
Master Thesis

Holocene sediment budget and sediment dynamics of Lake Sils

in the Upper Engadin

Florian Donau

Supervisor

Prof. Dr. Michael Strasser, Institute of Geology, ETH Zürich
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Abstract

In an open source to sink model the denudation rate of a catchment area should be directly

linked to the sedimentation rate in the sink. Lake Sils in the upper Engadin receives the major-

ity of its sedimentary supply from the catchment area of the Val Fedoz and therefore represents

such a sink. Published sediment-budget-based erosion rates for the last deglaciation periods

suggest 12 to 14 fold higher rates compared to catchment wide denudation rates resulting from

on 10Be cosmogenic nuclide data and modern sediment yields in Alpine regions. This study

tried to evaluate these observations by quantifying the sedimentation rates in a sink over the

last deglaciation and Holocene period in the Upper Engadin.

High resolution single channel pinger seismic data was combined with two long piston cores

from distal and proximal positions in relation to the major tributary inlet (Fedoz River with

Isola Delta). Physical property measurements, X-ray fluorescence (XRF) scans, carbon content

measurements with the coulometric method and thin section analyses of the sediment were com-

bined with AMS radiocarbon dating to reconstruct the Holocene sedimentation history of the

lake. In combination with the seismic survey, isopach maps and time series of sedimentation

rate were generated.

The pattern of the sediment distribution confirms that the Fedoz River with the Isola Delta

acted as a major tributary during the Holocene period. However, the seismic data indicates the

existence of a second sediment tributary system during the Younger Dryas period on the Maloja

side. A termination of this delivery system is indicated by the sudden change in the sediment

geometry of the sediment units suggesting the Forno glacier as a source.

A comparison of the sediment yield into Lake Sils with alpine climate records shows a correlation

with a south alpine climate trend during the Holocene Thermal Maximum. As mentioned in

several other studies, the Holocene Thermal Maximum started ca 4000-5000 years earlier in the

Southern Alps compared to the Northern Alps. The obtained results reveal that Lake Sils has

responded in a similar way.

Even though the distal core location shows the general sedimentological trend of Lake Sils, com-

parison of the sedimentation rates to a paraglacial cycle only indicates a minor correlation. The

sedimentation rate in the proglacial sediments is roughly estimated and varves in the Younger

Dryas period show slightly increasing thicknesses of around 2.0mm to 2.2mm per year in an

upward direction. Judging from this data the regional climate must have had a larger influence

on the sedimentation rate than the general proglacial sediment yield cycle in the Holocene.



Zusammenfassung

In einem Source to Sink Model sollten die Sedimentationsraten der Senke direkt vergleichbar sein

mit der Abtragung im Einzugsgebiet. Der grösste Teil des Sedimenteintrags in den Silsersees

im Ober Engadin, als Senke eines solchen Systems, stammt aus dem Val Fedoz. Publizierte

Erosionsraten basierend auf Sedimenationsraten für das Ende der letzten Eiszeit deuten auf 12

bis 14 fach höhere raten im Gegensatz zu Erosionsraten des gesamten Einzugsgebietes basierend

auf 10Be kosmogenen Nukliden und heutigen sediment transport Raten. Diese Studie versucht

diese Erkenntnisse zu überprüfen und die Errosionsraten seit der letzten Eiszeit und im Holozän

zu quantifizieren.

Eine hochauflösende Einkanal-Pinger-Seismik Kampagne kombiniert mit zwei langen sediment

Kernen an proximaler und distaler Position in Bezug auf den Fedoz Bach mit dem Isola Delta als

Hauptzufluss. Physikalische Eigenschaften, Element Konzentrationen mit Röntgen Fluoreszenz

sowie der Kohlensto↵ Gehalt mit den Coulometrischen Verfahren wurden gemessen, Sediment

Dünnschli↵e wurden analysiert. Kombiniert mit AMS Radiokarbon Datierungen wurde die

Holozäne sediment Geschichte des Sees rekonstruiert. Isopachen Karten und Zeitreihen der Sed-

imentationsraten wurden erstellt.

Die Sedimenteinfühlung bestätigt den Fedoz Bach als den Haubtzufluss während des ganzen

Holozäns. Zusätzlich deuten die seismischen Daten auf einen zweiten Hauptzufluss von der Mal-

oja Seite an, welcher mindestens bis zur Jüngeren Dryas Zeit aktiv war. Das plötzliche Ende

dieses Zuflusses lässt auf den Forno Gletscher als Quelle schliessen.

Ein Vergleich der Sedimentationsraten im Silsersee mit Klimaaufzeichnungen in den Alpen zeigen

eine Korrelation mit den Südalpinen Klima Änderungen. Wie aus andern Studien bekannt ist,

beginnt das Holozäne Thermale Maximum in den Südalpen 4000-5000 Jahre früher als in den

Nordalpen. Diese Studie zeigt, dass der Silsersee ebenfalls diesem Klima Trend folgt.

Des weiteren zeigt der distale Kern Sils13 1 den generellen sedimentologischen Trend im See.

Eine teilweise Übereinstimmung mit dem Paraglazialen Zyklus Model konnte gefunden werden.

Jedoch sind die Sedimentationsraten in der frühen Zeit des Gletscherückgans nicht genau bekannt

sowie zeigen Warven während der Jüngeren Dryas einen anstieg der Sedmentationsrate im Bere-

ich von 2.0mm bis 2.2mm pro Jahr. Aus diesen Daten geht hervor, dass das regionale Klima

einen weit höheren Einfluss auf die Sedimentationsraten im Silsersee hatten als der paraglaziale

Zyklus während der Holozänen Zeit Periode.
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1 INTRODUCTION

1 Introduction

Denudation rates of a catchment area and the sedimentation rates in an adjacent basin should

be comparable with respect to the clastic components. Nonetheless, transport of fine particles

and elements in solution need to be accounted for as well (Einsele & Hinderer, 1998). Under

the assumption of a closed source to sink model where no sediment storage occurs and sediment

transport happens immediately, it can be expected that the denudation rate in the source area

is equal to the sedimentation rate in the sink (Bierman & Steig, 1996). Catchment wide denuda-

tion rates based on cosmogenic nuclides and basin infilling rates obtained since the last glacial

maximum suggest 12 to 14 fold higher alpine denudation rates compared to modern estimates

(Hinderer, 2001).

In the ongoing PhD thesis of Reto Grischott a time series of denudation rates based on 10
Be

cosmogenic nuclides is set up to try to understand the driving forces of denudation rate changes

and their correlation to climate changes in the Alps and the Bolivian Andes. Changes in de-

nudation rates in the source area and the sediment supply to the sink over the same time period

can be verified in lake sediments in a nearly closed system. Lake Sils and its catchment is a

study object in the PhD thesis of Reto Grischott. This study analyzed Lake Sils as the sink

part of the system and produced time series of sedimentation rates and examined the sediment

distribution in the Maloja Basin. The sedimentation rates are set contrast with the regional

climatic and geomorphic context.

1.1 Study area

Lake Sils is the upper and southernmost lake of the four Upper Engadin lakes and lies between

Sils and the Malojapass (see Figure 1). The 1797 m.a.s.l. high lake has a major part of its

catchment area in the Val Fedoz to the south-east. The Aua da Fedoz acts as major tributary

which builds up the Isola Delta on the south-east side of the lake. The north-eastern neighboring

valley of the Val Fedoz is the Val Fex which is of comparable size and currently drains towards

Lake Silvaplana. The Inn river drains the Engadin towards north-east. The Bergell valley is

situated south of the Malojapass with its north-easternmost side valley Val Forno. The region

around Sils and the upper Engadin is a well studied region in the Alps. Generations of geologists

have studied and mapped the area, its pre-alpine history and its formation since the last ice age

to the Holocene climate variations (Hantke, 1983; Maisch, 1992; Spillmann, 1993; Ohlendorf,

1999; Spillmann & Tromsdor↵, 2005; Blass et al., 2005).
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Figure 1: Geological map of the catchment area of Lake Sils modified after Spillmann (1993) and based on data from

swisstopo (2014a) and swisstopo (2014c).

1.1.1 Tectonic units and nappes

The Penninic nappes and the overlying Austroalpine nappes are the major tectonic units of the

catchment area of Lake Sils (see Figure 1). The southern and eastern parts of the catchment

area lie within the Margna nappe. This lowermost Austroalpine unit can be divided into a

Maloja formation located in the upper and a Fora formation in the lower Fedoz valley. The

Mesozoic sediment cover of the Margna nappe outcrops on the north-east shore of the Maloja

basin (see Figure 1). The crystalline rocks of the Austroalpine nappes are composed of chlorite-

mica-gneisses. Mafic layers and carbonates are found interbedded with the crystalline rocks

(Spillmann & Tromsdor↵, 2005). The Fedoz metamorphic Gabbro is found near the Fedoz

glacier as well as in lenses between the Fora and Maloja formation and it is composed of chlorite-
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actinolite-epidote-schists and gneisses (Spillmann & Tromsdor↵, 2005).

To the north of Lake Sils, the mid Austroalpine Bernina and Err nappes are outcropping. They

are composed of granites, diorites of the Piz Grevasalvas and the Piz Lagrev and a sedimentary

cover consisting of dolomites and schists of Triassic and Jurassic age (Cornelius, 1935). A wedge

of the Penninic Ophiolites from the Platta nappe is found on the western side of the lake. This

ultramafic nappe is the only source of serpentinite grains brought into the lake (Cornelius, 1951;

Ohlendorf, 1999). South of the Margna nappe are the Malenco unit and the Bergell intrusion

outside of the catchment exposed.

The geological units around the lake are displaced by the Engadin fault. Kinematics studies

are revealed an oblique slip and block rotation, with an uplift in the south-eastern block in the

Maloja region, no vertical movement in the Samedan area and a strike-slip component with

downfaulting in the northern most part around S-chanf (Schmid & Froitzheim, 1993). The

dextral strike slip displacement was estimated to three to six kilometers (Trümpy, 1977). The

Engadine fault is considered to be active in Pleistocene age and the latest main deformation in

the Maloja Pass area mostly took place in the interval 15.7k to 2.5k cal. years BP (Tibaldi &

Pasquare, 2008). In some literature this fault is also referred to as the Engadin Line (Trümpy,

1977; Spillmann & Tromsdor↵, 2005).

1.1.2 Quaternary

The lake basin itself was created by glacial over-deepening during the last glacial periods (Hantke,

1983). The local glaciers filled the valley to a height of 2800 m.a.s.l. during the Last Glacial

Maximum (Florineth & Schlüchter, 2000; Suter, 1981). The Engadin main valley was free of ice

at the end of the Samedan stage in the late Wurm, comparable with the Daun stage at around

13k years BP uncalibrated (Maisch et al., 2003)(see Figure 2). The glaciers from the Val Fex

and Val Fedoz reached into the newly formed lakes (Hantke, 1983; Burga, 1997).

After the glacier retreat Lake Champfer, Lake Silvaplana and Lake Sils were connected based on

drill data at Sils Maria site (Elsasser & Boesch, 1991). The cuttings of this drill core revealed

lake and delta sediments overlying a basal moraine of unknown age at a depth of 48m to 113m

below surface (Elsasser & Boesch, 1991). In 1973 9% of the total catchment of Lake Sils was

glaciated (Maisch, 1992) in 1992 it was 8% (Blass et al., 2005). A glacial cover of 5% was

excluded of the latest data from swisstopo (2014b).
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1.1.3 Holocene

The Val Fedoz is a hanging valley with a trough shoulder above the Isola Delta. The lower part

of the shoulder is forested, the main valley floor is covered with meadows. Side walls are mostly

characterized by bedrock exposure or are covered with colluvial deposits or bedrock (see Figure

2). In the Egesen stage from 11k years BP uncalibrated the glaciers terminated behind the

outlet of the Val Fedoz (Maisch, 1992). Climate variations in the Holocene lead to three glacier

retreat phases in the Tschierva glacier area, 10km east of Lake Sils, around 9.2k cal. years PB,

from 7.45k to 6.65k cal. years PB and from 6.2k to 5.6k cal. years PB (Joerin et al., 2008).

A cold period with glacier advantage in the time of 8.6k to 8k cal. years PB was referred to

as the Kromer stage in the Austrian alps (Kerschner et al., 2006). The next glacial high stand

was in the Little Ice Age at about 1850 (Maisch, 1992). In 2009 the glacier covered 14.9% of

the Val Fedoz swisstopo (2014a). After glacier retreat some rockfall deposits and colluvial fans

were formed, although rock glaciers are still active on the western valley side (Vogel, 1995).

Figure 2: Topographic map with surface cover and glacier stages after swisstopo (2014b,c); Maisch (1992).

1.1.4 Lake Sils Bathymetry

Lake Sils can be subdivided into four sub-basins (see Figure 3). The Central Basin is the largest

and deepest with a depth of about 71m. The Lagrev Basin to the north and the Sils Basin to the
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north-east are two smaller side basins of the Central Basin with water depths of around 30m.

The Maloja Basin to the south is about 30m to 35m deep and is divided into two sub-basins

by a small ridge striking east-west. The Maloja Basin is separated of the Central Basin by the

Isola Delta and its bedrock peninsula the Piz d’Islas (See Figure 3).

1.1.5 Limnology

Lake Sils has a volume of 137 ⇤ 106m3, a surface area of 4.1km2, a residence time of 2 years

and a catchment area of 45.7km6 (LIMNEX, 1994). The oligotrophic lake shows a dimictic

behavior with a short mixing phase in spring after ice break up, a summer stratification with a

thermocline in 20m to 30m depth and a second mixing period in November (Bosli-Pavoni, 1971).

With the relatively low phosphate-phosphorus content of 5µg/l and a total phosphorus content

of 11µg/l Lake Sils is able to hold 0.06 to 1.85mg/l of biomass (Bosli-Pavoni, 1971). With a

low biologic production and high classic input the lake sediments are dominated by the clastic

components (Ohlendorf, 1999).

1.1.6 Climate

Climate data for the Upper Engadin region are obtained by the Federal O�ce of Meteorology

and Climatology MeteoSwiss at Sils Maria next to lake Sils. An anual mean temperature of

2.3�C with monthly amplitude of 18.3�C and a mean annual precipitation of 1011mm water in

the time from 1981 to 2010 are characteristics of the cold continental climate in the high alpine

valley (Federal O�ce of Meteorology and Climatology MeteoSwiss, 2014). The precipitation with

1200mm per month is twice as much in summer as in winter with 500mm per month and follows

the temperature curve (Federal O�ce of Meteorology and Climatology MeteoSwiss, 2014). A

small cloud cover enables above average summer temperatures and temperature inversion leads

to cold winters in comparison of the Upper Engadin to other alpine regions (Gensler, 1978).

The typically north-westward wind regime has a small e↵ect on the Upper Engadin, the water

carrying air masses come mostly over the Malojapass (Gensler, 1978).

The strong valley wind, locally called ’Malojawind’ is a peculiarity of the Upper Engadin. This

wind occurs during sunny summer days when a local low pressure cell develops in the Engadin

which sucks up air from the Bergell valley over the Maloja pass (Gensler, 1978).
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Figure 3: Bathymetry map of Lake Sils with surrounding topography based on seismic survey of this study and (Blass

et al., 2005) and data of swisstopo (2014a).

1.2 Previous limnogeological studies on Lake Sils

Lake Sils was investigated by Leemann & Niessen (1994), but the cores were not described in

that PhD thesis (Leemann & Niessen, 1994). In 1994 C. Ohlendorf did a PhD thesis on the four

Engadin lakes where analog single channel pinger seismics, five short cores, three long piston

cores and water property profiles were taken from Lake Sils. The minerals of the most recent

sediments of the eight cores and all main tributaries were analyzed with X-ray di↵raction (XRD)

for their mineral composition (Ohlendorf, 1999). After discovering that Lake Sils is not varved

like Lake Silvaplana the study on Lake Sils was not further pursued.

22 short cores were taken from Lake Sils and a 14km long high resolution seismic survey with a

3.5kHz single channel pinger system was recorded by Blass et al. (2005). Two remaining cores

from Ohlendorf (1999) were opened and described in that study as well. In comparison to the
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Central Basin where penetration is limited to 4m the seismic data in the Maloja Basin shows a

deeper penetration up to 20m. The reduced penetration in the Central Basin was explained by

trapped gas in the large mass flow event (Blass et al., 2005). This mass movement was dated

with two samples to 600AD and 700AD (Blass et al., 2005). Due to sediment remobilization the

younger age is used as maximum age. It was interpreted as a delta collapse from the Isola Delta

into the Central Basin (Blass et al., 2005). Wohlwend (2010) found evidence, that the MF1 event

created a tsunami with back flow currents at the Sils Maria site (See Figure 2). Furthermore, a

present day sedimentation rate of about 1.1mm to 0.7mm per year was measured by Blass et al.

(2005) with sediment traps.
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2 Goal

2.1 Scientific question

The aim of this study is the create a time series of the sediment infilling in Lake Sils to construct

a record of the sink in the source to sink model applied in the PhD thesis of Reto Grischott.

This study analyzes the sediment filling of the Maloja Basin and answer di↵erent questions.

• Gives the seismics information about the sediment distribution in the Maloja Basin.

• Are there more Mass Transport Events in the Lake comparable with the Event described

in Blass et al. (2005).

• Can a time series of sedimentation rates be produced, representative for the whole Lake

Sils catchment and the Fedoz catchment.

• Are their changes in sedimentation rate and are they correctable to Lake Silvaplana and

to climate records in the Alps.

• Can driving forces be evaluated and their influence quantificated.

• Is it possible to adapt the model of the sediment yield in a paraglacial cycle after Church

& Ryder (1972) to the sedimentation rates in Lake Sils.
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3 Materials and methods

3.1 Field campaign

3.1.1 Seismic acquisition

During the first week of September 2013 high resolution seismics was acquired with a Geoacoustic

3.5kHz single channel pinger system. The pinger was fixed approximately 40cm below the

water surface on an inflatable catamaran which was pushed in front of a motor boat. The

positioning was done with a Garmin GPSmap76Cx hand GPS system coupled with the Fugawi

navigation software. The Octopus Marine 760 Shallow Seismic Processor recorded the seismic

signal together with the GPS signal in the SEG-Y format. The pinger signal was triggered every

400ms. A sampling rate of 24390Hz and a recording time of 400ms lead to a sample interval of

41µs with 9756 samples per trace and a Nyquist frequency of 12195Hz. With a boat velocity of

5km/h to 7km/h a trace spacing of around 50cm to 70cm was achieved. The vertical resolution

is given by equation �/4 (Chopra et al., 2006). With a constant seismic velocity of 1450 m/s

and wavelength of 41cm a vertical resolution of 10cm was resolved. A dense grid of lines was

obtained in the Maloja Basin and around the Isola Delta (Figure 4). Details to the seismic

processing are found in Section 3.4.1.

3.1.2 Coring campaign

Two piston cores were taken from an UWITEC platform (Niederreiter, 2013). Core Sils13 1 was

taken in the Maloja Basin at 32 meter water depth and reaches a sediment depth of 13m. The

core Sils13 2 is located about 150m from the Isola Delta in a small distal plateau in about 14.5

meter below water level and reaches a depth of 10.5 meter sediment (see Figure 4).

A 3 meter long and 63mm wide PVC liner was locked in a steel tube with the piston at the

front and a percussion bar at the top. This setting was then hammered into the sediment. At

the target depth of coring the piston was released and stayed at the fixed depth while the liner

was pushed 3 meter into the sediment. Every 3 meters long liner was taken with a vertical

overlap of 0.5 meter to the above and below liner section. Each 3 meter long liner was cut into

approximately 1 meter long pieces. Additionally on both sites gravity short cores were taken

with a length of about 1 meter. The cores are stored in the cold storage room at ETH Zurich

at a temperature of 4�C. The sections are named after the lake, the year, the core location, 3m

liner and cut section from top to bottom.
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Figure 4: Map of core Sils13 1 and Sils13 2 of this study, core PSS94-4 of Ohlendorf (1999) and seismic lines with observed

penetration on lines and interpolated over the Maloja Basin. Seismic data of this study and Blass et al. (2005).

3.2 Sediment analysis

3.2.1 MSCL

Gamma attenuation bulk density, the magnetic susceptibility and the p-wave velocity of the full

cores were measured with the GEOTEK multi-sensor core logger of ETH Zurich in 5mm step

size and a measuring interval of 10s (Geotek Limited, 2013).

3.2.2 Core splitting, scanning, and description

The core liners are cut on two sides with a rotating drill pit, two copper plates are then stuck

through the cores. The copper plates are carefully pulled o↵ sidewards of the cores after splitting.

A line scan was taken right after opening, a second scan after 4 to 5 hours oxidization. The

camera has a resolution of 363 dpi on the core surface. A white and black balance calibration

was applied for all scans.

An initially visual core description was made and the liner sections were correlated. The photos

and MSCL measurements where cut and merged to the composite core for each core (see Table 1).

The section changes were made on characteristic horizons which are found on both overlapping
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Table 1: Composition of core sections for composite core Sils13 1.

Section section composite section to composite section change at

from mm from mm to mm to mm

Sils13 1 7 sc 45 0 935 890 base of bright claycap

Sils13 1 1 a 700 890 862 1052

Sils13 1 1 b 18 1052 656 1690 base of dark layer

Sils13 1 2 b 672 1690 1010 2028

Sils13 1 2 c 10 2028 844 2862 base of dark layer

Sils13 1 3 a 212 2862 925 3575

Sils13 1 3 b 2 3575 1017 4590

Sils13 1 3 c 2 4590 784 5372 base of stronger bright layer

Sils13 1 4 a 278 5372 906 6000

Sils13 1 4 b 124 6000 1009 6885

Sils13 1 4 c 77 6885 962 7770 fine reddish layer

Sils13 1 5 a 418 7770 871 8223

Sils13 1 5 b 1 8223 650 8872

Sils13 1 5 c 5 8872 1255 10122 fluidized layer center

Sils13 1 6 a 193 10122 922 10851

Sils13 1 6 b 3 10851 1016 11864

Sils13 1 6 c 4 11864 1015 12875

Sils13 1 2 a not part of composite core
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horizons.

Table 2: Composition of core sections for composite core Sils13 2.

Section section composite section to composite section change at

from mm from mm to mm to mm

Sils13 2 1 sc 45 0 1063 1018 fine dark layer

Sils13 2 2 b 306 1018 927 1639

Sils13 2 2 c 98 1639 852 2393 top of coarser layer

Sils13 2 3 a 423 2393 635 2605

Sils13 2 3 b 107 2605 990 3488

Sils13 2 3 c 48 3488 622 4062 base of dark layer

Sils13 2 4 a 102 4062 709 4669

Sils13 2 4 b 132 4669 981 5518

Sils13 2 4 c 122 5518 908 6304 fine brighter layer

Sils13 2 5 a 146 6304 627 6785

Sils13 2 5 b 77 6785 713 7421

Sils13 2 5 c 119 7421 974 8276

Sils13 2 6 a not part of composite core

Sils13 2 6 b not part of composite core

Sils13 2 6 c not part of composite core

Sils13 2 2 a not part of composite core

3.2.3 Smear slides

For the analysis of the sediment components smear slides were made. A small amount of sediment

was dispersed on a glass plate and sealed with Nordland Optical Adhesive 61 glue and hardened

under UV light. A refractive index of 1.56 enabled the analysis with a polarized light optical

microscope. The identification was done with the database of westerndiatoms.colorado.edu.

3.2.4 Thin sections

Seven thin sections were made to characterize laminations and sediment structures. The sedi-

ment was taken with 1.5cm times 3cm wide plastic boxes. The samples were shock frozen with

liquid nitrogen to avoid ice crystal formation and dried in a freeze dryer for three days. A 40%

to 60% mixture of Laromin C 260 and Araldit DY 026 SP was put over the dry samples and
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hardened over night at 60�C. The hard samples were then fixed on glass plates and polished

down to 30µm thickness. Observations were done with a polarized light optical microscope.

3.2.5 Carbon content by the Coulometric method

The inorganic carbon and the total carbon content of 61 samples was measured with the CM5012

CO2 coulometer from UIC Coulometrics at ETH Zurich. Roughly 50mg to 100mg of sediment

were taken with a spatula and dried in a freeze dryer for about three days. 10mg of homogenized

material was measured with the coulometer. The inorganic carbon was dissolved to CO2 with

HCl. The sample was burned at 950�C with pure oxygen for the total carbon. The produced

amount of CO2 is then measured with the coulometric titration method. Pure CaCO3 was used

as standard. For further information about the method see Herrmann & Knake (1973).

3.2.6 XRF Scanning

Selected sections, characteristic of the specific lithotypes, were measured with the Avaatech

XRF Core Scanner. To characterize the thin beds a step size of 1mm was applied to most of the

measurements. Selected longer sections were measured in 5mm steps. A detailed description of

the method is given in (Richter et al., 2006). Five-fold repetitive measurements were applied

every fiftiest measurement to estimate the mean deviation of the measurements (Westerhold,

2003).

Table 3: Settings if Avaatech XRF Core Scanner

Slit size X-Ray tube

Step size down core cross core Voltage Current Count Time Filter

5 mm 5 mm 12 mm 10 kV 500 mA 10 s no filter

5 mm 5 mm 12 mm 30 kV 2000 mA 30 s Pd thick

1 mm 1 mm 12 mm 10 kV 1500 mA 20 s no filter

1 mm 1 mm 12 mm 30 kV 2000 mA 40 s Pd thick

The matrix e↵ect and the grain size have an influence on the measurements. The density and

organic substances also have an e↵ect on all elements (Margúı et al., 2009). The water content

and the formation of a water layer below the cover foil during the measurements influence the

di↵erent elements in di↵erent manner (Tjallingii et al., 2007). While Al and Si counts are

lowered in wet conditions Cl counts are increased, while K, Ca, Ti and Fe show no strong

variations (Tjallingii et al., 2007). Additionally the organic matter has a high influence on the
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XRF core scanning results (Löwemark et al., 2011). Due to the di↵erent influence of grain

size density, water content and matrix e↵ects of each mineral within the core, the counts of

two di↵erent elements cannot be compared in a straight forward way. A comparison of count

ratios instead of counts eliminates and minimizes grain size and matrix e↵ects and thus enables

element comparisons in di↵erent sediment types. The individual behavior of di↵erent elements

has to be accounted for as well.

The element counts in the XRF core scans are influenced by the density in a linear way. The

higher the density the more material and subsequently more elements are within the measurable

area (Röhl & Abrams, 2000). A common Si source of lacustrine sediment is quartz, while Al

is concentrated in clay minerals. Quartz grains are more robust to crushing than clay minerals

and micas during transport therefore the Al/Si ratio is a relative grain size proxy (Cuven et al.,

2010). As the Fe/Ti ratio is nearly constant it can be assumed that Fe is not influenced by the

oxygen activity (Naeher et al., 2013) . With Mn being more sensitive to reducing conditions

than Fe, the Mn/Fe ratio can be used as a relative redox proxy in the sediment core (Naeher

et al., 2013).

3.3 AMS radiocarbon dating

Ten macro fossil samples were measured at the AMS laboratory of Ion Beam Physics at Höng-

gerberg, ETH Zurich, in collaboration with Irka Hajdas. Samples C14 1 and C14 4 are directly

taken out of the cores. The other samples are washed trough a 125µm sieve and then picked

under the binocular microscope. The samples were then measured in the lab at Hönggerberg.

The results were calibrated with Oxcal 4.2.3 (Bronk Ramsey, 2013) on the IntCal13 atmospheric

curve (Reimer et al., 2013)(Details to the samples and results are listed in Table 5 on Page 38).

3.4 Seismic data analysis

3.4.1 Seismic Processing

The SEG-Y coordinates were transformed into the Swiss LV03 coordinate system. The coordi-

nates of the GPS were measured every 2 seconds and were interpolated in between the seismic

traces.

The seismic data was then processed with SeisSpace ProMAX, the settings of the applied filters

are listed in Table 4. First a DC removal filter was applied to remove the constant shift of

the signal. A characteristic noise with a constant frequency over the whole 2 day survey was

detected. A spectral analysis of the data shows the distinct noise frequencies (see Figure 5).
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These frequency peaks where cut out with five Notch filters (Figure6). This noise is probably

generated from the equipment itself. Finally a Bandpass filter was applied to the data.

Figure 5: Spectral analysis of line 8 from trace 501 to 1000

after dc removal

Figure 6: Spectral analysis of line 8 from trace 501 to 1000

after application of all filters.

Table 4: Settings of ProMAX filters

Notch filters Center (Hz) Width (Hz) Bandpass filter (Hz)

4318 20 from 1800

4372 20 2500

4472 20 6000

4470 16 to 7000

4520 22

The straight and complete parts of the seismic lines were migrated with constant velocity of

1450m/s. On curved lines artifacts appeared during the migration. Additionally artifacts oc-

curred on steeply dipping horizons (see Figures 7 and 8). These result from a too wide trace

spacing for the given maximum frequency. Equation (1) gives maximum dip at a given frequency,

velocity and trace spacing. This so called aliasing e↵ect could have been avoided in most cases

with a trace spacing of the order of 20cm with respect to the applied 3.5kHz pinger system and

a maximum frequency of 6kHz in the Bandpass filter (Yilmaz, 2001).

Equation of maximum dip for Migration

after (Yilmaz, 2001) (1)

F

max

=
v

2dx sin ✓

dx = trace spacing

✓ = dip angle

v = medium velocity

F

max

= maximum frequency
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Figure 7: Line 8 from trace 900 to 940 with the processed

data, Trace Display with smoothed color raster in Promax

Figure 8: Line 8 from trace 900 to 940 with the migrated

data, Trace Display with smoothed color raster in Promax

Due to these aliasing problems migration was not applied and the analysis was performed on

the nonmigrated data.

3.4.2 Data evaluation with IHS Kingdom Suite

The seismic data were interpreted with the IHS Kingdom Suite software. Seismic units were

distinguished and correlated over the available data of the survey (see Figure 4)

Trapped gas as product of microbiological activity in the sediment limits the penetration of

high resolution pinger seismic (Johnson et al., 1987; Blass et al., 2005)(an example is shown

and described in Section 4.2.2 with Figure 29). Coarser material such as sand and gravel is

brought in with the river on the delta slope or with colluvial processes near the shore line. This

material absorbs much of the seismic energy and produces overlapping hyperbolas, which hinders

the extraction of information (Adams et al., 2001). Additionally organic matter from the river

inflow may increase the production of methane gas as a further drawback to the seismic data

quality (Johnson et al., 1987; Adams et al., 2001).

3.4.3 Sediment-seismic correlation

The correlation with core Sils13 1 was based on the density measurements of the MSCL and the

sediment characteristics. A high amplitude reflection is produced by high impedance contrasts

between di↵erent sediment layers, where impedance is the product of the density and the wave

velocity (Oldenburg et al., 1983). Since the velocity is assumed to be constant the density

directly correlates with the impedance. On core Sils13 2 the correlation is more di�cult due to

less characteristic changes in seismic and lithological facies. A transformation of two way travel

time (twt) into depth with a constant velocity of 1450m/s enables a direct comparison of core

and seismic data. The thickness of the di↵erent units was calculated by subtracting the depth of

the lower horizon from the upper horizon on every shot point (see results in Section 4.2 Figures
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26 to 35).

3.4.4 Interpolation for isopach maps

The thickness of the sediment packages was interpolated based on the calculated thicknesses

along the seismic lines (Figures 26 to 35). The results of interpretation are described in Section

5.1 on Page 40). The interpolation and interpretation was made manually with Adobe Illustrator.

Volume calculations were performed with Esri ArcGis and IHS Kingdom Suite but did not

produce satisfactory results due to gaps in the data and additional sediment processes.

Di↵erences in thickness, where di↵erent seismic lines crossover, occur due to di↵erent local

velocities, imprecise GPS positioning, lacking seismic resolution and the time span between this

study and Blass et al. (2005). In this case the average thickness was taken. Higher sedimentation

rates are interpreted in depressions on the ancient lake floor (see Figure 34 as an example of

sediment thickness variations).

Below the gas covered sections depressions are expected. Therefore thicker sediment infillings

were inferred in these areas. An example of such a depressions and the resulting uncertainties is

shown in Figure 29 on Page 31. Here the side walls of the depression show dipping slopes with

no evidence for the total depth of the depression. The interpretation of these depressions is very

speculative. On the side walls of the Maloja Basin likely low sedimentation rates predominate

due to only fine and biogenic sediment input. Basinal current deposits can be excluded (Lehman,

1975; Sturm & Matter, 1978; Schnellmann et al., 2006). Additionally local high sedimentation

rates are expected near the smaller inlets of the Lake (see Figure 3). Blass et al. (2005) also

considered these two e↵ects.

Small scale variations in the sediment distribution are generalized to the scale of interpretation.

3.4.5 Calculation of denudation rates

The sediment thicknesses of the di↵erent units in core Sils13 1, as determined in Section 4.1,

were extrapolated to sediment volumes based on a linear extrapolation of the calculated lake

wide volume of 4.5⇤106m3 for the time since the mass flow deposit (Unit 2) of Blass et al. (2005)

for Unit 1 and described in Section 5.6. The sediment volumes were divided by the deposition

time interval of each unit and the catchment area of Lake Sils to calculate the catchment wide

denudation rate. The denudation rate was calculated with the assumption, the denudation in

the catchment is homogenous, all the physical and chemical eroded material is deposited in Lake

Sils and no antigenic sediment is produced and sedimented in the lake.
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4 Results

4.1 Sediment Cores

The sediment of core Sils13 1 and Sils13 2 can be divided into 6 lithotypes (Figures 9 and 10).

The characterization is based on visual description, MSCL measurements, thin sections, smear

slides, coulometric measurements and XRF scans. Each lithotype is divided into subtypes. The

Lithotypes are described in this section. A description of the Lithosubtypes and a detailed core

description in 1m pieces is attached in the appendix. The color code of the lithotypes in the

figures in this thesis is consistent with the colors in the detailed core description.

All the samples of the coulomat measurements are below 0.2% of inorganic carbon. This implies

the carbonate content is 1% in maximum. Expect sample CG 48 with 0.68% which correspond

to a carbonate content of 3.9%.

All elements, as derived from XRF core scanning correlate with the density expect Pb. The

changes in density influence the elements di↵erently. Pb is the only element which reacts anti-

correlative to the density (see XRF results on Page xxxvii in the appendix).

4.1.1 Lithotype A

The di↵usely laminated silt of Lithotype A contains mostly micas and quartz as inorganic

components. Around 30% of the organic components are of diatoms and arthropods from the

organic component of the sediment. The diatoms are representatives of the centric Cyclostella

class in size of 10µm and the araphid Tabellaria species in size of 40µm (see Figure 12 and

13). The diatoms in core Sils13 2 are often bigger in size. The Aulacoseira class diatoms are

especially large up to 0.1mm in width (see Figure 14). The top 5cm are characterized by a low

bulk density of 1.1g/cm3 to 1.3g/cm3, a dark brown color and a organic carbon content of 3%

on top and a content of 2% on 5cm core depth (see Figure 11). The Ba/Ti ratio peaks correlate

with a increasing brown color. Lithotype A consists of 0.5% to 0.7% of organic carbon. A general

decrease of organic carbon is recognizable totether with a decrease in brown tint and a increase

in density down core. Both cores contain of reddish patches or horizons which were initially

black and getting brighter after opening. This horizons or patches are of the same lithology as

the surrounding sediment and an additional high content of organic matter.

A sharp contact on the transition of Lithotype A to B is in contrast to the di↵use gradual change

in several pulses on the transition of Lithotype A to C.

The background sedimentation in interrupted by bright grey and brown interlayers. The bright
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Figure 9: Composite section of core Sils13 1 with seismic units, lithotypes, seismic correlations and MSCL bulk density

(red) and magnetic susceptibility (blue). The color legend of the lithotypes is indicated with a color box next to the

corresponding subtype.
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Figure 10: Composite section of core Sils13 2 with seismic units, lithotypes, seismic correlations and MSCL bulk density

(red) and magnetic susceptibility (blue). The color legend of the lithotypes is indicated with a color box next to the

corresponding subtype.

interlayers are clay rich and contain fewer diatoms, the darker layers are coarser in grain size

and have a higher content of organic matter than the surrounding Lithotype A. The thicker

interlayers show a normal grading grain size distribution and a whitish clay rich top.

Di↵usely laminated dark olive grey clayey silt is found in two short intervals in core Sils13 2 on

the very bottom of core Sils13 2 at 7.7m. Reddish (initially black) patches are present there.
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Figure 11: Line scan of dark layer at top of core Sils13 1

from section 1 7 sc four hours after opening

Figure 12: Diatoms in smear slide 7. On the left a long

Tabellaria Fenestrata, on the right a Tabularia and in the

center a item of the asymetrical Biralphid category. Several

smaller centric diatoms of the Cyclotella class in the back-

ground.

Figure 13: One item of a centric diatoms of the Cyclotella

class found in smear slide 7

4.1.2 Lithotype B

Lithotype B is characterized by a brownish graded silt to fine sand sediment with a white top

layer. The whitish top contains about 35% of clay fraction and no coarser grains than fine silt

fraction (see Figure 15). The Fe counts of the XRF measurements peaks at top of the whitish

top. The Al/Si ratio peaks on the top of Lithotype B. The majority of Lithotype B in core

Sils13 1 is a homogenous sandy silt with a high organic carbon content of 3% as core Sils13 2

is of a fine to coarse sand and a organic carbon content of 0.2% to 1%. There quartz, chlorite,

mica and amphibole grains occur with centric, araphid, asymmetrical biraphid and surirelloid

diatoms. The large Aulacoseira class diatoms up to 0.1mm in radial diameter are abundant.

The around 2.1 g/cm3 dens base of Lithotype B is normal graded up to fine sand in core Sils13 1

and coarse sand in Sils13 2. Variations in clay content show a general decrease down core.
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Figure 14: Diatom in smear slide 53b of core Sils13 2 and

core section 2 2 b with a colony of Aulacoseira class diatoms.

Figure 15: Line scan transition if A3 to B1 and B2 at

the base of core Sils13 1 from section 1 7 sc four hours after

opening.

4.1.3 Lithotype C

A di↵usely laminated dark brown silt with a high organic carbon content and a high percentage

of diatoms form Lithotype C. There are centric, araphid, asymmetrical biraphid, surirelloid

diatoms and even the large centric Aulacoseira diatoms are abundant. The internal variations

in brown color correlate with the organic carbon content. An increases in darkness down core

corresponds to increasing carbon content from 1.5% to 3.6%, low density values down to 1.1g/cm2

and a high Mn/Fe ratio. Several grey clay interlayers interrupt the brown sediment 15. These

clay layers show increased Ti counts as well as increased Al/Si ratio. The organic carbon content

of the grey interlayers is at 0.3%. Three small sections show a fluidized structure and a mixing

with the brown component of Lithotype C. (Figure 17). The transition to the Lithotype D is

gradual in a range of 5cm in core Sils13 1.

4.1.4 Lithotype D

Lithotype D is a clastic laminated grey clayey silt with a few to no diatoms. The lamination

shows an internal grading from a fine silt to a nearly pure clay and a mean thickness of 2mm

to 2.2mm (see Figures 18 and 19). The mineral content is mostly quartz and chlorite, some

amphiboles and other heavy mineral are found but cannot be distinguished due to grain size.

The bulk density is around 1.9g/cm2. The counts of all elements are increased in contrast to

Lithotype A and C. The organic carbon content is lowered to less than 0.2%. Brownish often

graded interlayers occur as well as bright grey clay interlayers. The brown interlayers have the

same amount of organic carbon as the background sediment and the grey clay interlayers. The

grain size of the brown interlayers are up to fine sand in grain size whereas the thicker interlayers
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Figure 16: Core scan of section 1 4 a 60cm-66cm with color

variations of Lithotype C.

Figure 17: Core scan of section 1 4 b 76cm-80cm with Sub-

type C4.

Figure 18: Thin section SDs3 on core section Sils13 1 4 c

with sediment structure of lamination of Lithotype D. Lam-

ination from silt (dark grey) to clay (brown).

Figure 19: Core scan of section 1 4 c 54cm-57cm with lam-

ination of Lithotype D.

are of coarser grain size than the thinner ones (Figure 20). A thickening of the lamination

together with a yellowish color occur on the transition to Lithotype E. The transition is defined

on the distinct five yellow laminas of Lihtotype E (Figure 21).

4.1.5 Lithotype E

Type E is the deepest observed lithotype of core Sils13 1. This greenish grey to yellowish grey

di↵usely laminated clay in the top meter with a transition to homogeneous grey clay in the lower

part is free of diatoms and contains clay and fine silt. The lamination weakens while thickening

downward up to 5cm in size. The organic carbon content is below 0.1%. A bulk density of

2.0g/cm2 is nearly constant in Lithotype E. Grey clay and brownish silt interlayers interrupt
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Figure 20: Thin section SDs4 on core section Sils13 1 5 c

with sediment structure of lamination of Lithotype D. Lam-

ination from silt (dark brown) to clay (brown).

Figure 21: Core scan of section 1 5 c 83.5cm-89cm with

color variations of Subtype D5 and the distinct five yellow

laminas of Subtype E1.

Figure 22: Mafic gravel piece found in pure clay at 10.105

meter core depth in core Sils13 1.

the background sedimentation in the laminated top and the di↵usely laminated lower part of

Lithotype E. The interlayers are around 1mm to 4mm thickness.

A gravel piece of 1cm in diameter was found at 10.105m depth in core Sils13 1, which is 40cm

down from the top of Lithotype E, and this gravel piece is a dark green and fine grained aggregate

of serpentine probably antigorite (see Figure 22). One core half from 10.43m to 10.53m depth of

core Sils13 1 was washed through a 125µm sieve, 14 grains in a size between 2mm and 8mm in

maximum diameter are found. Seven grains are greenschists with chlorite, felspars and quartz.

Three grains are serpentinites, one contains a small pyrite. Mica gneisses and pure quartz grains

are also present with two grains each. A sudden change in thickness of the lamination occurs at

10.50 meter sediment depth at core Sils13 1.

25



4.1 Sediment Cores 4 RESULTS

4.1.6 Lithotype F

Lithotype F is characterized by a di↵use laminated coarse silt to medium sand. The color varies

in di↵erent olive grey and brownish grey tints. The relative high density of around 2.1g/cm3

and high rigidity are special for type F. The few diatoms are from the centric Cyclostella class

in size of 10µm and the araphid Tabellaria in size of 40µm as in Lithotype A (see Figure 12 and

13). The organic carbon content is in a range of 0.2% to 0.8%. Minerals such as quartz, chlorite,

muscovite, biotite are the major components in this lithotype. Riebeckite, actinolite, epidote,

titanite, garnet, turmaline and calcite are found in the thin section SDs6 and SDs7 as minor

component (Figures 23 and 24). The variations in XRF counts are of small amplitude in the

whole Lithotype F. The background sedimentation is interrupted with dark brown interlayers.

They are of the same grain size and composition as the background sediment. The amount of

organic matter of these interlayers is in a range of 0.6%.

Figure 23: Thin section SDs6 on core section Sils13 2 2 c

under plain polarized light in Subtype F1.

Figure 24: Thin section SDs6 on core section Sils13 2 2 c

under cross polarized light in Subtype F1.
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4.2 Seismic Units

Seven seismic units are distinguished due to their seismic facies in the survey of Lake Sils. The

spatial distribution of the seismic units and their thickness is extracted from the data. Unit 7

was detected later and is within Unit 5 (Figure 25). The penetration depth of the seismic signal

reaches depth of 30 meters in the Central and south-eastern part of the Maloja Basin. This

corresponds to a two way travel time of 40ms. The penetration in the Central Basin as well as

the Sils Basin and Lagrev Basin is restricted to maximum of 4 meters. The units in both cores

are shown in Figures 9 and 10 on Page 20 and 21. The color of the seismic horizons is consistent

in all seismic figures.

Figure 25: Seismic units on seismic line Sils13 4 with core location Sils13 1, PSS94-4 from Ohlendorf (1999), and profile

on trace 2290.

4.2.1 Unit 1

Unit 1 is the uppermost unit. It shows clear reflections with a small decrease in amplitude

downwards. A high amplitude reflector is situated right in the center of Unit 1. It shows

a draping geometry and has a nearly constant thickness of about 1m over the Maloja Basin
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Figure 26: Thickness of Unit 1 on seismic lines. Thickness calculated with constant a constant velocity of 1450m/s.

(Figure 26). The seismic lines of this study give minor new information in the Central Basin

area in comparison to Blass et al. (2005).

4.2.2 Unit 2

Unit 2 is seismically transparent and fills several depressions and thins out over ridges (Figure

27). The thickness is in a range of 0.15m to 1.5m in the Maloja Basin an up to 5m in the Central

Basin. Clearly visible slide scars delimit Unit 2 (Figure 28). Whenever gas is present the seismic

waves maximally penetrate Unit 2 (Figure 29).
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Figure 27: Thickness of Unit 2 on seismic lines in the Maloja Basin. Thickness calculated with a constant velocity of

1450m/s.
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Figure 28: Seismic units on seismic line Sils13 37
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4.2.3 Unit 3

Unit 3 shows strong regular reflections in the upper meter and normal amplitude reflections in

the lower part with a relatively constant thickness in the Maloja Basin. A thickening towards

the south-eastern end of the Isola Delta is observed (see Figures 30 and 31). Here the upper

most part, Subunit 3A, shows a stronger input on the south edge of the Isola Delta, while the

total unit shows an equal sediment distribution on the delta shore towards the Maloja Basin.

Subunit 3A shows strong irregular reflections on to the Isola Delta shore. As an example see

Figure 29 near core location Sils13 2. The sediments on the ridges are thinner than the fillings

of depressions.

Figure 30: Thickness of Subunit 3A on seismic lines in the Maloja Basin. Thickness calculated with a constant velocity

of 1450m/s.

4.2.4 Unit 4

The weak seismic reflectors of Unit 4 are limited by two strong reflections except for one high

amplitude reflection in the center of the package. This unit shows a draping geometry and

variations in thickness over the ridges and depressions but a thickening towards the Isola Delta

(Figure 32). The thickness variations in the basin are of 30% in amplitude of the unit thickness

and are concentrated to depressions like in the center of line 4 (see Figure 25).

32



4 RESULTS 4.2 Seismic Units

Figure 31: Thickness of Unit 3 on seismic lines in the Maloja Basin. Thickness calculated with a constant velocity of

1450m/s.

Figure 32: Thickness of Unit 4 on seismic lines in the Maloja Basin. Thickness calculated with a constant velocity of

1450m/s.
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Figure 33: Thickness of Unit 5 including event of Unit 7 on seismic lines in the Maloja Basin. Thickness calculated with

a constant velocity of 1450m/s.

4.2.5 Unit 5

Unit 5 shows weak seismic reflections with some distinct strong reflectors. The top 0.8m show a

relative constant thickness over the Maloja Basin while the lower part of Unit 5 is spreading out

towards the Isola Delta and the Maloja side of the lake (Figure 33). The stronger reflectors in

the lower part at around 8m depth on core Sils13 1 split into two and three separate reflections

towards the Maloja Basin. Unit 5 is the lowest unit and characterized by a draping behavior

(Figure 34).
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Figure 34: Seismic units on line Sils13 39
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Figure 35: Thickness of Unit 6 on seismic lines in the Maloja Basin. Thickness calculated with a constant velocity of

1450m/s.

4.2.6 Unit 6

The deepest sediment unit of this study is Unit 6. This unit ponds onto the basement (Figure

35). The on-lap structures are visible for example on seismic line Sils13 13 (Figure 29) and

seismic line Sils13 39 (Figure 34). The reflections are mostly weak except for a band of strong

reflectors at the top of this unit. Several cone-like structures are recognizable in the lake (Figure

25). These structures are present in Unit 6 and terminate in Unit 5.

4.2.7 Unit 7

Unit 7 is seismically transparent, has a strong ponding behavior and spreads towards the edges

of the central ridge in the Maloja Basin. It is situated in the basal part of Unit 5 and is visible

only in the south-western part of the Maloja Basin (Figure 36).

4.2.8 Basement

The acoustic basement is a very irregular and chaotic reflector. The basement rock is not visible

or recognizable over wide parts of the survey. A thinning of the sediment towards the basement
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Figure 36: Thickness of Unit 7 on seismic lines in the Maloja Basin. Thickness calculated with a constant velocity of

1450m/s.

rock peninsula Piz d’Islas on the east shore of the Delta is observed (see Figure 28)

4.3 AMS C14 ages

Ten samples were measured in the AMS laboratory at ETH Hönggerberg in collaboration with

Irka Hajdas. The results of the AMS measurements are listed in Table 5 and the results of the

calibration are listed in Table 6. An interpretation of the ages and comparison with literature

is described in Section 5.3 on Page 51. For the detailed calibration of used samples see Figures

76 to 85 in the appendix.

The sample Sils13 C14 5 was too small and lost during preparation. Sils13 C14 4 has a C14

age of 2501BP ±34 and Sils13 C14 6 has a C14 age of 1342 ±34, which is older than the age

Sils13 C14 7. However in a continuous stratigraphy it is not possible to have an older age

stratigrafically above a younger age. Therefore it was assumed, that these two C14 ages do not

correspond to the sediment deposition age and that the samples have been reworked. With the

age of Sils13 C14 10 being older than the age of Sils13 C14 2 reworking could also have played a

role in this sample. Furthermore the age of Sils13 C14 2 is very close to the one of Sils13 C14 9.

This short time span leaves nearly no time to deposit almost 4 meters of sediment (see age model
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Table 5: C14 samples and results of AMS measurements (BP=1950AD)

Name ETH Section Section Master Material C14 age Error

number number depth (cm) depth (mm) BP ±1�

Sils13 C14 4 ETH-53765 1 1 a 58.7 777 root 2501 34

Sils13 C14 6 ETH-55743 1 7 sc 85.5-89.9 830 needles 1342 28

Sils13 C14 7 ETH-55744 1 1 b 23.5-25.5 1279 needles 1103 28

Sils13 C14 1 ETH-53762 1 3 c 78.8 5373 bark 7157 35

Sils13 C14 9 ETH-55746 1 4 a 61-62 5709 needles 8733 38

Sils13 C14 3 ETH-53764 1 4 b 24.6-27.6 6137 seeds 10454 248

Sils13 C14 10 ETH-55747 1 4 b 31-32 6191 seeds 12150 210

Sils13 C14 2 ETH-53763 1 5 c 64.5-81.5 9597 seeds 9150 231

Sils13 C14 5 ETH-53766 2 5 c 43.8-45.4 7748 wood - -

Sils13 C14 8 ETH-55745 2 5 c 41.5-43.5 7727 seeds 3804 91

in Section 5.3). The error of the measurements on the AMS laboratory at Hönggerberg is ±1�.

With IntCal 4.2.3 an additional error is added to a total ±2� error.
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Table 6: C14 samples with calibrated ages and ranges (BP=1950AD)

Name Ages cal BP Calendar age Range ±2� Probability

Sils13 C14 4 2740 2466 653 137 BC 95.4%

Sils13 C14 6 1306 1237 678.5 34.5 AD 86.7%

Sils13 C14 6 1205 1185 755 10 AD 8.7%

Sils13 C14 7 1064 952 942 56 AD 94.3%

Sils13 C14 7 944 938 1009 3 AD 1.1%

Sils13 C14 1 8028 7933 6030.5 47.5 BC 95.4%

Sils13 C14 9 9833 9558 7745.5 137.5 BC 88.8%

Sils13 C14 9 9888 9845 7916.5 21.5 BC 6.6%

Sils13 C14 3 12776 11397 10136.5 689.5 BC 95.4%

Sils13 C14 10 14955 13565 12310 695 BC 95.4

Sils13 C14 2 10890 9667 8328.5 611.5 BC 90.9%

Sils13 C14 2 11136 10973 9054.5 81.5 BC 4.5%

Sils13 C14 5 - - - - -

Sils13 C14 8 4437 3959 2248 239 BC 94

Sils13 C14 8 3952 3927 1989.5 12.5 BC 1.4
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5 Discussion

5.1 Sediment units

The thickness of the seismic units is interpreted manually with Adobe Illustrator. For details to

the method see Section 3.4.4. The age of the units is discussed in Section 5.3.

5.1.1 Unit 1

In Unit 1 the total thickness over the Maloja Basin is nearly constant which indicates a draping

sedimentary process and no former event layers (Schnellmann et al., 2006). The fine sediment

and constant thickness in the delta slope was deposited in a period of no considerable input

from the Isola Delta. This unit was described precisely in Blass et al. (2005). Unit 1 is made up

of Subtype A1 during a period of high biological production caused by anthropogenic influence,

Subtype A2 by low production in the Little Ice Age and A3 with medium production in the

Mediaeval Warm Period (Blass et al., 2005).

Figure 37: Interpolated isopach map of Unit 1 in the Maloja Basin, sediment thickness and sedimentation rates are based

on the seismic and core data of this study, Blass et al. (2005) and age model 2 (see Section 5.3). The pale color shows area

with no seismic data displayed in Figure 4.

The isopach map of Blass et al. (2005) is still valid in the Central Basin area. The changes of

the map in the Maloja Basin area are minor (see Figure 37).
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The now reddish patches in Lithotype A were initially black and brightened to the reddish tint

during oxidization of iron mono-sulfides in contact with air (Kelts, 1978; Gilli, 2003). This

indicates low oxygen conditions during deposition(Kelts, 1978; Gilli, 2003), even though the

lake has a relatively low residence time and shows a dimictic behavior (Bosli-Pavoni, 1971).

The microbiological activity in the buried sediment uses the available oxygen to degrade the

abundant organic matter. This leads to the oxygen low conditions (Gilli, 2003).

5.1.2 Unit 2: Mass Transport Deposit 1

Unit 2 shows strong ponding structures (Figure 38). On the seismic lines multiple slide scars are

recognizable (Figure 28). The ponding and basin infilling is typical for basal current transport

processes such as turbiditic flows (Sturm & Matter, 1978). B1 is interpreted as a clay cap.

An increased Fe content on top of the clay cap was also observed but not further discussed

in Wirth (2013). The multiple slide scars and ponding behavior indicate multiple synchronous

events (Schnellmann et al., 2006) which are seismically not distinguishable in Lake Sils. Two

single events with a 5cm sediment of Lithotype A3 in between are found in the cores. The short

gravity cores of Blass et al. (2005) do not reach a second event although in core PSS94-4 from

Ohlendorf (1999) where two clay layers were recognizable.

Figure 38: Interpolated isopach map of Unit 2 in the Maloja Basin, sediment thickness is based on the seismic and core

data of this study and Blass et al. (2005). The pale color shows area with no seismic data displayed in Figure 4.

41



5.1 Sediment units 5 DISCUSSION

It cannot be distinguished which scar (Figure 38) and deposit leads to which event. The several

slide scars indicate a lake wide process as trigger such as an earthquake or tsunami due to

rockfall. As no former rockfall is known in the Maloja Basin area, an earthquake trigger is the

more likely scenario dependance to Strasser et al. (2006).

Figure 39: Base of Unit 2 in comparison with section 1 1 b and 1 2 b of this study with core Sis03-10 of Blass et al. (2005)

and PSS94/4-1 of Ohlendorf (1999).

Additionally debatable is whether there are two events in Unit 2. A comparison of the base of

Unit 2 on di↵erent core sections in Lake Sils is shown in Figure 39. The base of core section

1 1 b shows an undisturbed section with two di↵erent events with a clay cap each (marked with

red arrows in Figure 39). Section 1 2 b show a disturbed base of only one layer. Of the short

gravity cores of Blass et al. (2005) is only core Sis03-10 which could reach a second event on the

base of Unit 2, but this core shows now second event. Core PSS94/4-1 of Ohlendorf (1999) shows
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a bright clay layer at 17cm depth which can be correlated with the clay cap of a lower event.

There is no singular solution and only a further sediment core would allow a final conclusion.

5.1.3 Unit 3

Figure 40: Interpolated isopach map of Subunit 3A in the Maloja Basin, sediment thickness and sedimentation rates are

based on the seismic and core data of this study, Blass et al. (2005) and age model 2 (see Section 5.3). The pale color shows

area with no seismic data displayed in Figure 4.

The sediment of Subunit 3 has its major source from the shore of the Isola Delta (see Figures

40 and 41). The sediment distribution of the draping clastic input is thinning towards the

basin. The thickness variations on the other hand indicate the amount of ponding sedimentation

processes like flood layers or turbiditic flows contributing to the total geometry. Unit 3 has a

down core decreasing organic carbon content indicating decreasing biological production, with a

reverse of the trend towards Unit 4. Lithotype A2 is reoccurring at the transition to Unit 4 which

indicates a change in the depositional setting. The small variations in color and composition as

well as XRF counts are a product of these changes in depositional environment. Subunit 3A

indicates coarse input towards core location Sils13 2 which is consistent with the sedimentological

observations. The coarse sediment of Lithotype F in core Sils13 2 indicates a period of high input

from the Isola Delta in contrast to the fine sediment of Unit 1 at the same location (see Section

4.1). Unit 3, at least the segment sampled with core Sils13 2, represents a time of massive input
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Figure 41: Interpolated isopach map of Unit 3 in the Maloja Basin, sediment thickness and sedimentation rates are based

on the seismic and core data of this study, Blass et al. (2005) and age model 2 (see Section 5.3). The pale color shows area

with no seismic data displayed in Figure 4.

from the Isola Delta towards the Maloja Basin. Subtype F6 at the base of core Sils13 2 indicates

two short periods without considerable sedimentation towards the Maloja Basin. Although the

Isola Delta delivered sediment into the Maloja Basin during the period of Unit 3, no distinct

change in the lithological composition or grain size is recognizable in core Sils13 1. Hence it can

be assumed that the sediment at this site is not considerably a↵ected by the delivering direction

of the Aua da Fedoz on the Isola Delta.

5.1.4 Unit 4

The sediment in Unit 4 has low clastic influence and is a mixture of about 70% draping and 30%

ponding sediment (Figure 42). Events many are small and made up of a grey clay composition in

contrast to the organic rich background sediment. These events are most probably responsible

for thickness variations far below seismic resolution. A thickening towards the Isola Delta is

present in this unit indicating the Val Fedoz as major tributary for the Maloja Basin. The

higher amounts of organic matter and less terrestrial input corresponding to a high Mn/Fe ratio

indicate a high productivity period with low catchment erosion (Leemann & Niessen, 1994).

The density reduction in Unit 4 correlates with a lower clastic input into the lake, indicating a
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Figure 42: Interpolated isopach map of Unit 4 in the Maloja Basin, sediment thickness and sedimentation rates are based

on the seismic and core data of this study, Blass et al. (2005) and age model 2 (see Section 5.3). The pale color shows area

with no seismic data displayed in Figure 4.

catchment covered with more vegetation and a very small or absent glacier (Leemann & Niessen,

1994; Avnimelech et al., 2001).

5.1.5 Unit 5

The grain size distribution of the lamination in Unit 5 is characteristic for clastic varves (Hsü &

McKenzie, 1985). The several smaller internal graded layers are high precipitation events in

the catchment while every clay layer indicate a freezing of the lake in winter (Hsü & McKenzie,

1985). These varves are counted and discussed in Section 5.3. The draping geometry indicates a

distal environment in respect to the glaciers (Figure 43). A ponding geometry would be expected

in a proglacial lake with a glacier in a proximal position (Anselmetti et al., 2007). Unit 5 is

interpreted to be a paraglacial phase in order to Slaymaker (2009) Unit 5 is thickening toward

Maloja and the Isola Delta in contrast to the upper 4 units. This indicates a strong input of the

Inn river or a melt water transport of the Forno glacier over the Maloja pass during this period,

which reached down to Maloja Dorf at Egesen stage (Maisch, 1992) (see Figure 2). By suggesting

the Forno glacier as a major tributary it would require a sudden change in sediment type in

a core depth around 7.5 meter in core Sils13 1. However no change in lithology, lamination
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Figure 43: Interpolated isopach map of Unit 5 in the Maloja Basin, sediment thickness and sedimentation rates are based

on the seismic and core data of this study, Blass et al. (2005) and age model 2 (see Section 5.3). The pale color shows area

with no seismic data displayed in Figure 4.

thickness or event frequency has been detected. The high amplitude reflections correspond to

flood events coming from the Maloja shore. This is visible in a comparison of core PSS94-4 from

Ohlendorf (1999) and Sils13 1.

5.1.6 Unit 6

The sediment characteristics and the abundance of single coarse grains together with a ponding

sediment structure is typical for a sediment formed in a proglacial environment (see Figure 44).

The most reliable source of single sand grains and pebbles are icebergs from a glacier which

is situated close to the lake (Bennett et al., 1996). Unit 6 fills the lake down to the acoustic

basement or the limits of seismic penetration.

The serpentinite grains found during the sieving in Subtype E2 originate from the Platta nappe

or Malenco unit. It is not clear whether they were delivered from the Forno valley or the Lägh

dal Lunghin (see Figure 1).

The thickening down core of the lamination at the transition of Unit 5 to Unit 6 is interpreted

as increasing sedimentation rate. The sudden change in lamination thickness coincides together

with the three strong reflections in Unit 6.
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Figure 44: Interpolated isopach map of Unit 6 in the Maloja Basin, sediment thickness is based on the seismic and core

data of this study and Blass et al. (2005). The pale color shows area with no seismic data displayed in Figure 4.

The cone like structures starting in Unit 6 are interpreted as pockmarks (marked with red arrows

in Figure 25 on Page 27). With a diameter of up to 50m they are of medium size and are all

relictic. They occur due to gas escape of a geologic or biogenic source (Pickrill, 1993; Duck &

Herbert, 2006). Due to no organic material in Unit 6 a biogenic source is less likely.

5.1.7 Unit 7: Mass Transport Deposit 2

This unit is a smaller mass flow event which is made up of several mass flow deposits around

the central ridge of the Maloja Basin and fillings of local depressions (Figure 45). Unit 7 and

Unit 2 are a mass transport deposit and interrupt the background sedimentation of Lake Sils.

No mass transport deposit sediment corresponding to Unit 7 was found in core Sils13 1. An

evaluation of the extent of the mass flow is not possible with the present data set. The several

mass flow deposits, even on both ridge sides in the Maloja Basin, indicate a lake wide process

as trigger such as an earthquake or tsunami due to rockfall. As already mentioned in Unit 2 an

earthquake is the most probable trigger for such a deposit. An increased earthquake activity after

deglaciation due to post glacial rebound movements could be a trigger of this event Arvidsson

(1996). Further studies show that increased seismicity is limited to local weakness zones such as

the Engadin fault (Mazzotti et al., 2005). Due to the small number of events in Lake Sils this

47



5.1 Sediment units 5 DISCUSSION

Figure 45: Interpolated isopach map of Unit 7 in the Maloja Basin, sediment thickness is based on the seismic and core

data of this study and Blass et al. (2005). The pale color shows area with no seismic data displayed in Figure 4.

theory cannot be proven. This study will not further investigate this controversy.

5.1.8 Basement

The basement is not well observed with the current seismic survey. The valley form and the

exposure of bedrock as the Piz d’Islas indicate an elongated glacial carving of the basin. Fur-

thermore the isopach map of Unit 6 (Figure 44) indicates such an origin.

5.1.9 Events

Next to the two major mass transport deposits in Lake Sils defined as Unit 2 and Unit 7, several

smaller events interrupt the background sedimentation. The several bright and dark interlayers

are interpreted as mass transport deposits and flood layers. They appear in Lithotype A and F

as brownish coarser layers or of grey clay composition. In Lithotype C, D and E the interlayers

are of grey clay composition. The normal grading of the thicker event layers indicates a single

mass transport event. An elevated amount of organic matter and organic carbon suggests also

a terrestrial source (Adams et al., 2001).

48



5 DISCUSSION 5.2 Sediment distribution

5.2 Sediment distribution

5.2.1 Water currents

The combined line A1 indicates an area of nearly no sediment on the central ridge of the Maloja

Basin (Figure 46). The sedimentary structures climbing from the north toward the top indicate

a sediment transport due to currents which are also described in Blass et al. (2005). The top

of the central ridge in the Maloja Basin is free of sediment indicating water currents during the

whole holocene. The sediments of Unit 5 show onlap structures to the ridge. The sediments of

Unit 4 rise up the highest onto the ridge. A change in geometry starts with onlap structures

on the purple horizon indicated with red arrows in Figure 46. A clear correlation of the purple

horizon with the red horizon is not possible due to incoherent seismic reflectors. Extrapolation

leads to the interpretation that the purple horizon is of the same age as the red horizon, which

indicates the change of Unit 4 to Unit 3. The changes in sedimentation are interpreted to be

caused by changes of the lake current system. This changes could have their origin in a change

of the border due to growth of the Isola Delta, closure of the passage on Sils Maria site, a change

in water depth or water level variations.
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5.3 Age model

5.3.1 Core Sils13 1

The measured and calibrated C14 ages are plotted in Figure 47. For the conflict with two oldest

samples Sils13 C14 3 and Sils13 C14 2, at the top and bottom of Unit 5, there are three possible

age models. In age model one sample Sils13 C14 2 is too young. A contamination of the very

small samples measured with the gas method is more probable than for the other samples. This

would lead to an old age for the Unit 5 in model one.

The second solution is that these two ages were swapped in the lab. A correction of the label on

the sample tube of sample Sils13 C14 3 is indicates such a possibility which cannot be excluded

or reconstructed. This age model is shown in Figure 48. According to Howarth et al. (2013) the

best fit line in model 2 is younger than the measuring C14 error of sample Sils13 C14 9. The

third solution is that sample Sils13 C14 3 was reworked, but this would be in conflict with the

samples in Unit 4 and the varves in Unit 5. This model is not shown in the age model.

The probable range of the age model is based on the sedimentological observations and the error

bars of the C14 ages. No input from the Isola Delta to the Maloja Basin in Unit 1 and sediment

input from the Delta in Unit 3 is indicated in the grain size distribution in core Sils13 2. From

these observations a higher sedimentation rate in Subunit 3A than in Unit 1 can be expected.

Unit 4 indicates a low sedimentation rate of 0.2mm/year which is four times lower than the

present day rate after Blass et al. (2005) and 10 times lower than the rate inferred from the

varve counting in Unit 5. A comparable sedimentation rate in the upper half as in the lower

half of Unit 4 is expected. The rhythmic lamination is interpreted as varves because of the

sedimentary structure and the calculated sedimentation rate in the core, although there is no

absolute C14 age to validate the time span of the varves. However there is no certain proof that

the rhythmic laminations in Unit 5 are indeed varves or just several flood events with a high

clay content on top of the lamination.

Lake Silvaplana also has a unit of organic carbon rich sediment with a low sedimentation rate and

a transition to clastic organic carbon poor rhythmic sediment in the unit underneath (Leemann

& Niessen, 1994). A comparison of the sediment description of Lake Silvaplana after (Leemann

& Niessen, 1994) and the sediment of Laks Sils in this study indicate and similar climate and

sediment history. The transition from Unit 5 to Unit 4 is dated to 9415 ±90BP C14 age

(Leemann & Niessen, 1994). This age is calibrated to 10709 ±441BP and shown in Figure 48
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Figure 47: Age model of core Sils13 1. The measured and calibrated C14 samples (dark green) with model version 1

(purple) and its supposable range, switched samples (blue) with model version 2 (red) and its supposable range. Dark grey

are events.

(details about the calibration see appendix).

The moraine on the shoulder of the Val Fedoz assigned to the Egesen stage indicates a proglacial

52



5 DISCUSSION 5.3 Age model

Figure 48: Details of age model of core Sils13 1. The measured and calibrated C14 samples (dark green) with model

version 1 (purple) and its supposable range, switched samples (blue) with model version 2 (red) and its supposable range.

Additional C14 age of Leemann & Niessen (1994) and exposure age based on 10
Be cosmogenic nuclides of Ivy-Ochs et al.

(1999)

setting of Lake Sils during the Younger Dryas period (Maisch, 1992). The Egesen stage in the

Upper Engadin was dated at Julier Pass, 10km north of Lake Sils, to 10470 (Ivy-Ochs et al.,

1999). As a conclusion Unit 5 is thought to be related to the Younger Dryas stage. As an

assumption of these correlations age model 2 is the most favorable.

5.3.2 Core Sils13 2

Only one sample was measured in core Sils13 2. The age of Unit 2 was correlated to age model

of core Sils13 1 (see Figure 49). This results in a core base age of 4380BP. The sedimentation
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Figure 49: Age model of core Sils13 2. The measured and calibrated C14 sample (dark green) with model (red) and its

supposable range.

rates in Unit 1 is 1.1mm/year, in the complete Unit 3 1.9mm/year. In the lower part of the core

an increased sedimentation rate is observed. The sediment description indicates higher rates in

Unit 3 than in Unit 1 which is consistent with the age model even though the uncertainty is still

considerable.
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5.4 Sedimentation rates

Due to the two favorable age model solutions two sedimentation rate distributions were created

for core Sils13 1 (see Figure 50). Within the age model a large variation of the sedimentation

rates is presented as possible. The extreme values are not very realistic. The sedimentation

rate of Unit 1 is calculated to a range of 0.8mm/year to 1mm/year which is comparable to the

sedimentation rates from Blass et al. (2005). The rate in Unit 3 is somewhat higher than in

Unit 1 due to the sediment characteristics. A minimum rate of Unit 3 is given by the C14 ages.

Unit 4 is low in each possible model, so the general trend in the section remains the same.

Figure 50: Comparison of sedimentation rates of age model 1 and 2 with the four units is side the age model with the

possible variation inside of the supposable range indicated with the grey bar in Figure 47

The relatively high rate and uncertainties of the C14 ages in Unit 5 enable short sedimentation

periods and results in extremely high rates (Figure 50). Due to the sediment structures indi-

cating varves in Unit 5 the sedimentation rate is most favorable in a range of the varves around

2.0mm/year to 2.2mm/year.

The calculated sedimentation rates of all units give no evidence for neither of the two age models.
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Figure 51: Comparison of sedimentation rates of di↵erent locations, based on Core Sils13 1 of this study, PSS94-4 from

Ohlendorf (1999) and two profiles based on seismic line Sils13 4 and Sils13 5.

The comparison of the di↵erent sedimentation rates on specific sections in the Maloja Basin

show the increasing sedimentation towards the deltas of the Lake, as expected (Figure 51). The

shape of the bedrock has a large influence on the sedimentation rate distribution in the lake.

Trace 3400 on line Sils13 5 indicates a higher sedimentation rate in Unit 3 in comparison to

core Sils13 2, although trace 3400 is further away from the delta than core Sils13 2. Indeed the

bedrock is rising towards the Piz d’Islas (see Figure 28 on Page 30).

A doubling of the sedimentation rate in a distance of 60 meter from core PSS94-4 to the profile

along trace 2290 on line Sils13 4 is shown in Figure 51 and indicates a formation of a delta

during the deposition of Unit 5. The general trend indicate a higher input in the cold phase

Younger Dryas, a low input in the Holocene Thermal Maximum and a increased input in the

Late Holocene.

5.5 Climatic correlation

The sedimentary record of Lake Sils and its inferred climatic driving force is in good agreement

with other climate records of the Holocene time period. A high correlation is found with the flood

frequency of the southern alps Wirth (2013). A high flood frequency indicates high precipitation

or low vegetation cover (Wirth, 2013). A low sediment input in the time of 10k years to 4.5k

years BP corresponds to a higher sediment yield from 4k to 2k years BP, indicating the warm
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Figure 52: Comparison with Holocene climate records. Time dependent correlation with Ti counts of the Cariaco Basin

in northern Venezuela Haug et al. (2001) and flood acclivity record of five south alpine lakes Wirth (2013). The Legend of

the color bar of the lithotype record is listed in Figure 53 in the appendix on page viii.

period of the Holocene Thermal Maximum followed by a cold period with higher erosion. The

increased sedimentation rate at 4.6k cal. year BP in this study is coinciding with negative

temperature anomalies in Greenland, North America, Africa and Antarctica (Wanner et al.,

2011). The end of the late glacial cold phase with several glacial advances at 3.2 cal. years

BP (Schimmelpfennig et al., 2012) is coinciding with a change in lithology in core Sils13 1 to

a higher organic component. The upper halve of Unit 1, sediment of Subtype A2 (indicated in

bright brown in Figure 52), corresponds perfectly with the Little Ice Age in the flood activity

record.

The climate record of the Cariaco Basin of (Haug et al., 2001) correlate with the South Alpine

climate trend as already referred in Wirth (2013). The low Ti% values in the Cariaco Basin
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record indicate low precipitation in northern Venezuela (Haug et al., 2001). A low precipitation

record in the Cariaco Basin coincides with a cold climate on the Lake Sils area. A shift from

the Younger Dryas period to the Holocene Thermal Maximum is indicated in the Cariaco Basin

record as well as in the flood record in the Southern Alps. While warm conditions from 10k years

to 4.5k years BP correspond with the brownish tint in the sediment record of Lake Sils, lithotypes

indicating low biological production and high terrestrial runo↵ match the Cariaco Basin record.

Even the gradual decrease of organic matter in the sediment of Unit 4 is corresponding to the

Increased flood activity and the Ti counts in the Cariaco Basin.

A correlation with the holocene warm periods on the Tschierva glacier (Joerin et al., 2008) is

roughly given with the Unit 4. Additionally the grey section in core Sils13 1 around 5.4m in

Unit 4 correlate with the Kromer stage of Kerschner et al. (2006) in the same uncertainty as

the Tschierva variations.

No correlation with the records of the Northern Alps (Wirth, 2013) or the Greenland ice core

data (Mayewski et al., 1997) was found. In contrast to the most other European sites for the

Holocene Thermal Maximum, Lake Sils follows a South Alpine trend starting around 10k years

BP (Ilyashuk et al., 2011; Renssen et al., 2009).

The climate record indicate the glaciated area in the catchment as a major driving force for the

sediment yield towards Lake Sils.

5.6 Sediment volumes in Lake Sils

The hypothesis that core site Sils13 1 is not a↵ected by the delivery direction of the Isola Delta

is sustained by the large distance to the Isola Delta where changes in coarse sediment do not

reach site Sils13 1. Furthermore assuming today’s currents to be valid for the entire time of the

lake lead to a regular distribution of the fine sediment fraction. With these assumption changes

in sedimentation rate in the Maloja Basin are only a↵ected by the delivery variations.

With the assumption that core site Sils13 1 is not a↵ected by the behavior of the Isola Delta the

changes in sedimentation rate in core Sils13 1 are driven by changes in the sediment yield to the

whole Lake Sils. Under the assumption the catchment denudate homogenous and the sediment

yield to the lake is equal to the denudation rate in the catchment, the sediment volumes of the

di↵erent units can be calculated to catchment wide denudation rates (Table 7). The calculated

denudation rates indicate a 12 to 14 fold higher erosion rates during unit 6 than modern values.

The time interval of unit 6 is based on the assumption one lamina is one year which results in a
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Table 7: Table with linear calculated sediment volumes based on Blass et al. (2005), with linear extrapolation to a

catchment wide denudation rate. (Details to the calculation see Section 3.4.5.

Unit Thickness core Volume Time interval catchment wide denudation rate

Sils13 1 (m) (106m3) Age Model 2 mm/kyrs.

U1 865 4.50 1089 0.09

U2 585 3.04 0 -

U3 3350 17.43 3335 0.11

U4 1365 7.10 6688 0.023

U5 3501 18.21 1133 0.35

U6 3209 16.69 255 1.43

U7 - - - -

sedimentation rate of 4mm/year in the upper most meter and 40mm/year in the lower 2.2 meter

of core Sils13 1. Is purely speculative and lowers the expressiveness of the denudation rate value

of Unit 6.

5.7 Comparison with paraglacial cycle

The model of the paraglacial cycle (Church & Ryder, 1972) indicates a increased sediment yield

from the catchment right after glacial retreat and a decrease to a primary subaerial denudation

rate with time after deglaciation. A comparison of the sedimentation rate in Lake Sils with the

proposed sediment yield after deglaciation in a paraglacial cycle concept of Church & Ryder

(1972) result in a good correlation with a high sedimentation rate in the lower Unit 6 with a

decrease upward in the core. An inconsistency arises by the proposed influence of the Forno

glacier system, the strong sedimentation rate changes in the section and the thickening upward

of the varves in Unit 5. The uncertainties of the age model and variabilities in renewed or delayed

sediment reworking after Ballantyne (2002) can have large influences of the sedimentation rates

in Lake Sils in the Late Glacial and early Holocene. A large sediment trapping in the Holocene

Thermal Maximum due to newly formed basins can be excluded due to the present day valley

form. The rise in sediment yield of Unit 3 and 1 in comparison to Unit 4 can be explained

with the cold phase of 4.6 cal. k years BP (Wanner et al., 2011) to 3.2 cal. k years BP

(Schimmelpfennig et al., 2012) induced by a global climate change.
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6 Conclusion

6.1 Sediment history of Lake Sils

The sediment characteristics and geometry indicate that Lake Sils was in a proximal position

to the Fedoz glacier before the Egenen stage. Dropsones indicate a glacier terminating in the

lake itself. In the Younger Dryas the lake was in a distal proglacial position with formation

of clastic varves. The sediment geometry indicate a second major tributary from the Maloja

side probably from the Forno system. The Holocene Thermal Maximum in the Upper Engadin

region started immediately after the end of the Younger Dryas around 10.4k year BP. This

value is consistent over several studies performed in the Southern Alps (Ivy-Ochs et al., 1999;

Ilyashuk et al., 2011; Wirth, 2013). A precise comparison with climate variation in the Holovene

Thermal Maximum like the Kromer stage and the Tschierva warm periods were not possible

due to the low precision in the age model. Where a qualitative correlation of the record of Lake

Sils is indicating these variation in the sediment characteristics of Unit 4. The Late Holocene in

characterized of a glacial advance which is indicated in the increasing clastic components and

the lowered organic components in the sediment. The grain size distribution in core Sils13 2

suggests that the depositional period of Unit 1, starting at 949 ±63AD, was the longest time

period during which the Isola Delta delivered no sediment into the Maloja Basin, at least since

the end of the Holocene Thermal Maximum. The delta collapse proposed by Blass et al. (2005)

would have had a large impact on the delta geometry and prevented the Aua da Fedoz to deliver

sediment to the southern part of the delta shore.

6.2 Sedimentation rates in a paraglacial cycle

The variations in sedimentation rate over the Holocene time period were analyzed in this study.

Due to a lack of seismic data in the Central Basin area no real sediment budget has been es-

tablished. Additionally, no information about the delta dynamics has been extracted from the

seismic data. Core Sils13 2 didn’t yield the expected information about sediment dynamics of

the Isola Delta. Indeed only two mayor stages could be distinguished. Nonetheless the time

series of the sedimentation rates at the core locations and the traces on seismic lines provided

a comprehensive overview of the sediment dynamic of Lake Sils. They are consistent with the

regional climate. However the record only faintly correlates with a sediment delivery curve in a

paraglacial cycle model. The sediment record of this studs delivers only minor information about

the deglaciation, especially about the time before the Younger Dryas, a concluding statement
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can not be given. The data of this study lead to the assumption that the regional climate had

a higher influence on the sedimentation rate than the paraglacial cycle during the Holocene.

6.3 Driving forces for sediment yield

The correlation with climatic data and comparison with the paraglacial cycle indicate a high

influence of the regional climate for the sediment yield to Lake Sils. Especially the glaciated

are in the catchment in one of the major factors of the sediment yield. A di↵erentiation of the

influence and variation of the Fedoz catchment in comparison to the total catchment of Lake

Sils cannot be done based on the data of this study.

This study shows that Lake Sils has many di↵erent external influences to the sediment history

during the Holocene. These are the delta dynamic of the Isola Delta, the possible influence

of the Forno tributary in the Late Glacial as well as the lack of seismic data in the Central

Basin. Theses additional influences complicate an estimation of sedimentation rates coupled

with denudation rates during the Holocene. The importance of these external factors make

a quantitative estimation almost impossible. However Lake Sils is a good example for the

variability of regional climate regimes in a changing global climate.
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7 Outlook

7.1 Improvement of the age model

The age model shows two main weaknesses. The C14 age samples Sils13 C14 1, Sils13 C14 3,

Sils13 C14 8 and Sils13 C14 10 are all taken from the lower half of Unit 4. This enables a high

variation of the sedimentation rate and the error is extrapolated. The transitional zone on top of

Unit 4 holds the highest uncertainty in the upper part of core Sils13 1. A sample should be taken

at the transition from Unit 3 to Unit 4 to minimize the error and constrain the sedimentation

rate in these two units. Furthermore one sample on the basal parts of core Sils13 1 should be

taken to confirm the hypothesis of the clastic varves and to decide between age model 1 and age

model 2. The age model of core Sils13 2 should be combined with age model of core Sils13 1.

This was not possible due to a delivery beyond the time frame of this thesis of the results from

the samples Sils13 C14 8 and Sils13 C14 10.

7.2 Additional core and provenance study

An additional core should be taken to resolve the ambiguity of Unit 2. This core should be long

enough to reach the base of the lower event. Cores in the Central Basin and around the Isola

Delta will only reach an age of 3k to 5k years and will give no further information about the

Late Glacial period. In the Lata Glacial period Lake Sils and Lake Silvaplana were connected.

To analyze the history of the Deglaciation period a study with combination of glacial stages,

limnological approach, volume calculations and provenance analysis in the whole area of the

Upper Engadin lakes has to be applied.

7.2.1 Forno glacier as tributary in Late Glacial

To evaluate the Forno glacier as possible tributary of the Unit 5 sediments, provenance analysis

needs to be performed. Andalusite from the contact metamorphic complex around the Bergell

intrusion in the Forno catchment (Wenk, 1973) would indicative for a transport of meltwater

over the Malojapass. A di↵erent approach to resolve the question would be zircon dating. The

zircons in the Bergell intrusion are of Tertiary age around 35Ma to 30Ma whereas the zircons in

the Austrolapine nappes are of pre-alpine age (Gulson & Krogh, 1973).
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7.3 Comparison with 10Be cosmogenic nuclides data

A comparison with the catchment wide denudation rates based on 10Be cosmogenic nuclides will

give information about the linkage of the source part to the sink part. The data of this study

will provide informations about the coupling of the source and the sink in terms of the sediment

yield, the time dependance and retention of loose material in the catchment.
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A APPENDIX

A Appendix

A.1 Lithotsubtype desctription

The description of the Subtypes is based on the description of the Lithotypes in section 4.1 and

shows only the di↵reces of the lithotypes. These subtype description is according to the detailed

core description. The color bar next to the Subtype is constant with the legend of the Detailed

core description.

General observations

Organic matter in the smear slides correlate with the brownish color in the core. The organic

matter often forms aggregates in the smear slides. Vivianite formed blue aggregates of up to

0.1mm size out of clay size crystals, their initially white color is changing to blue after opening.

The Fe counts are anti correlating with the grain size. Al/Si anti correlate with grain size, while

high ratios indicate a small grain size and vice versa.

Subtype A1 HHHHHH

The upper most 5cm of both cores are characterized by a dark brown, organic rich, homogeneous

to di↵usely laminated silty clay. The organic carbon content (Corg) is around 2% to 3% of mass.

The wet bulk density is on a low level around 1.1g/cm3 to 1.3g/cm3. The distinct dark layer

shows a peak in Ba/Ti ratio, while the major elements like Al, Si, K and Ca show a down core

increase together with bulk density.

Subtype A2 HHHHHH

This di↵usely laminated silt has a distinct olive tint in background color and a lowered organic

carbon content of 0.66%. Several reddish patches are abundant in Subtype A2, A3 and A4.

These patches are initially black and brighten after core opening.

Subtype A3 HHHHHH

The brownish grey background color di↵erence the Subtype A3 of Lithotype A. It has an organic

carbon of 0.78%, also an increased amount in organic matter recognizable in smear slide SS12.

A decrease in density falls together with a decrease of all XRF element counts and an increase

in Ba/Ti ratio.

Subtype A4 HHHHHH

A variation of greenish grey color. The brownish components disappear relative to the other
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components. The organic carbon content varies from 0.5% to 0.7%. The composition is in a

range of 15% to 25% of clay with and mica in the same amounts. 5% to 10% is composed of all

di↵erent small diatoms and minor amounts of mafic and heavy minerals.

Subtype A5 HHHHHH

The grey tint is less dominant as in Subtype A4. XRF counts on a small section and carbon

content measurements show medium values.

Subtype A6 HHHHHH

A local variety of Subtype A4 with distinct grey color, the greenish color disappears due to low

mica content. No further data are determined of this subtype.

Subtype A7 HHHHHH

A dark green clay interlayer with smooth changes to the A5. This special subtype has a higher

mica content. The organic carbon content is on a low level at 0.58%. The content of mica is

increased in comparison with Subtype A4. The Ca counts are slightly increased as well as Al

and Si counts.

Subtype A8 HHHHHH

Several of up to 10mm thick interlayers with no lamination are present in Lithotype A. The

reddish color is di↵usely distributed in this silty interlayers. Subtype A8 is similar to Subtype

D3.

Subtype A9 HHHHHH

Both cores contain of reddish patches or horizons which were initially black and getting brighter

after opening. This horizons or patches are of the same lithology as the surrounding sediment

and an additional high content of organic matter. The upper most layer is especially rich in

diatoms.

Subtype A10 HHHHHH

Di↵usely laminated dark olive grey clayey silt in two short intervals in core Sils13 2 on the very

bottom of core Sils13 2 at 7.7m. There reddish (initially black) patches are present. It contain

no grains in sand fraction and no diatoms. The Fe/Ti ratio as well as the Al, Si, and K counts

are increased in comparison to F1. The density and XRF counts of Ca and Ti are decreased.
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Subtype B1 HHHHHH

The whitish top B1 contains about 35% of clay fraction and nothing coarser than fine silt. There

are centric and araphid diatoms. Al and Si increase in B1 while Ca decreases on top of B1 and

increases to a mean value to the base of B1. The Fe concentration peaks at top of B1. The

density increases downwards. The Al/Si ratio peaks directly on Subtype B1.

Subtype B2 HHHHHH

B2 is a homogeneous sandy silt with lots of organic matter. There quartz, chlorite, mica and

amphibole grains are together with centric, araphid, asymmetrical biraphid and surirelloid di-

atoms. Somme centric diatoms of the Aulacoseira class are up to 0.1mm in radial diameter,

found in both cores (see Figure 14). The XRF element counts of Al and Si decreases in B2 as

in B3 to a low level.

Subtype B3 HHHHHH

The base of Lithotype B is up to fine sand in core Sils13 1 and coarse sand in Sils13 2 in grain

size. The internal grading is clearly recognizable. A mean density of 2.1 g/cm3 is in contrast

with the other B subtypes. While the element counts show only weak variations.

Subtype B4 HHHHHH

The normal graded sand with minor silt and clay of Subtype B4 is in contrast to the rest of

Lithotype B not matrix supported. Subtype B4 and B5 only appears on core Sils13 2.

Subtype B5 HHHHHH

A special clay rich layer with sand and leaf fragments only found in core Sils13 2. Similar to B3

in lithology.

Subtype C1 HHHHHH

Subtype C1 is the least carbon rich subtype of Lithotype C with a organic carbon content of

1.5%. It forms the gradual transition of A to C with several variations in background sediment

color.

Subtype C2 HHHHHH

The dark brown background sediment with a organic carbon content of 1.9% on the upper

part shows a down core decrease in density and increase in carbon content up to 3.6% in the

lower part. The inorganic components are lowered. The XRF counts of Al, Si and K reaches
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a minimum while Ca remains on a medium level. The Mn/Fe ratio increases in Subtype C2.

The Ba/Ti ratio is increased in the lower part of this subtype. Gray clay interlayers are always

higher in Al, Si, K and Ca. The Al/Si ratio is increased on each grey layer.

Subtype C3 HHHHHH

Subtype C3 is characterized with low density values of 1.1g/cm2 and a dark brown color with

minor variations. The Ba/Ti ratio is increased while the Mn/Fe ratio is on a low level with

small increased sections.

Subtype C4 HHHHHH

A grey clay with a increase in density and low organic carbon content forms this subtype. It

shows a fluidized sediment structure. A In core Sils13 1 at 5860mm it is di↵usely mixed with

the dark brown component of subtype C3. It also show a decrease on the pure grey layer and

a increase in the mixing area in all XRF measured elements. The Mn/Fe ratio increases on the

dark sections of the mixing layer.

Subtype D1 HHHHHH

Subtype D1 forms the transition of Lithotype C to Lithotype D. It changes from di↵usely

laminated to a distinct laminated sediment. Top of Subtype D1 contain more brownish tint as

well as a higher organic carbon content of 0.27% in comparison to the base of D1 equal to D2

with values at 0.21%.

Subtype D2 HHHHHH

D2 is the most common subtype of Lithotype D and has no special di↵erence. Thinsection SDs3

in Subtype D2 contain mostly quartz and chlorite a graded layering from silt to clay fraction

but no biogenic components. Additionally are heavy minerals as well as and mafic and opaque

minerals are present in minor amounts (Figures 18 and 20).

Subtype D3 HHHHHH

Subtype D3 is similar to A8, thus it is strongly a↵ected of its major subtype and is di↵erent in

stronger lamination and the more clayey matrix. The Al and Si counts are increased in contrast

to the decreased Ca counts. The di↵erent ratios show no variation.

Subtype D4 HHHHHH

The darker grey subtype has several variations in darkness due to variations in mineral content.
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This is especially due to the variations in content of chlorites and amphiboles. This subtype is

free of diatoms in all smear slides.

Subtype D5 HHHHHH

This subtype has a specific yellowish background color. This color change is limited to the

coarser part of the laminations. There is no clear change in mineral content on the transition

of Subtype D2.

Subtype E1 HHHHHH

This yellow variation occur on the transition of Lithotype D to Lihotype E and consist only of

5 laminas. This subtype has a high amount of clay. Greenish mica like chlorite are nearly rare

in contrast to the rest of Lithotype D and E. A increase in Pb counts is located from Subtype

D5 with a peak amplitude on Subtype E1. While Al, Si and K show a minor increase, Ca and

Ti a minor decrease is Pb, the only element with a high amplitude excursion.

Subtype E2 HHHHHH

A stronger grey tint di↵ers this subtype of the other Subtypes of Lithotype E. It is abundant

in the upper part of Lithotype E. Often are thin clay layers on top of a small section of this

subtype. A 10cm long sample sieved to 125µm grain size, 14 grains in a size between 2mm and

8mm in maximum diameter are found. Seven grains are greenshists with chlorite, felspars and

quartz. Three are serpentines, one containing a small pyrite. Mica gneisses and pure quartz

grains are also present with two grains each.

Subtype E3 HHHHHH

The strong layering with several color variation in reddish more yellowish brownish and gray-

ish are sampled with thin section SDs 4. There are no clear changes in mineral composition

recognizable. Also no clear change in grain size or organic carbon content is observed.

Subtype E4 HHHHHH

The darker brownish subtype has a thick di↵use lamination. The carbon content is 0.15%.

Subtype F1 HHHHHH

The darker sections in Lithotype F are of coarser grain size and more organic matter. 0.5% of

organic carbon of the dark brown interlayer are in contrast to 0.2% in the olive grey background

sediment. This variety has a higher content of greenish minerals like chlorite and amphiboles.
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element counts of Al, Si, K are coupled to variable density. The Ba/Ti ratio is increased in the

upper most part of Unit 3 and on a normal level in the rest of the core.

Subtype F2 HHHHHH

Subtype F2 is equal to Subtype F1 except a brighter color, a lower organic carbon content and

less dark interlayers. Further the density is decreased in comparison to F1.

Subtype F3 HHHHHH

Subtype F3 is a variation in Lithotype F with a higher amount in clay and silt and less sand.

Partially no sand fraction occurs. The density and the XRF element counts are in the same

range as in Subtype F1.

Subtype F4 HHHHHH

Subtype is a local variety of a homogenous dark brown olive grey muddy sand. This special

color is a mixture of the dark brown interlayers with the background sediment.

Subtype F5 HHHHHH

Subtype F5 has maximum grain size in fine sand fraction and more clay as the surrounding F1.

F5 is similar to F1 in order to lithology.
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A.2 Detailled core description of core Sils13 1 and Sils13 2

Figure 53: Legend of detailed core description of core Sils13 1 and Sils13 2
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Figure 54: Detailed core description of core Sils13 1, meter 1
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Figure 55: Detailed core description of core Sils13 1, meter 2
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Figure 56: Detailed core description of core Sils13 1, meter 3
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Figure 57: Detailed core description of core Sils13 1, meter 4
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Figure 58: Detailed core description of core Sils13 1, meter 5
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Figure 59: Detailed core description of core Sils13 1, meter 6
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Figure 60: Detailed core description of core Sils13 1, meter 7
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Figure 61: Detailed core description of core Sils13 1, meter 8
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Figure 62: Detailed core description of core Sils13 1, meter 9
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Figure 63: Detailed core description of core Sils13 1, meter 10
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Figure 64: Detailed core description of core Sils13 1, meter 11
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Figure 65: Detailed core description of core Sils13 1, meter 12
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Figure 66: Detailed core description of core Sils13 1, meter 13
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Figure 67: Detailed core description of core Sils13 2, meter 1
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Figure 68: Detailed core description of core Sils13 2, meter 2
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Figure 69: Detailed core description of core Sils13 2, meter 3
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Figure 70: Detailed core description of core Sils13 2, meter 4
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Figure 71: Detailed core description of core Sils13 2, meter 5

xxv



A.2 Detailled core description of core Sils13 1 and Sils13 2 A APPENDIX

Figure 72: Detailed core description of core Sils13 2, meter 6
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Figure 73: Detailed core description of core Sils13 2, meter 7
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Figure 74: Detailed core description of core Sils13 2, meter 8
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Figure 75: Detailed core description of core Sils13 2, meter 9
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A.3 C14 calibration results of Oxcal 4.2.3

Figure 76: Oxcal results of Sample C14 1 Figure 77: Oxcal results of Sample C14 2

Figure 78: Oxcal results of Sample C14 3 Figure 79: Oxcal results of Sample C14 4

Figure 80: Oxcal results of Sample C14 6 Figure 81: Oxcal results of Sample C14 7
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A APPENDIX A.3 C14 calibration results of Oxcal 4.2.3

Figure 82: Oxcal results of Sample C14 8 Figure 83: Oxcal results of Sample C14 9

Figure 84: Oxcal results of Sample C14 10 Figure 85: Oxcal results of recalibration from the oldest

sample of Leemann & Niessen (1994)
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A.4 Carbon content with Coulometric method

Sample Section Depth Master Depth Total Carbon Inorganic Carbon Organic Carbon

Nr Name mm mm mass % mass % mass %

1 Sils13 1 7 sc 6.5 20 2.865 0.006 2.859

2 Sils13 1 7 sc 9.5 50 2.161 0.127 2.034

3 Sils13 1 7 sc 10.5 60 1.543 0.000 1.543

4 Sils13 1 7 sc 40.5 360 0.663 0.000 0.663

5 Sils13 1 7 sc 42 375 0.783 0.001 0.782

6 Sils13 1 7 sc 90 855 0.827 0.003 0.824

7 Sils13 1 7 sc 92.5 880 0.374 0.000 0.374

8 Sils13 1 7 sc 98 935 3.287 0.000 3.287

9 Sils13 1 1 b 19 1224 3.343 0.000 3.343

10 Sils13 1 1 b 25.5 1289 1.048 0.000 1.048

11 Sils13 1 1 b 27 1304 0.664 0.000 0.664

12 Sils13 1 1 b 28.5 1319 3.052 0.000 3.052

13 Sils13 1 1 b 64.5 1679 1.670 0.000 1.670

14 Sils13 1 1 b 66.5 1699 0.599 0.000 0.599

15 Sils13 1 2 c 84.2 2860 0.480 0.000 0.480

16 Sils13 1 2 c 94.6 2964 1.484 0.000 1.484

17 Sils13 1 3 a 22.5 2875 0.468 0.000 0.468

18 Sils13 1 3 a 29 2940 0.614 0.000 0.614

19 Sils13 1 3 a 29.5 2945 0.997 0.000 0.997

20 Sils13 1 3 a 30 2950 1.662 0.000 1.662

21 Sils13 1 3 a 69.6 3346 0.744 0.000 0.744

22 Sils13 1 3 a 82.5 3475 0.786 0.000 0.786

23 Sils13 1 3 a 83 3480 0.585 0.000 0.585

24 Sils13 1 3 a 83.5 3485 1.073 0.000 1.073

25 Sils13 1 3 a 84 3490 1.128 0.000 1.128

26 Sils13 1 3 a 84.5 3495 0.575 0.000 0.575

27 Sils13 1 3 b 54 4113 0.864 0.000 0.864

28 Sils13 1 3 b 69.5 4268 0.634 0.000 0.634

29 Sils13 1 3 c 49.5 5083 1.56 0.000 1.560

30 Sils13 1 4 a 33.5 5429 1.032 0.000 1.032

31 Sils13 1 4 a 38 5474 1.926 0.000 1.926

32 Sils13 1 4 a 49 5584 3.600 0.000 3.60

33 Sils13 1 4 a 59 5684 3.405 0.000 3.405

34 Sils13 1 4 a 76 5854 1.387 0.000 1.387
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35 Sils13 1 4 b 30 6176 0.268 0.000 0.268

36 Sils13 1 4 b 43 6306 0.210 0.000 0.21

37 Sils13 1 4 c 57 7378 0.197 0.030 0.167

38 Sils13 1 4 c 88 7688 0.317 0.146 0.171

39 Sils13 1 4 c 89 7698 0.360 0.204 0.156

40 Sils13 1 4 c 90 7708 0.366 0.202 0.164

41 Sils13 1 4 c 91 7718 0.388 0.235 0.153

42 Sils13 1 5 a 49 7842 0.403 0.228 0.175

43 Sils13 1 5 a 58 7932 0.274 0.156 0.118

44 Sils13 1 5 b 27 8492 0.177 0.000 0.177

45 SIls13 1 5 c 70 9567 0.963 0.731 0.232

46 SIls13 1 5 c 78.1 9648 0.544 0.351 0.193

47 SIls13 1 5 c 86.5 9732 0.232 0.133 0.099

48 SIls13 1 5 c 106.5 9932 0.387 0.241 0.146

49 Sils13 1 6 b 23 11078 0.841 0.69 0.151

51 Sils13 2 1 sc 19 145 0.735 0.000 0.735

52 Sils13 2 1 sc 50 455 1.676 0.000 1.676

53 Sils13 2 2 b 36.7 1079 1.559 0.006 1.553

54 Sils13 2 2 b 37.7 1089 0.888 0.001 0.887

55 Sils13 2 2 b 38.7 1099 1.182 0.000 1.182

56 Sils13 2 2 b 40.5 1117 0.356 0.153 0.203

57 Sils13 2 2 c 42 1961 0.489 0.197 0.292

58 Sils13 2 2 c 43.2 1973 0.609 0.106 0.503

59 Sils13 2 3 c 35.6 3796 0.712 0.0247 0.687

60 Sils13 2 5 c 29.5 7597 0.58 0.000 0.58

61 Sils13 2 5 c 42 7722 0.845 0.000 0.845

62 Sils13 2 5 c 50.5 7807 0.814 0.135 0.679

A.5 XRF Core Sils13 1

A.6 XRF Core Sils13 2
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