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TERRESTRIAL ORGANIC CARBON DYNAMICS IN ARCTIC COASTAL AREAS

ABSTRACT

Arctic rivers transport 31-42 Tg organic carbon (OC) each year to the 
Arctic Ocean, which is equal to 10% of the global riverine OC discharge. 
Since the Arctic Ocean only holds approximately 1% of the global ocean 
volume, the infl uence of terrestrially derived organic carbon (OCter) in the 
Arctic Ocean is relatively high. Despite the global importance of this region 
for the OC cycle, the behavior of the by far largest fraction of the OCter, 
the dissolved organic carbon (DOC) in Arctic and sub-arctic estuaries is 
still a matter of debate. This thesis describes data originating from fi eld 
cruises in Arctic and sub-arctic estuaries and coastal areas with the aim to 
improve the understanding of the fate of OCter in these areas, with specifi c 
focus on DOC. All presented studies indicate that DOCter and terrestrially 
derived particulate organic carbon (POCter) are subjected to substantial 
degradation in high-latitude estuaries, as shown by the non-conservative 
behavior of DOC in the East Siberian Arctic Shelf Seas (ESAS) (paper I) 
and the even more rapid degradation of POC in the same region (paper II). 
The removals of OCter in Arctic coastal areas were further supported by 
multiple isotope studies (paper III and IV). The fraction DOCter in the Gulf 
of Bothnia, were calculated from δ34SDOS and δ13CDOC values and indicates 
that this high-latitude estuary might be an effi cient trap for DOCter (paper 
III). Further, clear signs of degradation of OCter and outgassing of CO2 
were inferred from δ13CDIC values (paper IV) and this provides independent 
evidence for the degradation of OCter in the ESAS calculated in paper I and 
II. The multiple isotope approaches (paper III and paper IV) used in this 
thesis show that a use of 13C/12C ratios in both OC and DIC, together with 
34S/32S is a powerful tool to describe the sources and fate of OC in estuaries 
and coastal seas. High-latitude estuaries play a key role in the coupling 
between terrestrial and marine carbon pools. In contrast to the general 
perception, this thesis shows that they are not only transportation areas for 
DOCter from rivers to the ocean, but are also active sites for transformation, 
degradation and sedimentation of DOCter, as well as for POCter. In a rapidly 
changing climate, the importance of these areas for the coupling between 
inorganic and organic carbon pools cannot be underestimated.
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SVENSK SAMMANFATTNING

Varje år transporteras 31-46 Tg organiskt kol via de arktiska älvarna ut i 
Norra ishavet. Då detta bara utgör 1% av världshavens volym, medan 
transporterad kolmängd utgör så mycket som 10% av allt organiskt kol som 
världens fl oder för med sig till havet, blir Norra ishavet i mycket hög grad 
påverkad av denna transport. Den största delen av det organiska kolet, både 
i älvarna och i havet utgörs av det som betecknas som löst organiskt kol 
(DOC). Vad som sker med landproducerat – terrestriskt - kol när det har nått 
estuarierna och havet vet man dock ganska lite om och forskningen har gett 
motsägande resultat. Denna avhandling beskriver data som samlats in på 
fl era forskningsresor i Arktiska och subarktiska estuarier och kustnära hav, 
och har som syfte att öka kunskapen om de processer som bestämmer fl ödet 
av terrestriskt organiskt kol i dessa områden. Huvudfokus har varit på den 
lösta delen av det organiska kolet, men även den partikulära fasen (POC) har 
undersökts. Mina resultat visar att en stor del av det terrestriska organiska 
kolet bryts ned och försvinner under transporten genom dessa havsområden, 
en slutsats som står i motsättning till vad tidigare forskning av löst organiskt 
kol i Norra ishavet har visat. När älvvatten blandas med saltvatten i dessa 
områden minskar koncentrationen av DOC, och i ännu högre grad av POC, 
mer än vad som kan förväntas vid endast utspädning, vilket bara kan innebära 
att en betydande del försvinner under transporten genom kustzonen (paper I 
och II). För att vidare undersöka de processer som kan ha orsakat förluster 
av terrestriskt kol har koncentrationsstudierna kombinerats med studier av 
isotopsammansättningen av det organiska materialet. Denna avhandling 
visar hur de stabila isotoperna 13C och 12C i organiskt kol och oorganiskt kol, 
samt hur de stabila isotoperna i organiskt svavel (34S och 32S) kan användas 
för att bättre avgöra vilket ursprung materialet har (paper III och IV). Genom 
att bestämma den stabila isotopksammansättningen för svavel och kol i löst 
organiskt material (DOC) i Bottniska viken kunde den terrestra delen av den 
totala mängden DOC bestämmas. Fraktionen användes sedan för att beräkna 
omsättningstiden för terrestriskt DOC. Resultatet visade att det måste fi nnas 
betydande processer i Bottniska viken som bryter ned terrestriskt DOC. 
Vidare studerades kopplingen mellan oorganiskt kol och organiskt kol 
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i Norra ishavet med hjälp av 13C/12C-kvoter i oorganiskt kol (DIC). Då 
isotopstudien gav ytterligare en dimension till koncentrationsmätningarna, 
kunde olika processer särskiljas, vilket möjliggjorde en kvantifi ering av 
nedbrytning av terrestriskt organiskt kol och hur mycket av detta kol 
som lämnar kustvattnen i form av CO2. Denna avhandling visar med all 
tydlighet att de kustnära arktiska haven är en viktig plats för nedbrytning 
och sedimentering av terrestriskt organiskt POC och DOC. Eftersom 
klimatet snabbt blir varmare i dessa områden, kan man förvänta sig att 
kustområdena får en alltmer ökad betydelse för transformering av organiskt 
till oorganiskt kol. För att förstå det framtida klimatet är det därför viktigt 
att studera det organiska och oorganiska kolkretsloppen och relationen 
mellan dessa kretslopp speciellt i dessa regioner.
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ABB REVIATIONS

CTD Conductivity Temperature Density sensors used to deter-
mine the basic oceanographic parameters

Da Dalton, the unifi ed atomic mass unit

DIC Dissolved inorganic carbon
DOC Dissolved organic carbon
DOM Dissolved organic matter
DOS Dissolved organic sulfur

ESAS East Siberian Arctic Self, i.e. the Laptev and East Sibe-
rian Seas

GF/F Glass fi ber fi lters
HS Humic substances

ISSS-08 The scientifi c cruise “International Siberian Shelf Study 
2008”

OC Organic carbon
pCO2 partial pressure of CO2
POC Particulate organic carbon
R the ratio of heavy to light isotopes of an element
ter Terrestrial -originating from land

TOC Total organic carbon, i.e. POC +DOC
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OBJEKTIVES OF THE THESIS

This work represents the fi rst major data set on organic carbon in the East 
Siberian Arctic Shelf-seas, one of the worlds sea areas most diffi cult to 
access. These data will contribute to the understanding of the processes 
involved in the transport of organic carbon from permafrost areas to 
the Arctic Ocean, in view of a rapidly changing climate. Specifi c focus 
was on the dissolved organic carbon (DOC); the biggest pool of organic 
carbon delivered by rivers to the ocean. Bulk concentration measurements 
were combined with multiple isotope (δ13C and δ34S) measurements, to 
distinguish between terrestrial OC and estuarine produced OC, and to 
better understand estuarine processes of mixing, addition and removal, and 
the export of terrestrial OC to the ocean. 

The specifi c objectives are:

1. To investigate if there is a substantial removal of OCter in the East-
ern Siberian Arctic Shelf-seas (ESAS). To estimate the magnitude 
of eventual removals and the time scale relevant for such removal 
processes. In addition, to constrain removal and degradation rate con-
stants for both DOC and particulate organic carbon (POC) for Arctic 
estuaries and shelf areas (paper I and II).

2. To develop a method using δ34SDOS to estimate the fraction of terres-
trial DOC in estuarine bulk DOM (paper III).

3. To use multi-isotope approaches to describe the processes of degra-
dation of OCter, estuarine primary production and outgassing of CO2, 
and how these processes infl uence both the organic and inorganic 
carbon cycling in the ESAS and in the sub-Arctic Gulf of Bothnia 
during estuarine mixing (paper III and IV).

4. To use δ13CDIC values to predict the δ13CPOC values in phytoplankton in 
estuaries and coastal seas (paper IV).
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INTRODUCTION

One of the big unsolved questions in modern biogeochemistry is 

the fate of terrestrial dissolved organic carbon (DOCter) after being 

transported by rivers into the Ocean. The global annual riverine 

discharge of DOCter is estimated to 250 TgC yr-1 (Schlunz and 

Schneider, 2000), enough to completely dominate the DOC pool 

in the Ocean within 3000 years. However, just a minor part of the 

marine bulk DOC seems to be of terrestrial origin. Consequently, the 

residence time of DOCter in the ocean is calculated to be much shorter 

than the bulk DOC residence time (Opsahl and Benner, 1997). Either, 

there are important removal mechanisms of DOCter which today are 

not well-described, or the measurement techniques for the fraction 

of DOC in the ocean that is of terrestrial origin are not accurate 

enough (Opsahl and Benner, 1997; Hedges, et al., 1997). 

Organic carbon stored in the Arctic

In the Northern hemisphere, 30-50% of the world’s soil carbon is stored 

in the permafrost ground (Gorham, 1991; Tarnocai et al., 2009). A release 

of this currently sequestered carbon pool might cause emissions of CO2 

corresponding to at least 70 years of annual human emissions from fossil 

fuel combustion (Dixon et al., 1994).  Eastern Siberia and the adjacent seas 

are predicted to experience the highest increase in temperature on Earth 

as climate changes (Zwiers, 2002) and now observations indicate that the 

region is warming even faster than predicted (Richter-Menge et al. 2006). 
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As a fi rst response to increased temperatures, the hydrological runoff has 

increased substantially in the region (Savelieva et al., 2000; Peterson, et 

al, 2002, 2006). By changing the hydrological pathways in the terrestrial 

system, concerns about increased OC transport to the Ocean have been 

raised. Increased river run-off, thawing of permafrost, increased exposure 

of old sequestered carbon to the hydrological cycle, and increased 

productivity in the terrestrial system all support an increase of the OCter 

load to the Ocean (Frey and Smith, 2005; McGuire et al., 2009). However, 

some studies point to a decrease in riverine OCter export with increased 

temperature, due to a transition from surface run-off dominated systems 

to more groundwater dominated systems (Striegl et al., 2005), depending 

upon the natural settings of individual catchments. Nonetheless, it is likely 

that OCter discharges to the Arctic Ocean will signifi cantly change in the 

future (Frey and McClelland, 2009, McGuire et al., 2009). 

Present Arctic River discharges 

Today, Arctic rivers transport 31-42 Tg OC each year to the Arctic Ocean 

(Raymond et al., 2007; Stein and Macdonald, 2004). That is equal to 10% 

of the global riverine OC discharge (Schlunz and Schneider, 2000), and 

as the Arctic Ocean only holds approximately 1% of the global ocean 

volume, the infl uence of OCter in the Arctic Ocean is relatively high (Stein 

and Macdonald et al., 2004). DOC constitutes the biggest part of the total 

riverine OC, approximately 80-90%, while the particulate fraction (POC) 

consequently only constitutes 10-20% (Raymond et al., 2007, Cooper et 

al., 2008). The freshwater and OCter discharge of the Siberian Rivers have 



VANJA ALLING

14

enormous infl uences on the shallow Siberian shelf areas, which cover 40% 

of the Arctic Ocean surface (Jakobsson et al., 2008).

Fig. 1 River discharges to the Arctic Ocean. Dissolved organic carbon fl ux 
(Tg yr-1 ) in red (Raymond et al., 2007; Gordeev et al., 1996. Mean annual 
DOC concentrations (μM) in blue, fl ow-weighted for all rivers except Indi-
girka and Kolyma (Cooper et al., 2008; Gordeev et al., 1996). Particulate or-
ganic carbon fl ux (Tg yr-1 ) in black (Stein and Macdonald, 2004). Freshwater 
discharge (km3 yr-1) in brackets (Cooper et al., 2008, Gordeev et al., 1996).

One distinctive feature of the Arctic river discharges is that 60-90% of both 

the freshwater and OCter is delivered during the spring fl ood in the end of 

May-June (Fig. 2; Raymond et al., 2007, Gordeev et al., 1996). The Lena 

River has the highest DOC discharge of the Arctic Rivers, with an annual 

mean concentration of 800-900μM DOC, and spring fl ood concentrations 

of approximate 1200μM DOC. The Lena River enters the Arctic Ocean 

at 130°E and its freshwater plume is transported eastward along the coast 

of the Eastern Siberian Arctic Shelf-Seas (ESAS), i.e. the Laptev and East 

Siberian Seas, before it enters the Arctic interior (Steele and Ermold, 2004; 
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Semiletov et al., 2005). The knowledge about the fate of the riverine DOC 

as well as POC in this remote area is though limited (Stein and Macdonald 

et al., 2004). 

Arctic and sub-arctic estuaries

The behavior of DOC in Arctic and sub-arctic estuaries is still a matter 

of debate. In contrast to POC that is well-known to settle rather fast after 

reaching the estuaries, DOC seems to be transported through high latitude 

Fig. 2. Daily fl uxes of wa-
ter and DOC from the fi ve 
major arctic rivers: Yeni-
sei, Lena, Ob, Mackenzie 
and Yukon rivers. From 
Raymond et al., (2007).

estuaries without settling or respiration, especially in the shelf-seas of the 

Arctic Ocean. The Kara and Laptev Sea have been studied by extensive 

sampling campaigns, which have yielded datasets indicating a conservative 

behavior of DOC during estuarine mixing (Fig. 3) (Cauwet and Sidorov, 

1996; Kattner et al., 1999; Amon and Benner, 2003; Köhler et al., 2003). 

Moreoever, short-term microbial incubation experiments have shown 



VANJA ALLING

16

little or no degradation of Arctic estuarine DOC (Amon and Meon, 2004; 

Köhler et al., 2003), and high concentrations of lignin and other refractory 

DOC components provide indirect indications that the material is highly 

recalcitrant (Amon and Benner, 2003; Köhler, et al, 2003; Lobbes, et al., 

2000).

Fig. 3. DOC concentrations 
versus salinity in the eastern 
Arctic Ocean. Lena River/
Laptev Sea (Cauwet and 
Sidorov, 1996: white dots; 
Kattner et al., 1999: black 
dots). Ob and Yenisey Riv-
ers/Kara Sea (Köhler et al., 
2003: crosses). From Dit-
tmar and Kattner, 2003.

However, in recent years, this long-held perception that DOCter behavior is 

essentially conservative in coastal regions of the Arctic has been challenged. 

DOC-Salinity mixing relationships from the deep Arctic Ocean suggest that 

freshwater end-member concentrations are much lower than the actual mean 

DOC concentrations in the Arctic rivers, which require losses of DOC at lower 

salinities (Cooper, et al., 2005), even though this assumption has never been 

supported by actual DOC measurements from the Arctic shelves. Manizza 

et al., (2009) showed that even if the relationship between salinity and DOC 

in Amon and Benner, (2003) and Hansell et al., (2004) for the Eastern and 

Western Arctic shelves, respectively, appeared conservative (i.e. without 

signifi cant degradation within the regions), these linear relationships could 

be simulated using the monthly river discharges and a fi rst order degradation 
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rate constant of 0.1yr-1. Van Dongen et al., (2008) calculated a degradation 

rate constant for DOCter of 0.3yr-1 for the sub-arctic Gulf of Bothnia, 

showing that removal of DOCter is pronounced in this area. Further, studies 

of the composition and age of DOC in Arctic Rivers have shown great 

variance throughout the year, with higher concentrations of young and/

or labile compounds in the spring fl ood (Neff et al., 2006; Raymond et al., 

2007; Holmes et al., 2008). These previous studies illustrate that there are 

no general agreements on the DOCter removal processes in the estuarine 

areas of high latitudes in general and the Arctic Ocean in particular. 

The sampling campaigns in the Arctic estuaries have been biased towards 

the late summer months due to extensive ice cover up until that time. In 

general, when a transect is sampled across an estuary, the river composition 

sampled at that time does not necessarily refl ect the river composition that 

was discharged earlier and is now incorporated in waters further into the 

estuary. In the Arctic, with its huge variations in seasonal river discharges, 

this issue is of particular importance to bear in mind when interpreting 

estuarine data. Recently, the PARTNER (The Pan-Arctic River Transport of 

Nutrients, Organic Matter, and Suspended Sediment) seasonal monitoring 

program (McClelland et al., 2008) has delivered better estimates of the 

annual fl ow-weighted mean concentrations of the rivers, yielding 20-50% 

higher annual mean concentrations than previous estimates (Raymond et 

al., 2007; Cooper et al., 2008), enhancing the possibilities to interpret the 

data obtained in Arctic estuaries.

As the Arctic river transport of OCter to the ocean comprises such a large 
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part of the total OCter export from land to oceans, the processes affecting 

these fl uxes are important for the global carbon budgets. However, it is clear 

that we are still missing crucial knowledge about processes and fl uxes in 

these high-latitude areas that are now undergoing rapid climate change.
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METHODS

This section describes the study areas, the analytical methods I have been 

responsible for and that have been used in the thesis, and the calculations 

used to obtain the results.

Study areas

Eastern Siberian Arctic Shelf 

The sampling during the International Siberian Shelf Study 2008 (ISSS-08) 

on the East Siberian Arctic Shelf (ESAS) included the Lena River estuary 

in the Laptev Sea, the extended Lena River plume in the East Siberian Sea 

and the Pacifi c-infl uenced waters of the eastern East Siberian Sea. The 

Laptev Sea is situated between ~110°E (Severnaya Zemlya) and 140°E 

(New Siberian Islands). It covers almost 500×103 km2 with an average 

water depth of 50 m (Jakobsson et al., 2008). The Laptev Sea receives 

freshwater discharge (~ 745 km3 y-1), mainly from the Lena River (566 km3 

y-1 Cooper et al., 2008). The shallow East Siberian Sea with an average 

depth of 58 m covers 987×103 km2 from 140°E to 180°E, with two major 

rivers entering into the East Siberian Sea, the Indigirka (152°E) and the 

Kolyma (162°E). The coastal currents across the Laptev and East Siberian 

Seas predominantly fl ow eastwards (e.g. Steele and Ermold, 2004). At 

~160°E, these low-saline coastal shelf waters meet Pacifi c infl ow waters 

entering the East Siberian Sea (Anderson et al., 1998, Jakobsson et al., 

2004, Semiletov et al., 2005). The currents also transport a major proportion 

of the freshwater discharge from the Lena River eastward through the 

Dmitry Laptev Strait (Semiletov et al., 2005). 
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The Gulf of Bothnia –a model area for the estuaries in the Arctic Ocean

The sampling for the study described in paper III took place in the Gulf of 

Bothnia, the northern part of the Baltic Sea (Fig. 1). The area of the Gulf 

of Bothnia is separated from the Baltic proper by a sill of 45m depth close 

to the Åland islands (Bernes, 1988). The Gulf is divided into its northern 

part, the Bothnian Bay, and its southern part, the Bothnian Sea. The water 

is highly infl uenced by the rivers entering both basins; the salinity in the 

Bothnian Bay, and the Bothnian Sea is 2.0-3.8 and 4.8-6.0, respectively 

(Wedborg et al., 1994). The catchment area of the Bothnian Bay (and to 

some extent the Bothnian Sea) is dominated by sub-arctic unperturbed 

mountain areas, forest and wetlands; and the rivers draining this catchment 

have a similar water chemistry as the larger western Russian Arctic Rivers 

(Gustafsson et al., 2000; Humborg et al., 2004; Humborg et al., 2010). A 

cold climate favors boreal biomes (taiga, tundra) as typical also for the 

large Siberian and Canadian Arctic rivers (Kohfeld and Harrison, 2000). 

Mean OC concentrations in major Siberian rivers such as Lena, Ob, and 

Yenisey are ~800 μM (Raymond et al., 2007) compared to ~500 μM in the 

unperturbed northern Swedish rivers (measured monthly within the national 

Swedish monitoring program www.ima.slu.se), These characteristics allow 

the Bothnian Bay to be used as a more easily accessible model area for the 

Arctic river estuaries (e.g. Vonk, 2010).

Sampling

All four papers in this thesis describe data originating from fi eld cruises 
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onboard scientifi c research vessels. The sampling for the studies in paper 

I, II and IV was conducted during the International Siberian Shelf Study 

2008 (ISSS-08), a 50-day research expedition onboard the YAKOB 

SMIRNITSKIY in August/September 2008 along the Siberian coastline, 

going from Kirkenes (Norway) in the West to Wrangell Island north of the 

Bering Strait in the East. The sampling for paper III was conducted during a 

20-day winter cruise in the Baltic Sea onboard the German research vessel 

M.S. MERIAN with a focus on the Gulf of Bothnia.On both cruises, water 

samples was taken using rosette samplers attached to CTD Seabird®, or 

by employing a submersible pump at depths where ship contamination 

was not detectable.   

Measurements of organic carbon concentrations

Filtration for size fractionation of organic matter

The most commonly used division of total organic carbon (TOC) 

components into particulate and dissolved fractions (POC and DOC, 

respectively) is operational. In this thesis, the fraction ~> 0.7 μm using 

GF/F fi lters (Whatman Inc.) is defi ned as POC, and the GF/F fi ltrate is 

defi ned as DOC. Contamination of POC and DOC during sampling and 

fi ltration are common, and therefore preparation and maintenance of 

sampling bottles, fi ltration equipments and fi lters must be rigorous. All 

GF/F fi ltrations referred to in this thesis have been conducted with pre-

combusted fi lters within all-glass fi ltration systems. The samples, if not 

analyzed immediately were kept in Nalgene HDPE bottles, known for not 



VANJA ALLING

22

contaminating the samples with respect to carbon, and frozen. 

DOC could be further divided into the colloid fraction (<0.7μm and >1kDa) 

and the truly dissolved fraction (<1kDa). This is performed by using 

ultrafi ltration (or tangential fl ow-fi ltration), where the dissolved organic 

matter (DOM) >1kDa is kept in the water fl owing over the fi lters (the 

retentate), while the DOM <1kDa can penetrate the fi lters together with the 

water. Pellicon 3 cassette fi lters made of regenerated cellulose (Millipore®) 

were used, and the cross-fl ow rate (fl ow over the fi lters vs fl ow through 

the fi lters) was constantly monitored to be well above 15, at which rate 

90% of the DOM has been shown to be kept in the retentate (Larsson and 

Gustafsson, 2004). Ultrafi ltration is often used to concentrate the DOM, and 

this method is in this thesis regarded to be more representative of the total 

DOM than e.g. resin extractions, that separate and concentrate DOM based 

on chemical properties. 

High temperature combustion analysis of DOC

The DOC and TOC analyses were done by high-temperature catalytic 

oxidation (Shimadzu TOC-VCPH). Inorganic carbon was removed by 

acidifying the samples to pH 2 with 2 M HCl and purging with air for 8 min 

prior to analysis of the total carbon content (NPOC method). A period of 8 

min was tested to be suffi cient for removal of all inorganic carbon in full-

marine samples. A shorter sparging time could be applied to samples from 

limnic systems and salinities <5. All procedures for calibration and data 

analysis followed Sharp et al. (1995). Consensus Reference Materials (CRM, 
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from University of Miami) of low carbon content (1-2 μM OC) and deep-

sea reference water (41-44 μM OC) were run prior to each analysis batch 

for samples measured after 2007 with the results of 42.3±3.4 μM (paper I 

and II). Additionally, internal control samples were run in duplicate after 

every ten samples to monitor drift and/or interruptions during the run in 

all DOC and TOC measurements shown in this thesis (paper I, II and III). 

Potassium phthalate was used as a standard for calibrations; the data were 

calibrated against calibration curves in three ranges: 0-170μM, 170-580μM 

and 580-1600μM C, respectively. New calibrations were made when the 

results of the CRM or the internal control samples differed from known 

concentrations by more than ~5%. Each sample was run in 5 replicate 

injections. The overall precision of the measurements was generally better 

than 5%. For samples with < 80μM DOC, the precision was ~8%.

Stable isotope ratios

The isotopic composition of elements provides an additional dimension 

in interpreting processes affecting the concentrations, and is commonly 

used in biogeochemical studies. Processes that add or remove materials 

can also give rise to distinctive isotopic patters in the studied material. For 

example they are often applied to mass balance equations and are useful 

for determining the relative contribution of two or more sources to a mixed 

sample. In this thesis the ratios of 13C/12C in DOC, POC and DIC, as well 

as 34S/32S in dissolved organic sulfur and SO4
2- are used (paper II, III and 

IV). The 18O/16O ratio was used to calculate the relative contribution of 

river water, seawater and ice meltwater in the Arctic samples (paper I). 
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The ratios of the heavy isotope over the light (e.g. 13C/12C) are reported as 

per mil deviation from a standard (PDB -Pee Dee Belemnite for C, CDT 

-Cañon Diablo Troilite for S, and VSMOW/SLAP scale -Vienna Standard 

Mean Ocean Water and Standard light Antarctic precipitation for O) and 

denoted δ, defi ned by eq. 1, where R is the ratio of heavy to light isotopes:

Some typical end-member δ-values for C, S and O that have been 

   (1) 

used in this thesis are presented in table 1.

The values in table 1 could be used in mass balance equations to determine 
Table 1 

Typical δ values (‰) 

 δ13CDOC δ13CPOC δ34SDOS δ34SSO4 δ13CDIC δ18OH2O 
River water - - - 61 -82 -203 
Sea water - - - 214 0-25 06 
Terrestrial organic matter -287 -287 71 - - - 
Marine produced organic matter -217 -217 188 - - - 
Ice meltwater - - - - - -36 

1Kalix River, Northern Sweden (paper III), 2Lena River, Siberia (paper IV),  3Lena River, Siberia (Cooper et al, 
2008), 4Rees et al. 1978, 5Gruber et al., 1998, 6Arctic Ocean (Ekwurzel et al., 2001), 7Peterson and Fry et al., 1987, 
8Baltic plankton (Hartmann and Nielsen, 1969) 
  

the fraction (f ) of each source in a mixture (here two-component mixing):

However, several processes that affect the concentrations of C, S, O, also 

cause fractionation of their isotopic ratios. The progressively fractionation 

of DIC and POC during primary production in water, out-gassing of CO2 

from water to the atmosphere, and condensation of H2O in clouds follows 

Rayleigh distillations (Fig. 4). For the ratio in the remaining fraction in the 

       (2) 

      (3) 
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reservoir, the equation is

 

Where Rr and R0
r are the isotopic ratios in the reservoir at time t and 0, 

respectively. f  is the remaining fraction in the reservoir. The fractionation 

factor α refers to the fractionation characteristic for the process and is 

determined by Rp / Rr where Rp is the ratio in the product. The corresponding 

ratio in the accumulated product is given by (Zeebe and Wolf-Gladrow, 

2001)

 

Fig. 4 Rayleigh distillation (eq. 4 and 5) for primary production in open sur-
face waters of the ocean, which combines the effects of equilibrium fraction-
ation between HCO3 and CO2[aq] and the removal of CO2 during carbon fi xa-
tion in phytoplankton, in this example using 10% of the DIC in the water.
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Box modeling approach of estuaries to derive sinks and sources of C 

The data obtained during the ISSS-08 campaign was used to calculate the 

residence times of freshwater and major constituents such as DOC and POC, 

as well as the removal rate of these constituents, using a single-compartment 

box model. This is shown in Fig. 5 for DOC, where the fl uxes and reservoirs 

are defi ned. Residence times and removal rates are related through a number 

of simple relationships, and can be calculated largely from salinities and 

concentrations. 

Fig 5. A general box model for DOC in an estuary.

It is assumed that the volume of water in the box is fi xed, the concentrations 

of salt and DOC are constant (i.e. the box is in steady state, and the fl uxes 

of water, salt, and DOC are constant). The second and third assumptions are 

satisfi ed if volume-weighted mean values are used and variations occur over 

time scales shorter than the residence times.

If the salinity and concentration (of the constituent in question) of the 

infl owing, and outfl owing waters, as well as in the box are determined, or can 

be reasonably estimated, the residence times and removals in the estuary can 

be calculated (see also paper I). 
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 MAIN RESULTS AND DISCUSSION

Non- conservative behavior of terrestrial organic carbon in high-

latitude coastal seas (Paper I, II, III and IV)

The combined results of the studies in this thesis all point to non-

conservative behavior of OCter in Arctic and sub-arctic estuaries and coastal 

seas. While being in agreement with previous studies for POC, the striking 

non-conservative behavior of DOC in the ESAS (paper I) is in contrast to 

results from previous sampling campaigns from the Arctic estuaries and 

shelf regions (Amon and Benner et al, 2003, Köhler et al., 2003, Cauwet 

and Sidorov, 1996) . The rather effi cient removal of DOC within high-

latitude estuaries was also one of the conclusions from paper III, as the 

fractions of DOC that were of terrestrial origin results indicated a loss of 

DOCter within the Gulf of Bothnia. In paper IV, the out-gassing of CO2, 

and the uptake of DIC originating from degraded OCter during primary 

production also point to degradation of DOCter in the Arctic estuarine 

mixing zones, as the additions of DIC originating from degradation of 

OCter were pronounced in areas mainly infl uenced by DOCter and not by 

POCter.

DOC removal in the ESAS (paper I)

The 216 measurements of DOC in the ESAS in general showed a distinct 

non-conservative behavior, most pronounced in the East Siberian Sea 

between 140-160°E. Consistent with earlier studies, the DOC concentrations 
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were found to be dominantly controlled by conservative mixing close to 

the Lena River mouth; however a 10-20% removal is possible within the 

Laptev Sea, where surface waters were shown to have a residence time 

of approximately 2 months. In contrast, the DOC concentrations showed 

a strong non-conservative pattern in areas with freshwater residence times 

of several years (Fig. 6A). The removal of DOCter was further confi rmed 

by the measurements of Humic substances (HS), typical terrestrial carbon 

compounds, that showed even more pronounced removals than DOC (Fig. 

6B). From the comparison between DOC and HS, it was obvious that different 

removal mechanisms, such as fl occulation-sedimentation, microbial and 

photochemical degradation act on the DOCter pool in the ESAS (paper I).

The average losses of DOC were estimated to be 30-50% during mixing 

on the shelf, corresponding to a fi rst-order removal rate constant of 0.3 yr-1. 

These data provide the fi rst observational evidence for losses of DOC in the 

Arctic shelf seas and the calculated DOC defi cit refl ects DOC losses that are 

Fig. 6. Property-salinity plots of DOC and Humic substances (HS) in the ESAS. 
Two-component conservative mixing lines are shown for river concentrations 
and Arctic interior water. For DOC, annual mean concentrations are available 
for both the Lena and Kolyma rivers. For HS, only measurements from the sam-
pling during ISSS-08 of the Lena river August waters are available and shown in B. 
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higher than recent model estimates for the Arctic shelf Seas (Manizza et 

al., 2009). Overall, a large proportion of riverine DOC is removed from 

the surface waters across the Arctic shelves. Such signifi cant losses must 

be included in models of the carbon cycle for the Arctic Ocean, especially 

since the breakdown of DOCter to CO2 in Arctic shelf seas may contribute 

to increase the global warming. 

POC degradation patterns in the ESAS (paper II)

Thawing of permafrost in the Eurasian Arctic increases the fl uvial and 

erosional releases of POC to coastal waters (Guo and MacDonald, 2006; 

Guo et al., 2007). The marine fate of POCter is determined by water column 

degradation, reburial in shelf sediments or exports to depth and impacts the 

potential for climate-carbon feedback. The POC concentrations measured 

during ISSS-08 spanned 1-152 μM, with highest values in SE Laptev Sea. 

The POC inventory was here constrained for the Laptev (~1.32 Tg) and 

East Siberian Seas (~2.85 Tg), and had a clear pattern of rapid removal 

in the estuaries, in agreement with previous knowledge of POC behavior 

(Ittekkot, 1988). However, not only rivers are delivering POC to the ESAS.  

There are also huge but not well-constrained additions of POC originating 

from coastal erosion (Are, 1999; Semiletov, 1999; Rachold et al., 2000). 

These additions can be seen in Fig 7, where after fi rst rapid POC removal 

at salinities <5, there is no correlation between salinity and POC. In paper 

II, it is suggested that the POC/DOC ratio combines with ε280 (the molar 

extinction coeffi cient at 280 nm, Gustafsson et al., 2001) and δ13C as 

potentially useful proxies to qualitatively differentiate between coastal 
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erosion and river sources of the POC. A hydraulic residence time of 3.5 yr 

for the Siberian Shelves (Schlosser et al., 1994) yielded an annual POCter 

removal fl ux of 3.9 Tg yr-1 for the two seas combined, using POC loads to 

the ESAS from Stein and Macdonald (2004). Accounting for sediment burial 

(Stein and Macdonald, 2004) and shelf-break exchange, the POCter water 

column degradation was ~2.5 Tg yr-1, corresponding to a fi rst-order POCter 

degradation rate constant of 1.4 yr-1, which is 5-15 times faster than for 

DOCter degradation as reported in paper I for the same area. This evaluation 

suggests that substantial decay of POCter occurs in the water column and 

contributes to out-gassing of CO2. This process should be considered as a 

carbon-climate coupling where thawing of vulnerable permafrost carbon on 

land is eventually adding CO2 to the atmosphere. 
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Fig. 7. Property-salinity plot 

for POC in the ESAS. A ma-

jor part of the riverine POC is 

removed at salinities <5, but 

there is clear signs of addition 

of POC at higher salinies, pre-

sumably from coastal erosion

The use of multi-isotope approaches to determine the origin and 

processes affecting OC in high-latitude estuaries

Tracing terrestrial organic matter by δ34S (paper III)

One signifi cant problem has been to precisely estimate the fraction of OCter 

in marine DOM (Hedges et al., 1997). Stable isotopes, especially 13C, have 
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been widely used to trace the origin and fate of DOM. However, the 

isotopic range for δ13C between terrestrial and marine sources of carbon 

is rather small, only ~6‰ (e.g. Peterson and Fry, 1987). In paper III, a 

method using δ34S values in combination with δ13C values is developed 

to trace DOM in coastal environments. The stable isotope values for 

dissolved organic sulfur (δ34SDOS) have twice the range between terrestrial 

and marine end-members compared to the stable δ13CDOC; hence, the share 

of terrestrial DOM in the total estuarine DOM can be calculated more 

precisely. Another advantage of using δ34SDOS is that estuarine primary 

production will also have a typical marine δ34S value, which will make it 

possible to distinguish between terrestrial organic matter and marine- and 

estuarine-produced organic matter. In contrast, a signifi cant fraction of the 

carbon in estuarine primary production can be assimilated terrestrial DIC, 

which cannot easily be distinguished from terrestrially derived organic 

matter in an estuary. 

The major challenge using δ34SDOS lies in its relative low concentration, i.e., 

the SO4
2- concentration in marine waters dominates the δ34S value and the 

signal of δ34SDOS is not detectable as such in bulk measurements of marine 

waters (the percentage sulfur in DOM is only around 0.5% (paper III)). 

With DOC concentrations around 350 μmol L-1 and SO4
2- concentrations 

of about 2.8 mmol L-1 in the Gulf of Bothnia, the SO4
2- concentrations 

were about 1600 times higher than the DOS concentrations. In river water 

the ratio SO4
2- to DOS was only around 2.5 due to the much lower SO4

2- 

concentration. Ideally, to measure both δ34SDOS and δ34SSO4, the DOS and 
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SO4
2- ions should be in the same concentration range. This was achieved by 

diluting the samples with MilliQ water to decrease the SO4
2- concentration, 

followed by a concentration of DOS by means of ultrafi ltration. A fl ow 

schedule of the fi ltration process and measurements of different fractions is 

presented in Fig. 8.

Fig.8. A fl ow schedule of the fi ltration process and measurements of dif-

ferent fractions during the concentration of DOM and dilution of SO4
2-.

We calculated the fractions of estuarine DOC that is terrestrially derived 

in the Northern Baltic Sea from both δ13CDOC and δ34SDOS values. While the 
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fractions can be calculated directly from the δ13CDOC values, the δ34SDOS 

values must be combined with the C:S ratios from both the riverine and 

marine end-members. The δ34SDOS value of the riverine end-member was 

measured to be +7.0‰, and the marine end-member was assumed to be 

δ34SDOS =18.1‰ (Hartmann and Nielsen, 1969). The mean values from the 

Bothnian Bay, Bothnian Sea, and Baltic Proper were +10.3, +12.5, and 

+13.7‰, respectively, showing an increasing marine signal southwards 

with increasing salinity. These values indicate that 87%, 75%, and 67%, 

respectively, of the water column DOC is of terrestrial origin in these 

basins. When comparing the fractions of DOCter in each basin with the 

annual river input of DOC (Algesten et al., 2004), it appears that the 

turnover time for DOCter in the Gulf of Bothnia is much shorter than the 

hydraulic turnover time, suggesting that removal of DOCter in this high-

latitude estuary is pronounced.
Fig. 9. The correlation 
between δ34SDOS and δ13CDOC 
in the ultrafi ltrated retentates. 
Literature values of the 
marine sulfate end-member 
value (+21‰) (Rees et al., 
1978), Baltic Sea plankton 
(+18‰) (Hartmann and 
Nielsen, 1969), and the 
terrestrial sulfate end-
member sample in the Kalix 
River mouth (+6.0‰) (Ingri 
et al., 1997) are shown as 
fi lled symbols in the fi gure.
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Degradation of terrestrial organic carbon, primary production and out-

gassing of CO2 as inferred from δ13C values of DIC (paper IV)

During the ISSS-08 cruise, an extensive dataset was collected and measured 

for δ13CDIC, and was combined with measurements of DIC concentrations 

and δ13CPOC values. These data were interpreted using a conceptual model 

that distinguishes the biological processes (addition of DIC from degraded 

Fig. 10. A) δ13CDIC values plotted against 
salinity, B) DIC concentrations plotted 
against salinity (modifi ed from Anderson 
et al., 2009). Calculated two-component 
mixing lines are shown: The saline end-
member is based upon the composition 
in the Arctic interior (Anderson et al., 
1998, Gruber et al., 1999). The fresh-
water end-members are the Lena annual 
mean, as well as August waters, calculat-
ed with δ13CDIC values and August water 
concentrations from this study, and annu-
al mean concentrations calculated from 
river alkalinity (Cooper et al., 2008). The 
arrows indicate how degradation of OCter 
and carbon fi xation during primary production affect the values and concentrations.

terrestrial organic carbon and removal of DIC during primary production) 

from the outgassing of CO2 to the atmosphere. The results showed that the 

δ13CDIC values, varying between -7.2‰ and +1.6‰ (Fig. 10), could only be 

explained by the infl uence of all these three processes. The outgassing of CO2 

produced characteristic values in the East Siberian Sea west of 160°E, an area 

that previously has been shown to be oversaturated in pCO2 compared to the 

atmosphere (Anderson et al., 2009; Semiletov et al., 2007) but also east of 
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160°E, where the waters must have experienced oversaturated pCO2 levels 

during the ice-free season as inferred from the model presented (Fig. 11). 

Fig. 11. The DIC concen-
trations and δ13CDIC values 
vary in the waters of the 
ESAS due to a number of 
processes. This graphical 
model present the data as 
deviations from conserva-
tive mixing (0 intercept). 
The data are compared 
to the calculated vectors 
for each of the processes: 
degradation of terrestrial 
organic carbon (OCter) 
vector 1 and 2, dissolu-
tion of detrital carbonate 
vector 3, outgassing of 
CO2, vector 4 and 5, and 
primary production vector 
6. Vector 1 and 2 show 
additions of degraded 
OCter in highest and low-
est salinities, vector 4 
and 5 show outgassing in 
waters with highest and lowest net addition of degraded OCter (see paper IV).

The bottom waters in both the Laptev and the East Siberian Sea had δ13CDIC 

values that correlated well with mixing of river and seawaters combined 

with an addition of DIC originating from degraded terrestrial organic 

carbon (Fig. 11), on average equal to 70μM for all waters below the 

halocline. This addition is in the same order of magnitude as the calculated 
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defi cits of DOC and POC in the bottom waters for the same area and thus, 

is an independent corroboration of the estimates presented in paper I and II. 

Further, the relatively depleted δ13CPOC values (-24‰ to -30‰) measured in 

the East Siberian Sea could in general be explained by fractionation caused 

by marine primary production, which used DIC originating from mixing of 

Lena river waters and Arctic interior waters. In the East Siberian Sea west of 

160°E, the measured value (-30‰, paper II), required DIC values 4‰ lower 

than the DIC originating from conservative mixing, which can be achieved 

if the DIC concentration has been increased by a ~12% addition of DIC from 

degradation of OCter (see paper IV). 



TERRESTRIAL ORGANIC CARBON DYNAMICS IN ARCTIC COASTAL AREAS

 CONCLUSIONS

Degradation of DOCter and POCter in high latitude estuaries

DOCter and POCter are subjected to substantial degradation in high-latitude 

estuarine areas. This has been shown in the thesis by the non-conservative 

behavior of DOC in the ESAS (paper I) and the rapid degradation of POC 

in the same region (paper II). Further, the calculated DOCter fraction in the 

Gulf of Bothnia compared to the Baltic proper requires losses of DOCter 

within the basin (paper III), and the clear signs of degradation of OCter as 

inferred from δ13CDIC values (paper IV) provides independently obtained 

evidence for degradation of OCter in Arctic and subarctic estuaries and 

coastal areas. 

The conservative behavior of DOC that has previously been reported 

from the Arctic estuaries was based on datasets with limited geographical 

coverage focus on the Ob, Yenisey and Lena inner estuaries (Dittmar and 

Kattner, 2003). While the ISSS-08 cruise took place in late summer (like 

the previous studies), it covered areas with longer water residence times, 

thereby sampling freshwater components representative of discharge 

throughout the year. Consequently, it also incorporated freshwater 

originating from the more labile spring fl ood waters (Neff et al., 2006; 

Holmes et al., 2008). Further, the degradation rates for DOC are not fast 

enough to be clearly distinguishable in estuaries with short residence time, 

but have huge impact on the DOC concentrations during its transport over 

the Arctic shelves, where the residence times for the freshwater component 
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increase to several years (paper I, see also Schlosser et al., 1994; Östlund 

and Hut, 1984).

Although DOC comprises the largest part of the OCter export to the Arctic 

Ocean, the rapid degradation of POC generates an addition of DIC that is in 

the same order of magnitude as DIC from degradation of DOC (paper II). 

The use of multi-isotope approaches to understand processes 

affecting OCter in the Ocean

One of the most common approaches to trace OCter in estuaries and open 

oceans has been to apply fi xed marine and terrestrial δ13C values to mass 

balances, and calculate the relative contribution of OCter and OCmar to the 

mixture. As shown in both paper III and IV, a multiple isotope approach 

is especially needed when several fractionation processes interfere with 

mixing, as in the case for C in coastal areas. If independent variables result 

in the same estimations, the conclusions must be regarded as much stronger. 

By combining δ13CDOC values with δ34SDOS values, better accuracy, as well as 

precision was achieved in the estimations of the DOCter fraction in the Gulf 

of Bothnia. The isotopes independently gave almost the same estimation of 

the DOCter fraction in the Gulf, which further confi rmed the results. In paper 

IV, the comparison between the δ13CDIC and δ13CPOC values together with 

concentrations of DIC, gave strong indications of removal of OCter, yielding 

marine POC values much lighter than usually assumed in the marine realm. 

This independently confi rmed the degradation seen in the DOC and POC 

concentration measurements (paper I and II). Paper III and paper IV both 
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show that carbon fl uxes in the estuarine mixing area must be addressed 

with a more complex use of δ13C values than simple mass balances of 

constant and assumed well-characterized sources, by addressing the 

fractionations involved in the processes connecting inorganic and organic 

carbon. If so, the use of δ13C values of DOC, POC and DIC, together with 

other isotopic ratios is a powerful tool to describe the coupling between 

organic and inorganic carbon cycling.

The role of the Arctic for the OCter in the ocean

High-latitude estuaries play a key role in the coupling between terrestrial 

and marine carbon pools. It is shown in this thesis that high-latitude 

estuaries and coastal zones are not only transportation areas for OCter from 

rivers to the ocean, but are also active sites for transformation, degradation 

and sedimentation of OCter, and the coupling between inorganic and 

organic carbon pools. These data also provide a baseline for considering 

the effects of future changes in carbon fl uxes, as the vast northern carbon-

rich permafrost areas draining into the Arctic Ocean are affected by global 

warming.
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FUTURE PERSPECTIVE

There are still huge gaps in the knowledge of the carbon cycling in the Arctic 

Ocean. To fi ll these gaps, several aspects must be considered:

Better spatial and temporal coverage of bulk properties

Arctic sampling is connected with huge logistical challenges. As previously 

mentioned, the sampling in the Arctic Ocean has been conducted mainly 

during the late summer months, due to the weather and ice conditions. 

Therefore, the temporal resolution in the datasets obtained from the Arctic 

is poor, and little is known of the conditions right after spring fl ooding in 

the Arctic estuaries and shelf seas. Data characterizing this period should be 

of high priority to obtain, as the spring fl ood delivers most of the organic 

carbon, which also seems to have different properties than later summer river 

discharge. Many areas still have poor spatial resolution for bulk properties 

such as DOC and POC, e.g., for the East Siberian Sea, the only datasets 

excising are the ones presented in this thesis (paper I and II). As shown in 

this thesis, synoptical surveys covering various water bodies with different 

water residence times and and large areas will give a better understanding 

of the continuous processes affecting the OCter in the Ocean. Further 

development of concentration estimates from remote sensing might be a  

useful tool in order to achive better spatial and temporal resolution to the 

data in the Arctic. As seen in paper I, 50% of the Lena River DOC seemed 

to have been removed before the freshwater enters the inner parts Arctic 

Ocean. However, by only studying the data from the S.E. Laptev Sea, no or 
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only small removals would have been possible to detect, as the residence 

time here is too short. The conservative mixing reported from the Kara 

Sea (Fig. 3), is in contrast to the fi ndings in this study. It might have been 

diffi cult to detect such removals, because the water residence time in the 

Kara Sea is shorter than in the ESAS, or because the variations in the River 

discharge are too large. However, larger area coverage of samplings in the 

Ob and Yenisey River plumes and adjacent coastal water bodies may result 

in similar degradation rates as concluded in this thesis.  

Process studies

A better understanding of the processes governing the release of OCter to 

the Arctic Ocean must be achieved. DOC and POC release seem to be 

controlled by different processes, and might therefore change in different 

rates with a warmer climate. The Arctic terrestrial and limnic systems are 

therefore of highest interest to monitor and study. In order to understand 

positive feed-back effects caused by increased release of old OCter to the 

Arctic Ocean, the processes controlling the degradation in the estuaries 

and ocean must be better understood. Today, it is not clear if fl occulation-

sedimentation, microbial degradation or perhaps photochemical 

degradation of OCter is most important for the removals seen in this thesis. 

These processes will be affected differently by decreasing ice coverage, 

which is decreasing almost from year to year (http://www.arcus.org/

search/seaiceoutlook/). It might also be considered that less ice cover could 

result in higher primary production rates, due to longer growing season 

and more upwelling of nutrients. An increased production rate of primary 
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producers, i.e. phytoplankton, will contribute to an increased assimilation of 

CO2, which will moderate the release of CO2 to the atmosphere (Carmack et 

al., 2006). Development of isotope studies would increase the possibilities 

to outline these processes. Several isotopes could be tried out to further 

characterize organic material, e.g. 18O/16O. This isotope ratio could also be 

used to describe the coupling between organic material and nutrients (NO3
2- 

and PO4
3-).

However, if good estimates of the terrestrial vs. marine OC fractions can be 

made by further refi ned multiple isotope methods, better modeling of the 

fate of the OCter in the Arctic Ocean might become reality.
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för framtiden. Inte minst är ju 3/4 av denna avhandling baserad på resultat från 
resan. Tack för allt samarbete! Och allra mest: tack för att du anställde Jorien!

Per –tack för allt stöd, alla skratt och ditt lugna förhållningsätt till forskningen. 
Tack för dina brandutryckningar för att rädda mej, det har gällt 18O, ostrukturerade 
manus och mycket mer. 

Sören –tre år i Oslo, to med deg på Blindern. De to siste har defi nitivt vart de 
bedre, du er sannerligen en motiverende kollege. Samarbeidet fungerer like bra 
innom som utenfor våre forskningsprojekt,det virker som om bare fantasin setter 
grenser for hva vi kan fi nne på sammen. Och det gjör den ju åpenbart ikke.

Dag och Espen –tack for godt og inspirerende samarbeit på Blindern, ikke minst 
at jeg fått mulighet til å ha en fast punkt i Oslos forskningsmiljö. 

I really want to thank all my collegues from the ISSS-08 cruise! Especially thanks 
to the always so enthusiastic Igor. Laura, good team work! I have really enjoyed 
working with you. Martin, resan var bara början, Oslo var verkligen ett bonusår 
med dej. The Luleguys Johan och Fredrik, ni betydde så mycket för stämningen 
ombord, humorn (fåglarna Johan!) och inte minst all assistans med data.

I have also enjoyed my cooperation with the people in Warnemünde and Rostock. 
Fantastic cruise 2006, and also the intense weeks at Askö with the course. Thanks 
for everything Klaus, Maren, Falk, Erika and of course Stefan F. 

Lars Rahm –tack för ditt stöd och för gott samarbete, speciellt i början av min 
doktorandtid. 

Kajorna –mina älskade kraxkompisar Ullis och Jenny. Aldrig hade jag trott att 
det skulle vara så underhållande att doktorera! Jag känner mej också stolt och 
glad över allt vi hittat på tillsammans, inte minst alla fester och upptåg. Jag tror vi 
gjorde en skillnad på ITM, och inte bara i ljudstyrka. Fortsätt skräna! Niklas, du 
hör på något sätt ihop med fl ocken. Tack för all fysisk trimning, och alla skratt.

Hasse –världens bästa chef. Nu får du ta hand om dej, och ägna dej åt all rolig 
forskning du inte hunnit med under chefstiden. Tack för all uppmuntran, håll ett 
öga på Christoph åt mej är du snäll. 
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Thanks for all support, the rest in Christophs group. Hanna, Barbara, Erik 
and Sasha, you have all contributed to my work! 

Jag vill också tacka resten av Mm: Frida, Marcus, Maggan och alla ni andra! 
Ni är ett härligt gäng.

Tack till geofolket Heike, Klara och Malin för all hjälp på lab, och för alla 
isotopmätningar. Jag kommer sakna er.

Jag försökte i det längsta också ha ett liv vid sidan om jobbet. Jag har världens 
fi naste vänner, och det är grunden för att må bra och klara av saker. Tack därför 
också till er, speciellt så klart till dem jag dessutom terroriserat som soffl iggare 
hos de sista åren: Lina, Johan, Irma och Vira samt Anna. Alla fi nisar i Strula 
med Siri och så klart storfamiljen Emil, Stine och Mira.

Kära Mamma och Pappa. Utan er, ja vad vore jag då. Ni gav mej grunden: 
självförtroendet och glädjen över att lära mej saker och utvecklas. Jag älskar er! 
Björn, du har ju faktiskt även bidragit på ett hörn av avhandlingen, men mest 
vill jag tacka dej för den du är, så att jag får känna mej som en så otroligt stolt 
syster. Mormor, du vet du alltid varit min favorit, du betyder så mycket för 
mej!

Vidar –man ska vara ett stöd för sin partner. Men det har bara gått en väg sista 
året (åren), och jag är oändligt tacksam för allt. Utan dej –ja du vet, det är du 
som håller mej upprest och samtidig med fötterna på jorden, så allra mest tack 
till dej.
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