness (cm) Core/sample names 

-73.58330 -43.80330 3 MD07-3112 

-73.49305 -45.38556 12 MD07-3115 

-72.93417 -45.43528 27 MD07-3117 

-73.79800 -46.44900 5 NBP0505 JPC14 

-73.43333 -46.13333 10 Laguna Miranda 

-74.28333 -44.31667 1 Laguna Facil 

-73.65000 -44.35000 3 Laguna Oprasa 

-74.06667 -45.36667 1 Laguna Lincoln 

-74.40000 -46.41667 2 Laguna Stibnite 

-74.33330 -46.41667 1.5 Laguna Six Minutes 

-73.43333 -46.13333 1 Laguna Marcelo 

-74.40000 -44.88333 0.5 Laguna Lofel 

-73.28966 -46.37793 0 SS13-03 

-73.24590 -46.42829 0 SS13-04 

-73.14749 -46.49983 0 SS13-05 

-72.81315 -46.77898 0 SS13-07 

-72.76441 -47.12220 0 SS13-08 

-72.59508 -47.28251 0 SS13-09 

-72.76143 -47.44012 0 SS13-10 

-72.84839 -47.59395 0 SS13-11 

-73.14421 -47.69850 0 SS13-12 

-73.52531 -47.79295 0 SS13-13 

-72.48214 -47.47959 0 SS13-14 

-72.79125 -46.96887 0 SS13-15 

-72.65011 -46.81479 0 SS13-16 

-71.98746 -46.56332 0 SS13-18 

-71.32040 -44.50357 0 SS13-24 

-71.52414 -44.58868 0 SS13-25 

-71. 84167 -45.69167 > 42 Mallίn Pollux 

-71.70000 -44.66667 36 Mallίn El Embudo 

-71.76667 -45.58333 79.9 Lago Castor 

-72.38333 -47.08333 12 Lago Augusta 

-71.18333 -44.43333 9 Lago Shaman 

 


