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Abstract 
An increased flux of organic matter (OM) and iron (Fe) from terrestrial sources into surface 

waters is observed in boreal areas. This increased concentration of chromophoric 

compounds affects the light attenuation in the water column, and thus the organisms living 

there. The aim of this study was to explore how Fe affects the optical properties of dissolved 

organic carbon (DOC), and to better understand the relationship of total organic carbon 

(TOC) and Fe following a salinity gradient.  

 

Absorption measurements of solutions of freeze-dried DOC and FeCl3 were used to 

investigate the effects of DOC and Fe on water colour. The interaction link between the 

substances was weak at all wavelengths, indicating an additive effect of DOC and Fe on 

water colour. Thus, no additional interaction effect is expected from the interaction 

between DOC and Fe.  

 

To assess the relationship of TOC and Fe, samples were collected along a river transect from 

the inner Finnskogen area to the outer Oslofjord. The results demonstrate a tight correlation 

between TOC and Fe in along the river transect, yet with some scatter reflecting different 

properties among the tributaries. The relation between TOC and Fe was more relaxed in the 

marine transect, demonstrating different fates of the two compounds with increasing 

salinity. Since the association between TOC and Fe do impact optical properties in water, 

these insights have relevance for the light climate, primary production and visibility in 

aquatic systems.  
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1 Introduction 
A general trend in increased water colour has been observed in lakes and along the coasts 

the past decades (Arvola et al., 2010; de Wit et al., 2016; Hongve et al., 2004; Roulet & 

Moore, 2006). This browning or darkening of the water, the latter term commonly used for 

marine waters, has attracted major interests due to the potential adverse effects it may 

cause in the aquatic ecosystems (Urtizberea et al., 2013), and for its societal consequences 

where the production and quality of drinking water may be negatively affected (Matilainen 

et al., 2010). From an ecosystem point of view, the strong impact on optical properties, and 

thus productivity in response to browning, is a matter of concern (Thrane et al. 2014). 

Multiple factors contribute to the alteration of the optical properties of the water, e.g., 

increased concentration of both organic matter and iron from runoff to the water column 

(Kritzberg & Ekström, 2012).  

 

The euphotic zone is where the aquatic primary producers have enough light to preform 

photosynthesis, and the lower limit of the euphotic zone is at depth of where 1% of the 

surface irradiance remains (Lee et al., 2007). Several factors may affect the euphotic zone, 

making the depth of it vary in different locations. Particles, such as OM and sediment, the 

abundance of primary producers and other coloured elements absorb and scatter light, thus 

affecting the light attenuation in water (Lee et al., 2013). The depth of the euphotic zone can 

be estimated by ocean-colour remote sensing (Hill & Zimmerman, 2010). The Secchi depth is 

also a well-known measurement of turbidity in water, and has been used to observe long 

term trends in water clarity (Dupont & Aksnes, 2013).  

 

1.1 Consequences of browning/increased light attenuation  

In aquatic ecosystems, available sunlight and its distribution in the water column constitute 

a key abiotic factor for survival, behaviour and activity of organisms inhabiting these 

environments (Mascarenhas & Keck, 2018). Visual predators use their eyesight to find prey, 

some fish and zooplankton are dependent on light as a cue for vertical migration (Lampert, 
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1989), and primary producers use the photosynthetically active radiation (PAR) as an energy 

source to perform photosynthesis. These processes may be adversely affected by the 

reduction of light in the water column caused by browning.  

 

As more Fe and DOC enters the water, the light attenuation increases and less light 

penetrates the water column. Due to this reduction of the euphotic zone, a smaller amount 

of light is available for benthic algae, macrophytes and pelagic phytoplankton. This could 

lead to a general reduction in primary productivity as the reduction of available light limits 

the habitat for primary producers (Thrane et al., 2014). Furthermore, darker water will be 

more capable of absorbing solar energy, due to decreased albedo, which will increase the 

surface water temperature. This increase in surface water temperature intensifies the 

stratification in the water column, promoting changes in the habitat for the primary 

producers (Persson & Jones, 2008). Being at the base of the food web, primary producers 

determine the available energy for higher trophic levels, making them vulnerable to changes 

in the primary production rate (Grubisic et al., 2018). However, small increases of DOM in 

waters may be beneficial as DOM absorbs UV light, and thereby protects aquatic organisms 

against harmful radiation (Erickson III et al., 2015) 

 

Runoff and riverine inputs are important sources of nutrients to aquatic ecosystems. The 

increased flux of Fe and DOM constitutes an important contribution to the nutrient supply in 

freshwater systems and coastal areas. In general, primary producers in lakes and coastal 

areas are more likely to be limited by light availability than nutrients (Jickells, 1998). It is well 

established that the limiting nutrient in freshwater systems is phosphorus and ocean 

productivity is limited by nitrogen (Rabalais, 2002), yet a co-limitation of these elements are 

common in all ecosystems (Harpole et al., 2011). Fe is an essential micronutrient, e.g., it is 

important in the synthesis of chlorophyll and functions as cofactor in the enzyme 

nitrogenase. In certain areas where Fe is the limiting factor for primary production, e.g., 

open marine waters, increased flux of Fe to the aquatic ecosystems can increase the aquatic 

productivity. DOM is an important energy source for heterotrophic bacteria, and enters the 

food web via the microbial loop (Tranvik, 1992). The increased availability of DOM may 

increase the abundance of bacteria in the waters (Hessen, 1985), and thus the food 
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availability for protist grazers. This may also have a positive impact on the availability of food 

for organisms further up the food web. On the other hand, a higher productivity of bacteria 

intensifies the competition of nutrients like phosphorus (P) which may suppress 

phytoplankton and increase the net heterotrophy for aquatic systems (Hessen et al., 2017).  

 

1.2 Main drivers of increased DOM and Fe to surface waters 

Coloured dissolved organic matter (CDOM) and Fe and are both known for their 

chromophoric properties, and their effect on reducing water transparency (Canfield Jr. et al., 

1984; Maloney et al., 2005). The main source of DOM and Fe to the aquatic matrix is the 

catchment soils, and increased export of these substances to surface waters have been 

reported, resulting in increased browning (Kritzberg & Ekström, 2012). There are many 

drivers for increased concentration of DOC and Fe in water such as change in vegetation 

cover and reduction of sulphur deposition (Monteith et al., 2007). Climate driven effects, 

such as rising temperatures, increased watershed productivity and intensification of the 

hydrological cycle, are expected to affect the availability and transport of DOM and Fe from 

the terrestrial areas to surface waters, and thereafter coastal areas (de Wit et al., 2016; 

Finstad et al., 2016).  

 

Soil organic matter (SOM) originates from decomposition of plant material, and a great part 

of SOM are humic substances (Schnitzer, 1983). The organic matter is characterized by 

different functional groups, such as phenols and carboxylic groups, which affect the 

solubility and mobility of OM. These structural properties may affect the quality of the OM, 

and thus the water colour (Ekström et al., 2011). The soil carbon pool is a good predictor for 

the concentration of DOC in stream water (Aitkenhead et al., 1999). Increased terrestrial 

primary production, such as forest growth, and lower decomposition rates contribute to the 

carbon pool in the soils, making more DOC available for transport. Both the catchment area 

the water travels through and the residence time in the soil play a major role in the export of 

DOC to surface waters and into the coastal areas. Thus, the soils constitute an important 

source of aquatic DOC (Larsen et al., 2011). 
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Iron is the fourth most abundant element in the crust of the Earth (Frey & Reed, 2012). The 

mobilization and availability of iron is strongly affected by redox conditions, pH and the 

availability of OM for complexation (Edmunds & Smedley, 1996). In general, lower pH 

increases the solubility of iron (Björnerås et al., 2019). Oxidised iron, Fe(III), is nearly 

insoluble in water, whilst reduced iron, Fe(II), is a lot more soluble (Falkowski et al., 1998). 

One find the concentration of Fe(II) to be higher than for Fe(III) for free ions in soil solution 

(Schwertmann, 1991). In seawater, the solubility of iron is enhanced by binding to other 

organic components (Rue & Bruland, 1995). In OM rich environments Fe is known to form 

relatively stable complexes with organic matter, Fe-OM, which then can be mobilized into 

solution (Škerlep et al., 2022; Sundman et al., 2014). Organic matter can stabilise both Fe(II) 

and Fe(III) in the aquatic environment. Even with the presence of dissolved oxygen, Fe(II) 

does not oxidate to Fe(III) when in complex with OM (Rue & Bruland, 1995). Whether Fe(II) 

will form complexes or oxidise to Fe(III) depend on the availability of OM and the pH in the 

environment (Rue & Bruland, 1995). Less common is the complex formation of iron with 

other elements, e.g. phosphorus (Rothe et al., 2016).  

 

The export of DOC and Fe is influenced by alterations in hydrology and regulations of 

biogeochemical processes in the soils, land cover change, and especially afforestation and 

expansion of vegetation cover (Bowering et al., 2020). Spruce forest, in particular old forest 

(60-90 years old), have thick layers of organic matter and the pH in the soil layers are more 

acidic (Škerlep et al., 2022). It has been suggested that aging of spruce forest and forestry 

intensification contributes to increased mobilization of Fe from soils by increasing the 

concentrations of organic acids and thereby the acidity in the soil layer (Škerlep et al., 2022). 

A reduction of pH enhances the mobility of Fe, hence, the concentrations of Fe in surface 

waters will increase and contribute to further browning.  

 

Recovery from acidification and declining atmospheric sulphur deposition are assumed to 

enhance the flux and mobility of DOM from soils (Kritzberg, 2017; Monteith et al., 2007). As 

pH decreases and the functional groups on OM become protonated, the mobility of OM is 

supressed (Ekström et al., 2011). This indicates that DOM is more mobile at higher pH. The 

reduction of sulphur deposition is increasing the pH in the catchments, affecting the 
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solubility and export of DOM from soils, thus contributing to the brownification process 

(Ekström et al., 2011). Due to Fe(III) reduction, increased solubility, and increased mobility of 

Fe at low pH, the reduction in sulphur deposition is not a direct driver of increased Fe 

concentrations (Björnerås et al., 2019). However, an increase in pH might increase the Fe 

flux into soil solution due to the complex formation with OM (Neubauer et al., 2013). 

 

Several factors contribute to the increased flux and mobilisation of Fe and OM. The 

consequences of darkening waters will strongly affect the aquatic ecosystems. Due to 

changing precipitation patterns and rising temperature, one expects an increased flux of 

DOM to surface waters (Finstad et al., 2016). As a consequence of climate change, increased 

temperatures affects several different mechanisms in boreal regions: prolonged growing 

season, faster decomposition rate of litter fall and increased production of DOC (Christ & 

David, 1996; Škerlep et al., 2020; Weyhenmeyer & Karlsson, 2009). In addition, increased 

watershed productivity contributes to changes in the DOC flux. Intensification of the 

hydrological cycle, due to climate change, will lead to more precipitation and thus increase 

the flux of OM and Fe into soil solution (de Wit et al., 2016). This change in hydrology leads 

to increased precipitation, thus more runoff from land which transports Fe and DOC into the 

aquatic environment. In dry periods OM accumulates in the soil matrix, and re-wetting of 

the soil accelerates the carbon flux to the water (Fenner & Freeman, 2011). In an ever-

changing climate, these processes can become important for mobilisation of Fe and DOC.  

 

The Glomma watershed and its relation to Skagerrak gives a natural laboratory to investigate 

the relationship between the catchment processes and the transport of OM and Fe from the 

inner Finnskogen area to the outer Oslofjord. The Glomma catchment is the largest in 

Norway with an area of 41 967 km². Surrounded by forest, agriculture, and cities, there are 

many potential sources for both iron and organic matter to enter the surface water stream, 

and subsequently the coastal areas. Glomma’s largest tributary, Vorma, brings fresh water 

from Norway’s largest lake Mjøsa, and is not as heavily affected by forest as Glomma. The 

Oslofjord spans over an area of 120 km from Bonnebukta to Skagerrak and receives runoff 

from approximately 70 000 km2 of land.  

https://temakart.nve.no/tema/nedborfelt
https://temakart.nve.no/tema/nedborfelt
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Negative impacts from e.g. trawling and eutrophication is already affecting the ecosystem in 

the Oslofjord (Moland et al., 2021). Increased light attenuation in the water column due to 

increased flux of terrestrial OM and Fe, is a contributing factor to the worsening state of the 

fjord, and further, adverse effects for the aquatic organisms (Moland et al., 2021).  

 

1.3 Objectives, hypothesis and aims 

This thesis consists of two parts: a laboratory experiment where the main objective was to 

better understand the optical properties of Fe and DOC in water, and a field study where the 

main objective was to explore the relationship between Fe and TOC through a transect from 

the deep forest to outer Oslofjord.  

 

Firstly, we hypothesised that iron will strongly affect the chromophoric properties of DOC. 

The specific aim was therefore to explore whether the effect of Fe on the chromophoric 

properties of DOC is additive or interactive when measuring absorbance.  

 

Secondly, we hypothesised that the relationship between Fe and TOC will be more relaxed 

with increasing salinity, whilst they are strongly correlated in freshwater. Thus, the specific 

aim was to explore the fate of Fe and TOC from inner Finnskogen to outer Oslofjord.  
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2 Materials and Methods 
Three samplings from the outer Oslofjord and one riverine sampling from the Glomma 

transect were conducted. All samples were analysed by the ferrozine method, high-

temperature catalytic oxidation and UV-vis spectrophotometry. The freshwater samples 

were also analysed by cavity ring-down spectroscopy, inductively coupled plasma – optical 

emission spectrometry (ICP-OES) and the determination of particulate matter (PM). A simple 

visualisation of the methods used in this thesis is shown in Figure 1. 

 

 

Figure 1. Simple visualisation of methods used in this thesis. Illustration created in 

BioRender.com. 
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2.1 Field Sampling - From inner Finnskogen to outer 
Oslofjord 

The samplings in the outer Oslofjord were conducted 12th of May, 2nd of June and 29th of 

June 2022 with the research vessel Trygve Braarud. The same transect, with five sampling 

sites, was used for all three of the field samplings (Figure 2). This transect, which covers 

standard monitoring stations in the outer Oslofjord, was chosen to compare brackish areas 

with more coastal water. The sampling sites from most to least brackish: L1 (Glomma, 

Fredrikstad), L5 (Kjøkøy), I1 (Ramsø), Ø1 (Leira, O1 in figures), OF2 (Missingene). Originally 

there were six sampling sites, but the outermost site at Torbjørskjær, OF-1, was renounced 

due to bad weather conditions. For a closer look at the sampling sites please look at Outer 

Oslofjord and the coordinates in Table 1 in Appendix.  

 

 

Figure 2. Sampling sites outer Oslofjord. Map of Norway from © Norgeskart.no. Map of 

Outer Oslofjord created in R Stamen maps with ggmap (Kahle & Wickham, 2013). 

https://goo.gl/maps/JFa3xGSAq1E14XTw6
https://goo.gl/maps/JFa3xGSAq1E14XTw6
http://maps.stamen.com/#watercolor/12/37.7706/-122.3782
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The sampling was done by a rosette sampler with 5L Niskin bottles which collected water at 

40 m, 4 m, and 3 m depths. At site L1, in the Glomma River under the Fredrikstad bridge, the 

deepest sample was collected from 16 m. The surface water, samples from 3 m and 4 m, was 

mixed in a 10 L canister before transferred to a 1 L plastic bottle. The deep-water samples 

were transferred directly to a 1 L bottle. To measure water transparency the Secchi depth 

was measured on the sunny side of the vessel. The Secchi disk was forgotten on the first 

cruise. A CTD-profile was done at each site. The CTD instrument measures conductivity, 

temperature, and depth, with additional sensors for oxygen, light and fluorescence 

measurements. All the sample bottles were stored in a dark climate room with a 

temperature of 2-4°C. 

 

The riverine sampling was conducted May 23rd, 2022, after the snowmelt ended. After 

careful planning of the route, the sampling started in a side stream of the Flisa River in the 

Finnskogen area, near the Swedish border, and followed a 275 km long transect of 20 more 

sampling sites to the river mouth of Glomma in Fredrikstad (Figure 3). For a closer look at 

the maps see Figure 24 and 25, and table with coordinates and description in Table 2 in 

Appendix. For a closer look at the sampling sites, please look at the Glomma Transect. The 

rationale for selecting these sites is that this eastern area close to the Swedish border 

typically have high concentrations of DOC (Andersen et al., 2020; Larsen et al., 2011), with a 

gradual dilution from the main river and its alpine tributaries. The surface samples were 

collected both from tributaries of Glomma, to investigate which other catchments 

contribute to the main river flow, and directly from the Glomma River with a telescopic pole 

(3 m). The telescopic pole was rinsed between every sample. The water samples were 

directly transferred from the water collector on the telescopic pole to 1 L plastic bottles. The 

plastic bottles were stored in a dark climate room with a temperature of 2-4°C. 

https://goo.gl/maps/tQhatttoa6X9ogSX9
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Figure 3. Map of Norway from © Norgeskart.no. Red box on the small map of Norway marks 

the Glomma transect. Map overview of the sites of the Glomma transect, created in R 

Stamen maps with ggmap (Kahle & Wickham, 2013). 

 

 

Figure 4. Pictures from sample site 2, 8, 17 and 19, showing different impact of chromophoric 

compounds. 

http://maps.stamen.com/#watercolor/12/37.7706/-122.3782


 
 

11 

2.2 Lab experiments 

When trying to understand how Fe affects DOC and their optical properties in water, a two-

dimensional (2D) photometric titration was performed by the Opentrons OT-2 lab robot 

before absorbance was measured with a SynergyTM MX microplate reader. 

 

2.2.1 Opentrons OT-2 lab robot 

To reduce the impact of human error some time was spent learning how to use the 

Opentrons OT-2 lab robot, how the different commands work, and thus, make a script for 

the 2D titration with Fe and DOC and for the determination of Fe(II) / Fe(III) (subsection 

2.3.2). The script was made in Spyder (version 5.1.5), written in Python (version 3.9.7). In the 

beginning this was done with water, coffee, and candy water to make simple transfers and 

thereafter gradients. With an Ultimaker 2+ 3D printer a new Eppendorf tube rack was 3D 

printed; this was needed in the Fe(II)/Fe(III) determination part of the analysis.  

 

2.2.2 Two-dimensional photometric titration with-freeze dried DOC and FeCl3  

A 2D photometric titration was performed in a flat bottom 96-well plate to explore how Fe 

affects DOC, and their optical properties in water. To create the gradient between the 

parameters, FeCl3 and freeze-dried DOC from the small catchment Hellerudmyra, from the 

NOM-project (Gjessing et al., 1999) was used. FeCl3 stock solution (1.2 µg / µL) and DOC 

stock solution (0.22 µg / µL) were distributed in correct volumes by the Opentrons OT-2 lab 

robot to get specific concentrations of the reagents in the wells. 

 

To look at the difference in absorption in fresh and saline water, two different 96-wells 

plates were made; one with practical salinity unit (PSU) = 0 and one with PSU = 33, which 

matches the salinity in fresh river water and the coastal water. Milli-Q water was used for 

PSU = 0, and artificial seawater was made with Milli-Q water and NaCl for PSU = 33. The 

absorbance was measured from 280 to 700 nm in each well with a SynergyTM MX microplate 

reader. The concentration gradient of Fe and DOC was the same for both salinities.  

https://opentrons.com/
https://ultimaker.com/
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2.3. Analysis of field samples 

2.3.1 General  

The analysis of Fe was composed of two parts: the ferrozine method was used to determine 

the ratio of the concentrations of Fe(II) and Fe(III) in the samples, and ICP-OES determined 

the concentration of total dissolved iron, as well as other elements. Analysis of organic 

matter was divided into three parts: high-temperature catalytic oxidation to determine the 

concentration of TOC, determination of PM from filters to differentiate between organic and 

inorganic particles, and measurements of absorbance of dissolved organic matter. Cavity 

ring-down spectroscopy was used for analysis of stable water isotopes. Only samples from 

the Glomma transect were analysed by ICP-OES, cavity ring-down spectroscopy and the 

determination of PM. 

 

The plastic bottles were manually shaken every time they were taken out of the cold storage 

room to stir up the suspension of particles before analysis. After each field sampling the pH 

was measured with a Radiometer Copenhagen PHM92 lab pH meter. For the Glomma 

samples conductivity was also measured with a Radiometer Copenhagen CDM 80 

Conductivity Meter. The measurements of pH and conductivity were not further used in this 

thesis.  

 

2.3.2 The ferrozine method – Fe(II) / Fe(III) Determination 

To analyse the concentration of ferrozine reactive iron (FR-Fe) and distinguish between the 

two iron species, Fe(II) and Fe(III), the ferrozine method was performed according to the SOP 

for the method (SOP in Appendix). The ferrozine method primary measures ionic iron, but 

can also react with Fe in complex (Viollier et al., 2000). Ferrozine reacts with Fe(II) and forms 

a magenta-coloured complex which can be measured spectrophotometrically at 562 nm 

(Stookey, 1970). One gets the total FR-Fe in the sample when the reducing agent 

hydroxylamine hydrochloride reduces Fe(III) to Fe(II) (Viollier et al., 2000).  
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Fresh reagents used in the Fe(II)/Fe(III) determination were prepared the day before the 

field day according to the SOP (SOP in Appendix). The Opentrons OT-2 lab robot was 

programmed to perform the pipetting. All the reagents, pipet tips, flat bottom 96 wells 

plates and Eppendorf tubes racks were placed in the lab robot. The tube racks were filled 

with 2 mL Eppendorf tubes, one rack with 1 mL sample water in each tube and one rack with 

empty tubes for the making of the standards. For each time it says “mix thoroughly” in the 

protocol, a total of 3 times, the snap cap tubes were taken out and mixed by hand with the 

help of a Mini Vortex Mixer. After the robot had added the reagents, the finished 96 well 

plates were directly inserted into a SynergyTM MX microplate reader, and the absorbance 

was measured at 562 nm.  

 

The Fe concentrations in the samples were calculated using the slope and intercept of the 

standard curve. The standard curves were made from the absorption of the ferrozine-

ferrous iron complex in the wells with known concentration of Fe. The analysis was based on 

four replicates per sample.  

 

2.3.3 Inductively coupled plasma – optical emission spectrometry (ICP-OES) – 
Water metal analysis 

ICP-OES was used to detect low concentrations of elements in the Glomma samples. Filtered 

water, the filtrate from subsection 2.3.6, was used to remove particles that could clog the 

instrument. For 1% acid preservation 150 μL suprapur HNO3 was added to each 15 mL sterile 

centrifuge tube filled with filtered sample water. Two replicates per site were made from all 

the samples from the Glomma transect, including 4 reference tubes filtered with Milli-Q 

water. The tubes were then sent to Magnus Kristoffersen for water metal analysis at the 

Department of Chemistry at UiO. No samples from the outer Oslofjord were analysed by this 

method.  

 

To determine the metal concentrations in the samples the Jobin Yvon Horiba – ULTIMA 2 

instrument transformed the sample water into aerosols which then were ionized and/or 

excited by the plasma at high temperatures (10 000K). The instrument detect the radiation 
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from the ionized/excited atoms and sort them by wavelength (Ghosh et al., 2013). The 

concentrations of Ca, Fe, Mg, Mn, and Na were determined by this method.  

 

2.3.4 High-temperature catalytic oxidation – Analysis of total organic carbon and 
total nitrogen  

The analysis system, comprised by Shimadzu ASI-V Autosampler and Shimadzu TOC-VCPH 

Total organic carbon analysator, was used to measure total carbon (TC), total organic carbon 

(TOC), and total nitrogen (TN) in all the water samples, both from the three cruises in the 

outer Oslofjord and from the Glomma transect. The samples were analysed by the 680°C 

combustion catalytic oxidation method. For the carbon analysis carbon dioxide (CO2) was 

generated by oxidation and detected using an infrared gas analyser. A similar principle 

applied to the detection of nitrogen where nitric oxide(NO) was measured by 

chemiluminescence by the N-detector after catalytic combustion at high temperature (Badr 

et al., 2003). The measurement of nitrogen was not further used in this thesis. 

Approximately 24 mL of sample water was poured directly into the glass vials, placed on the 

tray carousel which was then placed into the ASI-V Autosampler. The first three and last 

three vials were filled with Milli-Q water to wash the instrument between the different 

analyses. All the glass vials were washed and combusted for 2h at 500 degrees beforehand 

to remove all organic matter from previous analysis. 

 

2.3.5 UV-vis spectrophotometry – Absorbance of coloured dissolved organic 
matter (CDOM) 

DOM absorbs light in the ultraviolet and visible part of the spectrum, UV-vis 

spectrophotometry was used to determine the CDOM absorbance at different wavelengths 

in the water samples. Filtered water was used to analyse the absorbance of CDOM. The 

water from the Oslofjord was filtered through 25 mm GF/C filters, and the filtered 

freshwater from the Glomma transect was the filtrate from subsection 2.3.6. Filtered water 

is used to remove e.g., phytoplankton pigments.  
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The SHIMADZU UV-2550 spectrophotometer sends light in the wavelength interval 250-750 

nm through 50 mm quartz cuvettes, one reference filled with Milli-Q water, and one filled 

with filtered sample water, and measures the absorption in the sample cuvette with respect 

to the reference cuvette. The computer program used was UVProbe Ver. 2.21. 

 

2.3.6 Filtration and determination of particulate matter in samples from the 
Glomma transect 

The samples from the Glomma transect were filtered through a 47 mm GFF-filter. The filters 

used are hygroscopic as they absorb moisture from the air, hence, all the filters were dried 

at 60°C for 24h and weighed before the filtering of the samples. The filters were weighed 

with a Mettler Toledo MX5 Microbalance. 

 

First, the filter was washed with 100 mL Milli-Q water, then, 500 mL of sample water was 

filtered with the vacuum pump set up. The filtrate was poured into a 0.5 L plastic bottle, and 

the used filter was placed into a container after the filtration. Four filters were filtered with 

only milli Q water to see what leaches out of the filter and whether it affects the results, 

especially for the ICP-OES analysis. Five filters were only weighed to have as reference filters 

to see what was lost in the oven. After the filtering the filters were placed in a freezer and 

the filtrate were placed in the climate room with the original samples.  

 

To determine the difference between organic and inorganic particulate matter, the filters 

were firstly placed on a tray and placed in a Termaks drying cabinet at 60 °C for 24h before 

they were weighed again. The weight added to the filters after the filtration and drying is the 

total particulate matter (TPM). To burn off the particulate organic matter (POM) and find the 

particulate inorganic matter (PIM = TPM – POM) the filters were then placed in a Heraeus 

oven at 600°C for 2 hours before the last weighing.   

 

2.3.7 Cavity ring-down spectroscopy – Analysis of water isotopes  

The isotopic composition could indicate the origin of the sample water from the Glomma 

transect, if it consists of more rain or soil water. Higher δ18O values, less 16O, indicate that 
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the samples are more affected by soil water than the samples with more negative δ18O 

values (Hsieh et al., 1998). To identify the water sources from the Glomma transect 

(precipitation, soil water etc), a water analysis was done in a Picarro L2140-I Cavity Ring-

Down Spectroscopy instrument. This instrument uses a near-infrared absorption spectrum 

to determine the concentration of different element species, and thus the different water 

isotopomers (Berden et al., 2000). To prepare the samples 2*950 μL of filtered water from 

the Glomma transect (filtrate from subsection 2.3.6) was added to isotope vials and sent to 

analysis at the IBV stable isotope laboratory (CLIPT). Filtered sample water was used to avoid 

accumulation of particles in the inlet vaporizer. 

 

2.4 Statistical analysis 

All statistical analyses were preformed using R version 4.2.1, and the package ggplot2 was 

used to make figures (Wickham, 2016). The maps were made using R Stamen maps with 

ggmap (Kahle & Wickham, 2013). Linear models (multiple regression) were made using the 

lm()-function in base R, e.g., to look at the relationship between absorbance of Fe and DOC. 

The predict()-function was used to make predictions from linear models and calculate their 

standard errors and confidence intervals. 

 

CDOM (m-1) is calculated from absorbance by the equation CDOM = 100 * ((abs)/h) * log(10), 

where h is the cuvette path length in cm. The absorption/optical cross section(OCS) is 

dependent on the molecule diameter and gives information about a substance capability to 

absorb/scatter light (Evanoff & Chumanov, 2004). One gets the OCS of DOM and Fe from the 

slopes for the linear models of CDOM as a function of DOC and Fe concentrations (CDOM ~ 

Fe + DOC), such that OCS becomes the change in CDOM per mg Fe or DOC for each 

wavelength. 

https://www.mn.uio.no/ibv/english/research/infrastructure/facilities/life-science/bio-geochemical-analysis/isotope/
http://maps.stamen.com/#watercolor/12/37.7706/-122.3782
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3 Results 
3.1 The effects of DOC and FeCl3 on water colour 

The results from the 2D titration experiment with freeze dried DOC and FeCl3 were used to 

investigate the chromophoric properties of DOC and Fe in fresh and saline water, and their 

effect on each other. The results were based on the absorption spectra from two flat bottom 

96 well plates, one with PSU = 0 and one with PSU = 33. 

 

To explore the differences in absorption in fresh and saline water, subsets were made to 

look at the absorption of DOM without the effects of Fe and vice versa. Fe has the highest 

absorbance in saline water (Figure 5), whilst DOC has the highest absorption in fresh water 

(Figure 6). One assumes constant background absorbance of the plate, and to correct for this 

a mean was calculated from all the blank wells. This mean was then subtracted from the 

absorbance values.  

 

 
Figure 5. Absorption spectra of Fe with no DOC present. Comparison of water with PSU = 0 

(A) and PSU = 33 (B).  
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Figure 6. Absorption spectra of DOC with no iron present. Comparison of water with PSU = 0 

(A) and PSU = 33 (B).  

 

A subset of the data was made including the wavelengths 380-600 nm, as the absorbance of 

Fe and DOC is very low above 600 nm. To investigate how Fe will affect the optical 

properties of DOC, and if the effects of Fe and DOC were additive or interactive, a loop 

function was made for both the additive model (lm(CDOM ~ Fe + DOC)) and the interaction 

model (lm(CDOM ~ Fe * DOC)) which collected the adjusted R2 from the model summaries 

for each wavelength. This was done for both salinities. Figure 7 gives an overview of the 

adjusted R2 for all the models of the different wavelengths and shows the comparison of the 

additive and interaction models for PSU = 0 and PSU = 33. The line charts are similar for both 

salinities as the models fit the best at low wavelengths, both for PSU = 0 and PSU = 33. In 

freshwater (PSU = 0) the models stabilize at adjusted R2 =0.75 after a dip around 425 nm 

(Figure 7 A), i.e., 75% of the variance the response variable can be explained by the predictor 

variable. For the saline water, PSU = 33, the models stabilize around adjusted R2 =0.50, after 

a dip around 490 nm (Figure 7 B). The adjusted R2 has higher values for PSU = 0, this means 

that the model fits the freshwater data better. The interaction model was slightly better at 
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higher wavelengths, but the adjusted R2 for both the additive and interaction models are 

similar.  

 

 
Figure 7. Comparison of the additive (lm(CDOM ~ Fe + DOC)) and interaction model 

(lm(CDOM ~ Fe * DOC)) for adjusted R2 for PSU = 0 (A) and PSU = 33 (B). 

 

The OCS for the different wavelengths is the slope from the linear models, CDOM is the 

response variable and DOC and Fe are the predictor variables, where one look at the change 

in CDOM per mg DOC or Fe. The OCS in response to DOC for the different wavelengths for 

both salinities are displayed in Figure 8 A and B. The figures suggest higher effect of DOM at 

low wavelengths. The confidence intervals are quite similar for all the wavelengths, but for 

the OCS of DOC in saline water the confidence intervals are wider than those in fresh water. 

The relationship is close to log-linear for both salinities.  

 

The OCS in response to Fe for the different wavelengths for both salinities are displayed in 

Figure 8 C and D. The OCS for the Fe curves consists of two segments with a log-slope change 

around 425 nm. Fe affects the absorbance more towards low wavelengths, where the 

confidence belts are narrower. For Figure 8 D, the confidence limits at high wavelengths 

become negative and can therefore not be shown on a log scale.   
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The background absorbance (m-1) in the plate with PSU = 0 and PSU = 33 differs (Figure 8 E 

and F). For PSU = 0 the intercept confidence intervals enclose 0 at all wavelengths (Figure 8 

E), this is not the case for PSU = 33 (Figure 8 F). This indicates that there is some background 

absorbance for the wells with PSU = 33, and that this background is more or less constant 

across all wavelengths. 

 

 
Figure 8. Overview of the optical properties of Fe/DOC from the 2D titration experiment at 

different wavelengths. A and B: Optical cross section of DOC  for PSU = 0 and PSU = 33, C and 

D: Optical cross section of Fe on log scale for PSU = 0 and PSU = 33, E and F: Background 

absorbance (m-1). 
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3.2 The Glomma transect 

3.2.1 Determination of iron 

The concentration and distribution of the iron species from the Glomma transect 

determined by the ferrozine method are presented in Figure 9. Most samples from the 

tributaries had a higher concentration of Fe(III) than Fe(II), whereas the Glomma River had 

higher concentrations of Fe(II) than Fe(III) (Figure 9 A). Along the transect, the 

concentrations of Fe are quite similar in the main river (Glomma), whilst the tributaries 

represent the more extreme observations. All values for total FR-Fe are below 0.1 mg/L, 

except G06 and G18, for the Glomma River (Figure 9 B). For the tributaries, the total FR-Fe 

concentrations ranged between 0.064 mg/L (G11, Vorma) and 0.27 mg/L (G17) (Figure 9 B). 

 

 

Figure 9. Iron in the Glomma transect determined by the ferrozine method: A) Determination 

of the concentrations of the iron species Fe(II) / Fe(III). B) Total FR-Fe concentration at each 

sampling site. 
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The two methods of measuring the concentration of Fe, the ferrozine method and ICP-OES, 

could lead to different results as the ferrozine method measured FR-Fe and ICP-OES 

measured total dissolved Fe (Figure 10). The slope for the relationship between FR- Fe and 

total dissolved Fe = 0.45. The adjusted R squared for the model for the Fe concentrations 

determined by the ferrozine method and by ICP-OES is 0.85. With respect to total dissolved 

Fe, the tributaries displayed a high variation, ranging from 0.099 mg/L to 0.47 mg/L, the 

Glomma samples are more similar.  

 

 
Figure 10. Fe (mg/L) from the ferrozine method as a function of Fe (mg/L)  from ICP-OES. 

 

The outermost site, G21 Fredrikstad, was strongly affected by the seawater input (Figure 32 

Appendix). There was no clear correlation between Fe and the other elements determined 

by ICP-OES (Figure 33 Appendix).  
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3.2.2 Determination of organic matter 

CDOM at 440 nm and the TOC concentration for all the Glomma samples are quite similar 

(Figure 11). The samples from the tributaries differs from the main river flow. The samples 

from Glomma have a concentration of TOC between 3.1 mg/L and 4.3 mg/L, and for the 

tributaries the concentration ranged from 2.0 to 9.3 mg/L. For the CDOM absorbance at 440 

nm the Glomma samples was between 9.9 m-1 and 17 m-1, and the tributaries ranged 

between 3.9 m-1 and 64 m-1. All the tributaries, except G11, had higher CDOM absorbance 

and TOC concentration than the Glomma River, G15 had a similar concentration of TOC and 

absorbance of CDOM compared to the main river. The slope for the relationship between 

CDOM and TOC = 6.3, this corresponds to an optical cross section for TOC at 440 nm. 

 

 

Figure 11. CDOM (m-1) as a function of TOC (mg/L) for the Glomma transect.  

 

 



 
 

24 

The relationship between TOC and FR-Fe for the Glomma transect is shown in Figure 12. The 

adjusted R2 = 0.77, indicating strong correlation between TOC and Fe. The slope = 0.025, and 

gives the average ratio between FR-Fe and TOC. 

 

 
Figure 12. Total FR-Fe (mg/L) as a function of TOC (mg/L) for the Glomma transect. 

 

The visual presentation of the distribution of total particulate matter (TPM), divided into 

sections of particulate inorganic matter (PIM) and particulate organic matter (POM), for the 

Glomma water samples is presented in Figure 13. For distribution of the data, see boxplots, 

Figure 36, in Appendix. G7, G17 and G19, all samples from tributaries, stands out as they 

hold more TPM than the all the other samples. G19 has the highest concentration with TPM 

= 8.36 mg/L. Of all the samples, the Vorma tributary has the lowest concentration of 

particulate matter with a TPM = 0.72 mg/L. When looking at the relationship between POM 

and TOC the linear model, POM ~ TOC, gives a slope = 0.18, this indicates the proportion of 

POM per unit TOC.  
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Figure 13. Distribution of PIM (mg/L) and POM (mg/L) for the samples in the Glomma 

transect. 

 

3.2.3 Origin of the sample water 

When trying to identify the origin of the water from the Glomma transect, the samples were 

analysed for the isotope ratio of oxygen, 18O and 16O, and deuterium/hydrogen, 2H and 1H. 

The isotopic composition of the samples was close to the global meteoric water line (GMWL) 

(Figure 14). The negative values of δ18O indicates that there is dominance of isotopically 

lighter water (16O) at the different sampling sites. The tributaries stand out with less 

negative values. Lighter isotope ratio, more 16O, dominates in the Glomma River and in the 

tributaries G11 and G15. The relationship between TOC and δ18O shows that the main river 

has less variability, both for the concentration of TOC and the isotopic ratio (Figure 15). G11, 

Vorma, is significantly different from the other tributaries. 
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Figure 14. Global meteoric water line applied to the measurements of δD and δ18O. The 

global meteoric waterline (GMWL) was calculated by the formula: δD = 10 + 8 * δ18O (Craig, 

1961).  

 

 

Figure 15. TOC (mg/L) as a function of δ18O for samples from the Glomma transect. 
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3.3 The Oslofjord transect 

3.3.1 CTD-data and the change in water transparency from the innermost to the 
outermost sampling station. 

CTD profiles were made from all the stations from each cruise. All the CTD-profiles were 

quite similar. Figure 26 in Appendix is an example from cruise 3 station OF2 where the 

salinity of the surface water sample was close to 25 PSU, and the deep-water sample at 40 m 

was close to 32 PSU. The water temperature varied from 18°C to 11°C. The Brunt-Väisälä 

frequency squared (N2) maximum, the largest density change per unit depth, indicates the 

location of the pycnocline. In this case, cruise 3 station OF2, it is located at 8 meters deep.  

 

A comparison of the temperature, salinity, depth of pycnocline and Secchi depth at the 

different stations from the three cruises in the Oslofjord transect is displayed in Figure 16. 

For the “Deep” observations the deepest observation from the CTD was chosen to represent 

samples, close to 16 m for L1, the Glomma sample, and close to 40 m for the other sites. For 

the “Shallow” observations, data close to 3.5 m depth was chosen to represent the surface 

water. For each cruise, the shallow surface water had higher temperatures than the deep 

water at all the locations, but the shallow surface water follows no clear trend between 

stations (Figure 16 A). The salinity of the deep water was quite similar for all the sample 

sites, and the surface water followed a clear gradient from lowest to highest PSU from the 

innermost to the outermost station for all cruises (Figure 16 B). The water was the freshest 

at site L1 and most saline at site OF2. The pycnocline varied from the first to the last two 

cruises, but not for the innermost site L1 (Figure 16 C). The Secchi depth at the different 

stations from cruise 2 and 3 also followed a clear trend where the water transparency 

increases from the innermost station at Glomma, L1, to the outermost station at Missingene, 

OF2 (Figure 16 D).  
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Figure 16. Comparison of parameters describing the different sites in the Oslofjord transect; 

A = Temperature (°C), B = Salinity (PSU), C = Depth of pycnocline (m), D = Secchi depth (m). 

 

3.3.2 Determination of iron 

To investigate the fate of Fe from the river mouth of Glomma to more coastal areas, the 

concentration of FR-Fe and the determination of the Fe species at the different sites from 

the Oslofjord transect was determined by the ferrozine method (Figure 17). As the values for 

the shallow L1 sample (Glomma under the Fredrikstad bridge) was significantly higher than 

for the rest of the values (total FR-Fe = 0.27 mg/L), this sample is not displayed in Figure 17, 

but in the Appendix (Figure 30). The differentiation of the iron species is shown in Figure 17 

A. Fe(II) is the dominating iron species for all the samples, except for the surface water 

sample at L1. Figure 17 B compares total iron at the different depths at the different sites in 

the Oslofjord. The iron concentrations in the Oslofjord transect decreases as the water 

becomes more oceanic. The shallow Glomma sample, L1, had the highest concentration of 
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FR-Fe (0.27 mg/L), the rest of the samples had concentrations between 0.073 mg/L and 

0.089 mg/L.  

 

 

Figure 17. Iron in the Oslofjord transect determined by the ferrozine method: A) 

Determination of the concentrations of the iron species Fe(II) / Fe(III). B) Relationship 

between the concentration of total FR-Fe and salinity at each sampling site.  

 

3.3.3 Determination of organic matter 

TOC in the surface water followed a gradient where the concentration of TOC was highest at 

the innermost station (TOC = 3.5 mg/L), and lower at the outermost station (TOC = 2.3 

mg/L), whilst the deep-water samples had a more stable concentration throughout the 

transect ranging between 1.2 and 1.7 mg/L (Figure 18). All the shallow water samples 

contain a higher concentration of TOC than the deep-water samples.  
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Figure 18. TOC (mg/L) as a function of salinity (PSU) for the Oslofjord transect. 

 

All the deep-water samples have lower concentrations of TOC and lower absorbance of 

CDOM at 440 nm than the shallow water samples (Figure 19). The deep-water samples had 

CDOM < 5 m-1, and the shallow samples ranged between 4 m-1 and 13 m-1. The OCS for TOC 

at 440 nm corresponds to the slope for this relationship = 3.8. 

 

 
Figure 19. CDOM (m-1) as a function of TOC (mg/L) for the Oslofjord transect. 
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The relationship between FR-Fe and TOC for the Oslofjord transect is displayed in Figure 20, 

Figure 31 in Appendix is including L1_Shallow. The slope for the Oslofjord transect 0.00045 

without the extreme outlier L1_shallow, and 0.52 with L1_Shallow. The adjusted R2 = 0.38 (-

0.14 without the extreme outlier L1_shallow).  

 

 
Figure 20. FR-Fe (mg/L) as a function of TOC (mg/L) for the Oslofjord transect, without 

L1_Shallow. 

 

Freshwater and marine endmembers of CDOM, TOC and Fe were predicted from the data 

from the Oslofjord transect (Figure 21). The values were predicted from linear models with 

salinity as predictor variable for PSU = 0 and PSU = 33. All the predicted endmembers were 

higher in fresh water. For CDOM, the predicted endmembers were between 10 m-1 and 15 

m-1 for the fresh water (PSU = 0), and between 1.7 m-1 and 4.8 m-1 for saline water (PSU = 

33). For TOC, the predicted endmembers were between 3.3 mg/L and 3.9 mg/L in fresh 

water, and 1.2 mg/L and 1.5 mg/L in saline water. The predicted values for Fe ranged 
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between 0.11 mg/L and 0.27 mg/L for fresh water and 0.016 mg/L and 0.11 mg/L for saline 

water.  

 

 
Figure 21. Predicted freshwater and marine endmembers for CDOM (m-1), TOC (mg/L) and Fe 

(mg/L). 

 

3.4 Comparison of the Glomma and Oslofjord transect 

The FR-Fe and TOC concentrations from the samples from both the Glomma and Oslofjord 

transect are displayed in Figure 22. The samples from the tributaries are more scattered and 

have higher concentrations of both TOC and FR-Fe than the other samples. The Glomma 

samples are more similar in Fe and TOC concentrations, and the data points are therefore 

closer together. The samples from the Oslofjord transect is also closer to each other with 

lower concentrations of both Fe and TOC, except the shallow L1 sample. For both the 
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transects, the adjusted R2 = 0.57, and the slope of the relationship between Fe and TOC = 

0.021. This indicates the amount of Fe per TOC (in mg/L) present in the samples.   

 

 

Figure 22. Total FR- Fe (mg/L) as a function of TOC (mg/L) for all samples. 

 

The trend is the same for the plot of the relationship between CDOM and TOC where the 

tributary samples have the highest concentrations and are the most scattered, and the 

Oslofjord samples have lower values of CDOM and TOC than the samples from the Glomma 

transect (Figure 23). 
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Figure 23. CDOM (m^-1) as a function of TOC (mg/L) for all samples. 
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4 Discussion 
4.1 The effects of DOC and FeCl3 on water colour 

From the introduction we hypothesised that iron strongly would affect the chromophoric 

properties of DOC. The results from the 2D titration experiment with freeze dried DOC and 

FeCl3 shows that the interaction link in the models is weak. The interaction model was 

slightly better than the additive model at higher wavelengths, but the interaction link is still 

insignificant. This indicates that Fe will not affect the optical properties of DOC, at least not 

on the time scale of this experiment. Thus, the effects of DOC and Fe on absorbance appear 

to be additive.  

 

The comparison of the additive and interaction model, with the adjusted R2 values, for the 

different salinities shows that all the models are better at low wavelengths (Figure 7). This 

could be due to the low absorbance of Fe and DOC at high wavelengths. At higher 

wavelengths, the absorption is slightly affected by the interaction between DOC and Fe. But, 

since the interaction link is very weak, we assume an additive effect for the relationship 

between Fe and DOC for all wavelengths. As both DOC and Fe absorb light, an addition of Fe 

will increase the water colour (Kritzberg & Ekström, 2012; Maloney et al., 2005). An additive 

effect of Fe and DOC on absorbance is also suggested by Weyhenmeyer et al. (2014).  

 

As the effects of Fe and DOC on absorbance appear to be additive, the effect of a given 

concentration of DOC is the same regardless of the concentration of Fe, and vice versa. The 

effects of both DOC and Fe are greatest at low wavelengths. Since the slopes differs from 

each other, Figure 8 A-D, the absorption of the substances can be the same at one 

wavelength and differ in other parts of the spectrum. Thus, the effects on water colour could 

differ at different wavelengths. 

 

There is some background absorbance for PSU = 33 as the intercepts does not enclose zero,  

Figure 8 F. This background absorbance could appear due to the addition of NaCl to the 

water, as increased concentrations of the salt increase the absorption of light (Li et al., 
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2015). This could indicate that there already is more absorption/scatter of light in saltwater 

environments. 

 

DOC and Fe primarily absorb light at low wavelengths (Figure 5 and 6). From the optical 

cross sections, one sees that the effect of DOC and Fe is higher in the blue-violet part of the 

visible spectrum, and that the effect is less significant at higher wavelengths, yet the wide 

confidence intervals of the OCS of DOC also point to the higher variability in the lower end of 

the spectrum.  

 

The absorption spectra of Fe, Figure 5, shows that Fe have higher absorbance at PSU = 33 

than at PSU = 0. For DOC, this trend is opposite, Figure 6, clearly demonstrating the 

modifying impacts of salinity, either directly by changing the chromophoric properties in 

response to surface charges and 3D structure of the humic compounds, the interactions 

between DOC and Fe, or eventually also changing the Fe speciation. For both substances, the 

absorption of light increases with increasing concentration. It was difficult to locate any 

literature addressing this effect of Fe/DOC and salinity alone, but in estuarine systems, the 

Fe-OM complex is demonstrated to have high stability along a salinity gradient, as other 

forms of Fe, e.g., Fe (oxy)hydroxides, are more prone to aggregate and settle into the 

sediments  (Herzog et al., 2017, 2020). 

 

The experiments done in this thesis and the results are not directedly transferrable to 

natural systems as we do not know the effects of DOC and Fe at lower concentrations and 

the complexation of the substances. There are some sources of error that could have 

affected the results in the 2D titration experiment. The freeze-dried DOC already contains 

some Fe, and other elements (Gjessing et al., 1999), so we do not know the optical 

properties of DOC alone. The concentrations used in the experiment was 100 times higher 

than natural concentrations. Thus, the testing was done with extreme concentrations of Fe 

and DOC, which are not environmentally relevant. But, with high concentrations one get 

more accurate measurements of absorption, and even with these high concentration we did 

not observe a significant interactive effect. Weyhenmeyer et al. (2014), suggests that Fe will 

cause additional browning of waters when in complex with DOC. The Fe-DOC complexation 
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is ubiquitous, due to the strong co-variation between Fe and DOC in the aquatic system 

(Figure 12) (Weyhenmeyer et al., 2014), but from the experiments and analysis of the field 

samples, nothing is known about the complexation of Fe and DOC.    

 

4.2 The relationship between Fe and TOC - Changes along 
the transect 

The relationship between TOC and Fe is stronger in the Glomma transect than in the 

Oslofjord transect. Thus, as hypothesised in the introduction, the tight correlation between 

TOC and Fe are more relaxed in the coastal area, reflecting an impact of salinity on TOC or Fe 

- or both. In general, the concentrations of both TOC and Fe are the highest in the Glomma 

transect, especially in the tributaries, which are more directly affected by the terrestrial 

input. The concentrations of TOC and total Fe follow the same trends (Figure 22). The 

adjusted R2 for the relationship between TOC and Fe in the Glomma transect and the 

Oslofjord transect shows a decrease in correlation of the parameters, this indicates that the 

substances have different fates in the different areas. The origin of both OM and Fe in the 

aquatic environment are mainly terrestrial (Aitkenhead et al., 1999; Kritzberg & Ekström, 

2012), and the concentrations of these substances get diluted on its way from terrestrial 

areas to the open ocean. It is suggested that similar drivers, e.g., afforestation, are making 

more DOC and Fe available for export to the aquatic systems (Bowering et al., 2020; Škerlep 

et al., 2020), yielding a close association between these compounds in freshwater. The 

outermost sites in the Oslofjord transect, with less freshwater input, gives the lowest 

concentrations of DOC and Fe.  

 

4.2.1 Iron from inner Finnskogen to outer Oslofjord 

The concentrations of Fe in the main river flow of Glomma display low variability, whilst the 

concentrations in the tributaries are more scattered (Figure 9 and 10). From the scatter plot 

matrix, Figure 33 in Appendix, it is evident that there is no clear correlation between Fe and 

the other elements analysed with ICP-OES. This suggests that different mechanisms 
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determines the flux of the different elements into the aquatic environment, while similar 

mechanisms controls the concentration of Fe and DOC (Kritzberg & Ekström, 2012). 

 

The concentration of Fe along the marine transect in the Oslofjord declines from the 

innermost to the outermost station as the coastal water is less affected by freshwater input, 

Figure 17 B. There are higher concentrations of Fe in the shallow marine water samples 

which are most affected by the freshwater runoff. This relationship shifts for the two 

outermost stations. Iron is an important micronutrient, and as the river input decreases, the 

water masses become more depleted of essential nutrients. In open ocean areas with small 

freshwater input, Fe could be a limiting nutrient for primary production. Addition of Fe in 

such areas could increase the primary production, and bind more CO2 from the atmosphere 

(Aumont & Bopp, 2006), but this is not as relevant for coastal areas. 

 

The results from the analysis of the two iron species, Fe(II)/Fe(III), shows that the 

concentration of Fe(II) is dominating in the large water streams, Glomma and Vorma, and in 

the Oslofjord transect. In most of the tributaries, however, the concentration of Fe(III) has a 

larger portion of the total FR-Fe concentrations. Higher concentrations of Fe(II) is expected 

in coastal areas (Zhuang et al., 1995), this is also confirmed from the ferrozine method. The 

higher proportion of Fe(II) in the water masses may be explained by the fact that Fe(II) is 

more soluble as free ions (Falkowski et al., 1998), and that Fe(II) can exist under oxidizing 

conditions in complex with humic substances (Suzuki et al., 1992). Fe(II) is also known to be 

formed from photochemical reduction of organic Fe(III) complexes (Rose & Waite, 2003). 

This suggests more reducing conditions in the main river than in the tributaries, or that Fe(II) 

is complexed with OM. 

 

For the shallow L1 sample, Glomma under the Fredrikstad Bridge, the iron concentration is 

significantly higher than for the other samples from Glomma and the other sampling sites in 

the Oslofjord transect. Based on the other samples one would not expect this high 

concentration of total FR-Fe. This could indicate an error in the method, or that there is 

some industry which releases Fe into the river around the area where the samples were 

collected. In general, the concentrations of Fe in the Oslofjord were low, Figure 17, and 



 
 

39 

accurate measurements of low concentrations may be difficult to detect in the microplate 

reader.  

 

Despite being analysed with two very different methods, the results from ICP-OES and the 

ferrozine method are comparable. When comparing the Fe concentrations from the Glomma 

transect, based on the different methods, one sees that the samples follow the same trend, 

Figure 10. The concentrations of total dissolved Fe from ICP-OES are about twice as high as 

the concentrations of FR-Fe. The slope for the relationship between FR- Fe and Fe 

determined from ICP-OES, Figure 10, indicates that approximately 45% of total dissolved Fe 

is in ionic form. The other 55% of Fe could be bound to organic complexes, making Fe(II) 

unavailable for the ferrozine complex. The iron concentrations determined by the ferrozine 

method are lower than the concentrations determined by ICP-OES. As the ICP-OES is a very 

sensitive instrument, a suggestion would be to trust the concentrations determined by this 

method the most. There are several sources of error for the ferrozine method, e.g., that the 

ferrozine have not bound to all the Fe(II) in the sample tube, or that the reduction agent has 

failed to reduce Fe(III) to Fe(II) (Luther et al., 1996). Thus, there are multiple factors that 

could affect the determination of Fe(II) / Fe(III) and total FR-Fe. The sample water used in 

ICP-OES was filtered, removing large, aggregated particles, possibly containing Fe.  

 

4.2.2 Organic matter from inner Finnskogen to outer Oslofjord 

The samples from the main river flow of Glomma have similar concentrations of TOC, whilst 

the tributaries have more extreme concentrations (Figure 11). This is also the case for the 

analysis of CDOM and PM. The tributaries are probably strongly affected by the surrounding 

areas and the forest soils which contributes to elevated concentrations of PM, and thus TOC 

and CDOM. The innermost sites in the Glomma transect, in the Finnskogen area, have a 

higher proportion of CDOM per TOC than the sites further down the transect, this suggest 

that these areas are more affected by CDOM from the forest soils. One could also see the 

differences in water colour at the different sites directly during the sampling (Figure 4). 
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The relationship between POM and TOC indicates that 91% of TOC is dissolved. From the 

analysis it was determined that 18% of TOC is POM, and as the carbon content in POM is 

approximately 50% (Noji et al., 1993), the results from the determination of particulate 

organic matter correlates with the findings of that and 90-95% of TOC is dissolved (de Wit et 

al., 2007).  

 

The concentration of TOC and absorption of CDOM decreased from the innermost to the 

outermost station in the Oslofjord transect as the freshwater input declined. For the 

determination of TOC, there is a clear trend where the concentration of TOC is higher in the 

shallow water samples than in the deep-water samples, and the measured concentrations of 

TOC decline from the innermost to the outermost sample site. The trend is the same for the 

absorption of CDOM where all the deep-water samples have more similar absorption at 440 

nm. The surface water samples have higher CDOM absorbance, following the same trend as 

the measurements of TOC, with higher absorbance at the innermost site. This clearly shows 

the contribution of freshwater to the concentration of TOC and absorption of CDOM in the 

coastal area, and that the dilution effect/ removal of TOC is significant.  

 

4.2.3 The Glomma transect 

From all the analysis, the main water flow of Glomma has a similar composition of both Fe 

and TOC, whilst the concentrations in the tributaries have more extreme observations and is 

very different from each other. Glomma is a relatively large river and it is reasonable that the 

water composition is about the same throughout the river channel. This indicates that the 

surrounding areas affect the small water streams more than for Glomma where the 

concentrations of the substances are more diluted in the large water masses.  

 

Negative values of δ18O indicates that there is dominance of isotopically lighter oxygen 

isotope (16O) for all the samples, which is normal in evaporative systems (Gat, 1996). δ18O 

values for rain water are more negative than δ18O for soil water as 16O evaporates (Hsieh et 

al., 1998). More negative values, a greater portion of the lighter isotope 16O, indicates that 

the sites with the lowest δ18O values are more affected by rainwater than soil water. The 
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results from the cavity ring-down spectroscopy indicates that most of the tributaries consists 

of a bit more soil water than the main river flow of Glomma as they stand out with less 

negative values of δ18O. The isotope data follow a linear trend, most of them differs slightly 

from the global meteoric water line (GMWL), Figure 14. The isotopic composition of the 

tributaries is more scattered and differs from the main river flow. This indicates that there is 

a build-up of the heavy isotopes at these sites, or that they are more affected by soil water. 

The concentrations of Fe and DOC also appear to be high at the same sites as the tributaries 

are more affected by soil water. Subsequently, the flux of substances from the soil to the 

aquatic environment is higher at these sites, thus indicating that the sites with higher δ18O 

will have higher concentrations of Fe/DOM (Figure 12 and 15). The concentration of Fe and 

DOC, and thus water colour, has a certain connection to the origin of the water, and the 

impact of the inflow from tributaries gets diluted in the large river as lower levels of DOC 

and Fe were observed here.  

 

G11, Vorma, and G15, Øyern, are more comparable to the Glomma River than the other 

tributaries in the transect. The samples from the tributary Vorma, G11, stands out with 

lower concentrations of both TOC and Fe, and have the highest 18O depletion. Vorma flows 

from Norway’s largest lake, Mjøsa, and was the largest tributary sampled from. The 

residence time in Mjøsa is long, approximately 5 years, and numerous factors, both biotic 

and abiotic, determine the available TOC and Fe for export (Dillon & Molot, 2005). DOM may 

accumulate with Fe and other particles, thus removing both Fe and DOC from the water 

column by settling into the bottom sediments in Mjøsa (Einola et al., 2011). 

Photomineralization in lakes may also remove DOC from the water column by the 

production of CO2 (Allesson et al., 2021). 

 

4.2.4 The Oslofjord transect 

The water transparency in the Oslofjord transect follows a gradient from the innermost to 

the outermost station (Figure 16 D). This also correlates with the concentrations of Fe and 

TOC at the different sites. The surface samples represent water over the pycnocline, and the 

deep samples are sampled under the pycnocline. The salinity gradient of the surface water, 
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Figure 16 B, indicates which samples are most and least affected by the freshwater stream. 

The stations with less freshwater input, and thus lower concentrations of Fe and TOC, have 

less water colour. The concentrations of Fe and TOC  in the Oslofjord are highest at the 

innermost sites. The predicted endmembers also suggest higher concentrations of TOC, Fe 

and CDOM absorbance in freshwater. Increased input of riverine discharge increases the 

potentially bioavailable Fe in the outer Oslofjord system (Kritzberg et al., 2014). For 

phytoplankton, the uptake of both free ions of Fe and organically bound Fe are important 

sources of the micronutrient (Shaked & Lis, 2012). Estuarine mixing removes Fe from the 

water column, and with increasing salinity, a gradual loss of iron from suspension is 

expected (Kritzberg et al., 2014; Sholkovitz, 1976). During estuarine mixing, Fe, both in 

complex and dissolved Fe, are lost to the sediment (Herzog et al., 2020). Aggregation of 

particles, flocculation of Fe-OM complexes, may remove both substances from the water 

column (Sholkovitz et al., 1978). 

 

The Secchi disk measurements indicates a clear trend in water transparency following a 

gradient from the innermost to the outermost station in the Oslofjord transect. The deepest 

Secchi depth is at the most oceanic site, OF2, where the freshwater impact was the lowest, 

Figure 16 B and D. At site L1, in the Glomma River, the Secchi depth was the most shallow. 

The riverine discharge brings along DOC and Fe making the water less transparent (Kritzberg 

& Ekström, 2012).  

 

4.3 Potential ecosystem effects 

In an already pressured situation in the Oslofjord (Moland et al., 2021), the additive effect of 

DOC and Fe on water colour is a problem concerning aquatic life (Frigstad et al., 2020; 

Lampert, 1989; Mascarenhas & Keck, 2018). The ecosystem in the fjord is negatively affected 

by a number of factors, such as overfishing, trawling, eutrophication and hypoxia (Moland et 

al., 2021). The increased flux of DOC and Fe to the aquatic environment will increase the 

concentration of both compounds, and thus the light attenuation in the water column, 

making life more difficult for phytoplankton and visual predators (Frigstad et al., 2020; 

Kritzberg & Ekström, 2012; Lampert, 1989; Mascarenhas & Keck, 2018; Thrane et al., 2014) 
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A shift in the mesopelagic regime can be expected in darkening waters due to the negative 

effects of the reduced visibility for visual predators (Aksnes et al., 2009). Organisms with 

different foraging strategies, e.g. tactile predators such as jellyfish, may increase their 

success rate as they do not depend on their eyesight for prey foraging (Dupont & Aksnes, 

2013). This could lead to a shift in the predator-prey interactions in waters with higher light 

attenuation (Dupont & Aksnes, 2013), possibly altering the aquatic food webs and the 

composition of species living there. 

 

4.4 Future prospects  

It is important to understand the mechanisms of browning waters due to the adverse effects 

it may cause in the aquatic environment. It is essential to link the changes in optical data 

with underwater light and the adverse effects on primary production and other organisms in 

the water column. This is especially relevant for the Oslofjord, as the ecosystem already is 

experiencing negative pressure from other stressors (Moland et al., 2021). 

 

For future experiments, it could be interesting to investigate the optical properties of DOC 

and Fe with an extended range of different concentrations, e.g., more natural 

concentrations, and at different salinities. For more accurate measurements of natural 

concentrations, it could be an idea to perform the experiment in a cuvette with longer path 

length, instead of in a well plate, as the sensitivity of the spectrophotometer could limit the 

measurement of Fe/TOC at low concentrations. Testing the effects of pH, temperature and 

the effects of other metals could also be an interesting aspect. 
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5 Conclusions 
The 2D photometric titration experiment revealed that Fe and DOC both affect the optical 

properties of water, and that the effects of the compounds are additive rather than 

interactive. The effect on absorbance of both DOC and Fe is higher at low wavelengths, but 

with a weak interaction link between the compounds, no additional interaction effect is 

expected. Thus, regardless of the concentration of Fe, the optical effect of a certain 

concentration of DOC in water is the same.  

 

The results from the riverine and marine transects confirmed that the concentrations of TOC 

and Fe both influence water transparency, and that the relationship between the two 

compounds was more relaxed with increasing salinity. The strong correlation between TOC 

and Fe in the Glomma transect is unsurprising given their common origin in terrestrial soils, 

and the coupling between them vanishes, to some extent, in marine waters.  

 

Climate change, afforestation and recovery from acidification increase the transport and 

availability of TOC and Fe into the aquatic system. A proper understanding of the 

intertwined effects of TOC and Fe in aquatic systems is important for several reasons, but 

notably due to their effects on light attenuation and thus primary production, underwater 

visibility, and ecosystem processes. 
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Appendix  
Hyperlinks (in order from the text) 

Glomma catchment: 

https://temakart.nve.no/tema/nedborfelt 

 

Runoff area to the Oslofjord: 

https://temakart.nve.no/tema/nedborfelt 

 

Oslofjord transect: 

https://www.google.no/maps/@59.1601018,10.7280159,12z/data=!4m3!11m2!2sxGPjeNLX

RFiBMdWe1r7MRg!3e3 

 

Stamen maps: 

http://maps.stamen.com/#watercolor/12/37.7706/-122.3782 

 

Glomma transect:  

https://www.google.no/maps/@/data=!3m1!4b1!4m3!11m2!2sIrv-

tZe3T9KE8wSJnU5tpA!3e3?shorturl=1 

 

Opentrons: 

https://opentrons.com/ 

 

Ultimaker: 

https://ultimaker.com/ 

 

CLIPT: 

https://www.mn.uio.no/ibv/english/research/infrastructure/facilities/life-science/bio-

geochemical-analysis/isotope/ 

 

 

https://temakart.nve.no/tema/nedborfelt
https://temakart.nve.no/tema/nedborfelt
https://www.google.no/maps/@59.1601018,10.7280159,12z/data=!4m3!11m2!2sxGPjeNLXRFiBMdWe1r7MRg!3e3
https://www.google.no/maps/@59.1601018,10.7280159,12z/data=!4m3!11m2!2sxGPjeNLXRFiBMdWe1r7MRg!3e3
http://maps.stamen.com/#watercolor/12/37.7706/-122.3782
https://www.google.no/maps/@/data=!3m1!4b1!4m3!11m2!2sIrv-tZe3T9KE8wSJnU5tpA!3e3?shorturl=1
https://www.google.no/maps/@/data=!3m1!4b1!4m3!11m2!2sIrv-tZe3T9KE8wSJnU5tpA!3e3?shorturl=1
https://opentrons.com/
https://ultimaker.com/
https://www.mn.uio.no/ibv/english/research/infrastructure/facilities/life-science/bio-geochemical-analysis/isotope/
https://www.mn.uio.no/ibv/english/research/infrastructure/facilities/life-science/bio-geochemical-analysis/isotope/
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Maps and coordinates 

Table 1. Coordinates of the Oslofjord transect. 

Site Latitude Longitude 

OF2, Missingene 59.18  10.69 

Ø1, Leira 59.13  10.83 

I1, Ramsø 59.11  11.00 

L5, Kjøkøy 59.14  10.96 

L1, Glomma 59.21  10.96 

 

 

Table 2. Coordinates and description of the Glomma transect 

Site Latitude Longitude Name Description 

G1 60.81 12.31 Kynna (tributary of the Flisa river, low water stream) Forest 

G2 60.77 12.31 Flisa river Forest 

G3 60.64 12.04  Kulpen (swimming area in the Flisa river) Agriculture 

G4 60.60 12.02 Glomma before the Flisa river enters Agriculture / City 

G5 60.59 12.02  Flisa river before it enters Glomma Agriculture / City 

G6 60.48 12.07 Grøset (rest area) Agriculture 

G7 60.32 11.00 Brandval (tributary under bridge) Agriculture 
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G8 60.24 12.02  Glomma after Roverud Agriculture/Forest 

G9 60.19 11.00 Glomma Kongsvinger City 

G10 60.26 11.68 Glomma Skarnes Agriculture / City 

G11 60.16 11.41  Vorma (tributary) Agriculture 

G12 60.12  11.46  Glomma Årnes  Agriculture / City 

G13 59.99 11.27 Glomma Sørumsand Agriculture 

G14 59.93 11.17  Glomma Fetsund (before lake Øyern) Agriculture / City 

G15 59.67 11.25 Øyern (lake, swimming area) Agriculture 

G16 59.60  11.10  Glomma Askim Agriculture 

G17 59.52  11.25 Tributary Glomma, Lekumfossen power plant Agriculture 

G18 59.49 11.24  Swimming area Glomma (wharf) Agriculture 

G19 59.44 11.23 Tributary Glomma, before Brekkefoss, at power plant Agriculture 

G20 59.27  11.09  Glomma Sarpsborg City / Agriculture 

G21 59.21 10.96 Glomma Fredrikstad (under the bridge) City / Agriculture 
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Figure 24. Sample sites 1-14, created from Stamen maps with ggmap. 

 
Figure 25.  Sample sites 15-21, created from Stamen maps with ggmap. 

 

 

 



 
 

61 

Example of CTD data from cruise 3, station OF2. 

 
Figure 26. CTD data from cruise 3, station OF2.  A) Plot illustrating temperature and salinity. 

B) Plot illustrating potential density anomaly, and thus the pycnocline. 

 

The ferrozine method 

 

Figure 27. The Opentrons OT-2 lab robot layout for ferrozine method. Figure made in 

Opentrons Protocol Designer BETA. 

 



 
 

62 

 

 

Figure 28. Schematic illustration of the plate layout for the samples from the Oslofjord 

transect.  Illustration created with BioRender.com 

 

 

 

Figure 29. Schematic illustration of the plate layout for the samples from the Glomma 

transect. Illustration created with BioRender.com. 
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Figure 30. Iron in the Oslofjord transect determined by the ferrozine method: A) 

Determination of the concentrations of the iron species Fe(II) / Fe(III). B) Relationship 

between the concentration of total FR-Fe and salinity at each sampling site.  

 

 

Figure 31. FR-Fe (mg/L) as a function of TOC (mg/L) Oslofjord transect all sampling sites. 
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ICP-OES 

 
Figure 32. Concentration of all elements analysed determined by ICP-OES, y-axis log 

transformed. 

 

Figure 33. Scatter plot matrix of all the elements analysed by ICP-OES. 
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Organic matter 

 

Figure 34. CDOM absorbance from Glomma transect. Glomma samples in solid lines and 

tributary samples in dashed lines.  

 

 

Figure 35. Mean CDOM absorbance form cruises 1-3. Surface water samples in solid lines and 

deep-water samples in dashed lines.  
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Figure 36. Distribution of TPM, POM and PIM form the Glomma transect. 
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Procedure with risk assessment: 
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Changes in this version: 
– New SOP 

1. INTRODUCTION/PURPOSE 
This is a procedure including a detailed risk assessment for preparing reagents used in Fe(II) and Fe(III) 
spectrophotometric determination in waters. 

2. NECESSARY SAFETY EQUIPMENT 

     
 Nitrile  Fume hood  

3. CHEMICAL AND BIOLOGICAL HAZARDS 
3.1 Chemicals 

Chemical information Health -, Precautions - and Emergency planning 

FerroZineTM Iron Reagent 

e.g. 160601 from Sigma 

CAS No: 63451-29-6 

 

H315: Irritating to skin 
H319: Causes serious eye irritation 
H335: Can cause respiratory irritation 

P261: Avoid inhalation of dust / fumes / gas / mist / vapors / 
aerosols 

P264: Wash skin thoroughly after use 

P271: Use only outdoors or in a well-ventilated area 

P280: Use protective gloves / goggles / face shield 

P302 + P352: IF ON SKIN: Wash with plenty of water 

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove any contact lenses if this is easy to do. 
Continue rinsing.  

Ammonium acetate 

e.g. 73594 from Sigma 

CAS No: 631-61-8 

Not a hazardous substance or mixture according to Regulation (EC) 
No 1272/2008. 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=NO&language=EN-generic&productNumber=160601&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3DFerrozine%26interface%3DAll%26N%3D0%26mode%3Dpartialmax%26lang%3Den%26region%3DNO%26focus%3Dproduct
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=NO&language=EN-generic&productNumber=73594&brand=SIAL&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2F73594%3Flang%3Den
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Chemical information Health -, Precautions - and Emergency planning 

Hydroxylamine hydrochloride 

e.g. 159417 from Sigma 

CAS No: 5470-11-1 

 

H290: May be corrosive to metals.  
H302 + H312: Harmful if swallowed or in contact with skin. 
H315: Irritating to skin.  
H317: May cause an allergic skin reaction. 
H319: Causes serious eye irritation.  
H351: Suspected of causing cancer. 
H373: May cause damage to organs (spleen) with prolonged or 
repeated exposure if swallowed.  
H400: Very toxic to aquatic life. 

P201: Obtain special instructions before use.  

P273: Avoid release to the environment.  

P280: Wear protective gloves / protective clothing.  

P301 + P312 + P330: IF SWALLOWED: Contact a POISON CENTER / 
doctor if you feel unwell. Rinse mouth.  

P302 + P352 + P312: IF ON SKIN: Wash with plenty of water. 
Contact a POISON CENTER / physician if you feel unwell.  

P308 + P313: In case of exposure or suspected exposure: Get 
medical advice / attention. 

Hydrocloric acid 

e.g H1758 from Sigma 

CAS No: 7647-01-0 

  

H290: May be corrosive to metals. 
H314: Causes severe skin burns and eye damage. 
H335: May cause respiratory irritation. 

P260: Do not breathe dust or mist. 
P280: Wear protective gloves/ protective clothing/ eye protection/ 
face protection. 
P303 + P361 + P353: IF ON SKIN (or hair): Take off immediately all 
contaminated clothing. Rinse skin with water. 
P304 + P340 + P310: IF INHALED: Remove person to fresh air and 
keep comfortable for breathing. Immediately call a POISON 
CENTER/doctor. 
P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove contact lenses, if present and easy to do. 
Continue rinsing. 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=NO&language=EN-generic&productNumber=159417&brand=SIGALD&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigald%2F159417%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=GB&language=en&productNumber=H1758&brand=SIGMA&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fsearch%3Fterm%3DHCl%26interface%3DAll%26N%3D0%26mode%3Dmatch%2520partialmax%26lang%3Den%26region%3DGB%26focus%3Dproduct
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Chemical information Health -, Precautions - and Emergency planning 

Ammonium hydroxide 

e.g.221228 from Sigma 

CAS No: 1336-21-6 

  

H290: May be corrosive to metals. 
H302: Harmful if swallowed. 
H314: Causes severe skin burns and eye damage. 
H335: May cause respiratory irritation. 
H400: Very toxic to aquatic life. 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray. 
P273: Avoid release to the environment.  

P280: Wear protective gloves / protective clothing.  

P301 + P312: IF SWALLOWED: Contact a POISON CENTER / doctor if 
you feel unwell. 

P303 + P361 + P353: IF ON SKIN (or hair): Take off immediately all 
contaminated clothing. Rinse skin with water. 

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove any contact lenses if this is easy to do. 
Continue rinsing.  

Iron(III) chloride 

e.g. 157740 from Sigma 

CAS No: 7705-08-0 

  

H290: May be corrosive to metals. 
H302: Harmful if swallowed. 
H315: Irritating to skin. 
H318: Causes serious eye damage. 

P234: Keep only in original packaging. 

P264: Wash skin thoroughly after handling. 
P280: Wear protective gloves/ protective clothing/ eye protection/ 
face protection. 

P301 + P312: IF SWALLOWED: Contact a POISON CENTER / doctor if 
you feel unwell. 
P302 + P352: IF ON SKIN: Wash with plenty of water. 
P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove contact lenses, if present and easy to do. 
Continue rinsing. 

Iron(II) chloride tetrahydrate 

e.g. 44939 from Sigma 

CAS No: 13478-10-9 

  

H302: Harmful if swallowed. 

H318: Causes serious eye damage. 

P280: Wear protective gloves/ protective clothing/ eye protection/ 
face protection. 

P301 + P312 + P330: IF SWALLOWED: Call a POISON CENTER / 
doctor if you feel unwell. Rinse mouth. 
P302 + P352: IF ON SKIN: Wash with plenty of water. 
P305 + P351 + P338 + P310: IF IN EYES: Rinse cautiously with water 
for several minutes. Remove contact lenses, if present and easy to 
do. Continue rinsing. Immediately call a POISON CENTER/doctor. 

https://www.sigmaaldrich.com/MSDS/MSDS/PleaseWaitMSDSPage.do?language=EN-generic&country=NO&brand=SIGALD&productNumber=221228&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigald%2F221228%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/PleaseWaitMSDSPage.do?language=EN-generic&country=NO&brand=SIGALD&productNumber=221228&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigald%2F221228%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/PleaseWaitMSDSPage.do?language=EN-generic&country=NO&brand=SIGALD&productNumber=157740&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigald%2F157740%3Flang%3Den
https://www.sigmaaldrich.com/MSDS/MSDS/PleaseWaitMSDSPage.do?language=EN-generic&country=NO&brand=SIGALD&productNumber=44939&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigald%2F44939%3Flang%3Den
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4. Special cautions necessary due to reproductive toxicity 
Generally, it is not recommended to work with a chemical that has carcinogenic or reproductive effects if 
you are planning to be or are pregnant. If a chemical is proven to pass into breast milk it is not 
recommended to perform procedure if you are breast feeding. 
 
Planning pregnancy (men and women): None 
Pregnant: None 
Breast feeding: None. 

5. PROCEDURES and risk assessment 
Necessary equipment 
Scale 
Magnetic stirrer 
Magnet 
Weighing boats 
Spatulas 
Glass equipment 
Distilled water 

5.1 Procedure 
We always wear lab coat and gloves when working in the lab. The procedure should be carried out in the 
fume hood. 

 

Preparing Ferrozine solution (0.01M) 

Preparing Ammonium acetate solution (0.1 M): 

1. Dissolve 385 mg ammonium acetate in 50 mL Milli-Q water in a beaker. 
2. Transfer the dissolved ammonium acetate to a 50mL volumetric flask and fill up to 50 mL with Milli-Q 

water. 
 

Part of 
procedure 

Unwanted scenarios Necessary precautions S*K 
(Probability*Consequence) 

1–2 

Spillage or inhalation of 
hazardous chemical 
(ammonium acetate is 
non hazardous) 

Wear gloves and lab coat 2*1 

 

Dissolving ferrozine in ammonium acetate solution (0.1 M): 

3. Weigh in 246.2 mg of ferrozine with a plastic spatula. 
4. Add this to the 50mL 0.1M ammonium acetate solution (0.1 M). 

 

3–4 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 
2*2 

 

Preparing Hydroxylamine hydrochloride solution (1.4 M) 
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Preparing 2M HCl: 

5. Add about 3o mL Milli-Q water to a 50mL volumetric flask 
6. Add 8.3 mL 37% HCl. 
7. Fill up to 50mL with Milli-Q water. 

 

5–7 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 

Add acid to water 

2*2 

 

Dissolving Hydroxilamine hydrochloride in 2M HCl 

8. Weigh 4.86 g hydroxylamine hydrochloride. 
9. Add this to the 50mL 2M HCl. Keep this reagent in the dark at 4 °C. 
 

8-9 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 
2*2 

 

Preparing Buffer solution 

Preparing ammonium hydroxide (NH4OH) solution (30% w/v): 

10. Dissolve 15 g ammonium hydroxide in 50 mL Milli-Q water in a beaker. 
11. Transfer to a 50 mL volumetric flask and fill up to 50 mL with Milli-Q water. 

 

10-11 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 
2*2 

 

Preparing Ammonium acetate solution (10 M): 

12. Dissolve 19.3 g ammonium acetate in approximately 15 mL Milli-Q water in a beaker. 
13. Measure the pH and adjust it to ≈ 9.5 adding progressively some drops of the NH4OH solution. 
14. When adjusted, transfer to a 25 mL volumetric flask and fill up to 25 mL with Milli-Q water. 
 

12–14 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 

 

2*2 
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Preparing 20 mM Fe(II) stock solution 

Preparing 0.01M HCl: 

15. Add about 83 µL of 37% HCl into a prefilled 100 mL volumetric flask with Milli-Q water up to ¾ of total 
volume.  

16. Once added the acid, fill up to 100mL with Milli-Q water. 
 

15–16 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 

Add acid to water 

2*2 

 

17. Dissolve 99.405 mg of Iron (II) chloride tetrahydrate (MW 198.81) in a beaker with approximately 25 
mL 0.01M HCl. 

18. Transfer to a 25 mL volumetric flask and fill up to 25 mL with 0.01M HCl. The solution can be stored at 
4°C in the dark up to 3 months. 

 

17-18 
Spillage of hazardous 
chemical 

Wear gloves and lab coat.  

Wear safety googles 
2*2 

 
Preparing 20 mM Fe(III) stock solution 

19. Dissolve 81.1 mg of Iron (III) chloride (MW 162.20) in a beaker with approximately 25 mL 0.01M HCl. 
20. Transfer to a 25 mL volumetric flask and fill up to 25 mL with 0.01M HCl. The solution can be stored at 

4°C in the dark up to 3 months. 
21. The unused HCl can be transferred into a 50 mL Falcon tube and stored for months at room 

temperature. 
 

19-21 
Spillage or inhalation of 
hazardous chemical 

Wear gloves and lab coat.  

Work in fume hood 
2*2 

 

5.2 Labelling of new solutions 

Chemical information Health, Precaution, and Emergency planning 
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Ferrozine solution (0.01M) 

 

 

H315: Irritating to skin 

H319: Causes serious eye irritation 

H335: Can cause respiratory irritation 

P261: Avoid inhalation of dust / fumes / gas / mist / vapors / 
aerosols 

P264: Wash skin thoroughly after use 

P271: Use only outdoors or in a well-ventillated area 

P280: Use protective gloves / goggles / face shield 

P302 + P352: IF ON SKIN: Wash with plenty of water 

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove any contact lenses if this is easy to do. 
Continue rinsing. 

Hydroxylamine hydrochloride solution 
(1.4 M) 

 

H290: May be corrosive to metals.  

H302 + H312: Harmful if swallowed or in contact with skin. 

H315: Irritating to skin.  

H317: May cause an allergic skin reaction. 

H319: Causes serious eye irritation.  

H351: Suspected of causing cancer. 

H373: May cause damage to organs (spleen) with prolonged or 
repeated exposure if swallowed.  

H400: Very toxic to aquatic life.  

P201: Obtain special instructions before use.  

P273: Avoid release to the environment.  

P280: Wear protective gloves / protective clothing.  

P301 + P312 + P330: IF SWALLOWED: Contact a POISON CENTER / 
doctor if you feel unwell. Rinse mouth.  

P302 + P352 + P312: IF ON SKIN: Wash with plenty of water. 
Contact a POISON CENTER / physician if you feel unwell.  

P308 + P313: In case of exposure or suspected exposure: Get 
medical advice / attention. 
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Ammonium hydroxide solution (30% w/v) 

  

H290: May be corrosive to metals. 

H302: Harmful if swallowed. 

H314: Causes severe skin burns and eye damage. 

H335: May cause respiratory irritation. 

H400: Very toxic to aquatic life. 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray. 
P273: Avoid release to the environment.  

P280: Wear protective gloves / protective clothing.  

P301 + P312: IF SWALLOWED: Contact a POISON CENTER / doctor 
if you feel unwell. 

P303 + P361 + P353: IF ON SKIN (or hair): Take off immediately all 
contaminated clothing. Rinse skin with water. 

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove any contact lenses if this is easy to do. 
Continue rinsing.  

Buffer solution Not a hazardous substance or mixture according to Regulation 
(EC) No. 1272/2008. 

20 mM Fe(II) stock solution 

  

H302: Harmful if swallowed. 

H318: Causes serious eye damage. 

P280: Wear protective gloves/ protective clothing/ eye 
protection/ face protection. 

P301 + P312 + P330: IF SWALLOWED: Call a POISON CENTER / 
doctor if you feel unwell. Rinse mouth. 
P302 + P352: IF ON SKIN: Wash with plenty of water. 
P305 + P351 + P338 + P310: IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present and 
easy to do. Continue rinsing. Immediately call a POISON 
CENTER/doctor. 



 
 

75 

20 mM Fe(III) stock solution 

  

H290: May be corrosive to metals. 
H302: Harmful if swallowed. 

H315: Irritating to skin. 
H318: Causes serious eye damage. 

P264: Wash skin thoroughly after handling. 
P280: Wear protective gloves/ protective clothing/ eye 
protection/ face protection. 

P301 + P312: IF SWALLOWED: Contact a POISON CENTER / doctor 
if you feel unwell. 
P302 + P352: IF ON SKIN: Wash with plenty of water. 
P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove contact lenses, if present and easy to 
do. Continue rinsing. 

Hydrocloric acid (0.01M) 

 

Based on sds of 2104 from Sigma 

H290: May be corrosive to metals. 

6. WASTE management 
Waste Volume Disposal method Environmental risk 

1 Used disposables - Dispose of in 
hazardous waste box 

None, since this is according to 
procedure and handled by trained 
staff and collected by professionals 

2 Chemical spillage - Wipe up using 
absorbent material 
and dispose of in 
hazardous waste box 

None, since this is according to 
procedure and handled by trained 
staff and collected by professionals 

 
 

 

 

 

 

 

 

 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=NO&language=EN-generic&productNumber=2104&brand=SIGMA&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2F2104%3Flang%3Den
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1. INTRODUCTION/PURPOSE 
Standard procedure for iron (Fe) spectrophotometric determination in water based on the ferrozine method. 
This method consists on two steps, based on the reaction of ferrozine (monosodium salt hydrate of 3-(2-pyri-
dyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic acid) with Fe(II). First, Fe(II) reacts with ferrozine to form a stable 
magenta complex. The absorbance of the complex is measured at 562 nm between pH 4 and 9. Then, 
hydroxylamine hydrochloride is used to reduce Fe(III) to Fe(II), which is subsequently measured at 562 nm. The 
application range of this method is 5 to 200 µM for Fe. 

2. NECESSARY SAFETY EQUIPMENT 

     
 Nitrile  Fume hood  

3. Chemical and biological hazards 

3.1 Chemicals 
Chemical information Health, Precaution, and Emergency planning 

Ferrozine solution (0.01M) 

IBV made; see S-SOP-171 

 

H315: Irritating to skin 

H319: Causes serious eye irritation 

H335: Can cause respiratory irritation 

P261: Avoid inhalation of dust / fumes / gas / mist / vapors / 
aerosols 

P264: Wash skin thoroughly after use 

P271: Use only outdoors or in a well-ventillated area 

P280: Use protective gloves / goggles / face shield 

P302 + P352: IF ON SKIN: Wash with plenty of water 

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove any contact lenses if this is easy to do. 
Continue rinsing. 
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Hydroxylamine hydrochloride solution 
(1.4 M) 

IBV made; see S-SOP-171 

 

H290: May be corrosive to metals.  

H302 + H312: Harmful if swallowed or in contact with skin. 

H315: Irritating to skin.  

H317: May cause an allergic skin reaction. 

H319: Causes serious eye irritation.  

H351: Suspected of causing cancer. 

H373: May cause damage to organs (spleen) with prolonged or 
repeated exposure if swallowed.  

H400: Very toxic to aquatic life.  

P201: Obtain special instructions before use.  

P273: Avoid release to the environment.  

P280: Wear protective gloves / protective clothing.  

P301 + P312 + P330: IF SWALLOWED: Contact a POISON CENTER / 
doctor if you feel unwell. Rinse mouth.  

P302 + P352 + P312: IF ON SKIN: Wash with plenty of water. 
Contact a POISON CENTER / physician if you feel unwell.  

P308 + P313: In case of exposure or suspected exposure: Get 
medical advice / attention. 

Ammonium hydroxide solution (30% w/v) 

IBV made; see S-SOP-171 

  

H290: May be corrosive to metals. 

H302: Harmful if swallowed. 

H314: Causes severe skin burns and eye damage. 

H335: May cause respiratory irritation. 

H400: Very toxic to aquatic life. 

P261: Avoid breathing dust/fume/gas/mist/vapors/spray. 
P273: Avoid release to the environment.  

P280: Wear protective gloves / protective clothing.  

P301 + P312: IF SWALLOWED: Contact a POISON CENTER / doctor 
if you feel unwell. 

P303 + P361 + P353: IF ON SKIN (or hair): Take off immediately all 
contaminated clothing. Rinse skin with water. 

P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove any contact lenses if this is easy to do. 
Continue rinsing.  
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Buffer solution 

IBV made; see S-SOP-171 

Not a hazardous substance or mixture according to Regulation 
(EC) No. 1272/2008. 

20 mM Fe(II) stock solution 

IBV made, see S-SOP-171 

  

H302: Harmful if swallowed. 

H318: Causes serious eye damage. 

P280: Wear protective gloves/ protective clothing/ eye 
protection/ face protection. 

P301 + P312 + P330: IF SWALLOWED: Call a POISON CENTER / 
doctor if you feel unwell. Rinse mouth. 
P302 + P352: IF ON SKIN: Wash with plenty of water. 
P305 + P351 + P338 + P310: IF IN EYES: Rinse cautiously with 
water for several minutes. Remove contact lenses, if present and 
easy to do. Continue rinsing. Immediately call a POISON 
CENTER/doctor. 

20 mM Fe(III) stock solution 

IBV made; see S-SOP-171 

  

H290: May be corrosive to metals. 
H302: Harmful if swallowed. 

H315: Irritating to skin. 
H318: Causes serious eye damage. 

P264: Wash skin thoroughly after handling. 
P280: Wear protective gloves/ protective clothing/ eye 
protection/ face protection. 

P301 + P312: IF SWALLOWED: Contact a POISON CENTER / doctor 
if you feel unwell. 
P302 + P352: IF ON SKIN: Wash with plenty of water. 
P305 + P351 + P338: IF IN EYES: Rinse cautiously with water for 
several minutes. Remove contact lenses, if present and easy to 
do. Continue rinsing. 

Hydrocloric acid (0.01M) 

IBV made; see S-SOP-171 

  

H290: May be corrosive to metals. 

4. Special cautions necessary due to reproductive toxicity: 
Generally, it is not recommended to work with a chemical that has carcinogenic or reproductive effects if you 
are planning to be or are pregnant. If a chemical is proven to pass into breast milk it is not recommended to 
perform procedure if you are breast feeding. 
 
Planning pregnancy (men and women): None 
Pregnant: None 
Breast feeding: None. 
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5. PROCEDURE and risk assessment 
Equipment 
Multifunctional microplate reader (we plan to use this instead of the “normal” spectrophotometer) 
Balance 
Pipette: volume 100 – 1000 µL and 20 – 200 µL 
Pipette tips, assorted sizes 
Fume hood 
Rack for snap-cap tubes 
 

5.1 Solution preparation as follows (S-SOP-XXX): 
A. Ferrozine in an ammonium acetate solution. Prepare fresh. 
B. Reducing agent – hydroxylamine hydrochloride. Prepare fresh. 
C. Buffer – Ammonium acetate. Prepare fresh. 
D. Fe(II) and Fe(III) stock solutions, if they are not in stock (preserved for 3 months). 
E. Fe(II) and Fe(III) working solutions, if they were not prepared within the last week. 

See table below. 
 

Solution Preparation 

Fe(II) work solution Fe(II) work solution (200 µM = 11.2 mg/L Fe2+): Dissolve 0.25 mL of the Fe(II) stock 
solution in 25 mL Milli-Q water. The solution can be stored at 4 ºC in the dark up to 
one week. Prepare immediately before analysis. 

Fe(III) work solution Fe(III) work solution (200 µM = 11.2 mg/L Fe2+): Dissolve 0.25 mL of the Fe(III) stock 
solution in 25 mL Milli-Q water. The solution can be stored at 4 ºC in the dark up to 
one week. Prepare immediately before analysis. 

 
 

5.2 Standards: 
1. For Fe(II) standards, prepare two sets of six 2 mL snap-cap reaction tubes. First set 

will range from 0 to 200 µM. For that, first tube will contain 1 mL of Fe(II) working 
solution, second one 0.8 mL, third one 0.6 mL, forth one 0.4 mL, fifth one 0.2 mL and 
nothing to the last vial, as it will contain only water/extractant (sample blank). 

2. To each vial, add the remaining volume to reach 1 mL of water/extractant (0 to the 
first, 0.2 mL to the second, and so on). Standards have to be diluted into the correct 
matrix due to the matrix effect, which affects to the colour sensitivity. For 
freshwaters Milli-Q water is suitable. For soil/sediment extracts or marine water, a 
saline matrix must be necessary. 

3. The second set of six 2 mL snap-cap reaction tubes will range from 0 to 100 µM. So, 
first tube will contain 0.5 mL of Fe(II) working solution, second one 0.4 mL, third one 
0.3 mL, forth one 0.2 mL, fifth one 0.1 mL and nothing to the last vial, as it will 
contain only water/extractant (sample blank). 

4. To each vial of these second set, add the remaining volume to reach 1 mL of 
water/extractant: 0.5 mL to the first, 0.6 to the second, and so on. 
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5. Close the 12 vials and mix thoroughly. 
6. Repeat the procedure for Fe(III) standards using the Fe(III) work solution (another 12 

vials, ranging to 200 and 100 µM respectively). 
 

Part of 
procedure 

Unwanted scenarios Necessary precautions S*K 
(Probability*Consequence) 

1-6 
Spillage or inhalation of 
hazardous chemicals 

Wear gloves and lab coat. 

Work in fume hood 
2*1 

 

 

5.2 Fe(II) determination. 
 

7. Add 1 mL of sample to individual snap-cap tubes (one tube per sample). 
8. Add 0.1 mL of Ferrozine solution to each tube (both standards and samples). Close 

the vials and mix thoroughly. 
9. Pipet 200 µL of each sample to a 96-well plate. Standards for Fe(II) will be in the first 

row, standards for Fe(III) in the second one, and the samples from the third row on. 
10. Measure the absorbance at 562 nm (or the closest if the multiplate reader uses 

filters). Don’t touch the microtiterplate at the bottom since fingerprints or any 
contamination at the bottom will affect the absorbance. 

7-10 
Spillage or inhalation of 
hazardous chemicals 

Wear gloves and lab coat. 
Work in fume hood 

2*1 

 

5.3 Reduction and Fe(III) determination. 
11. From here, tubes with Fe(II) standards won’t be used. Add 150 µL of hydroxylamine 

hydrochloride solution to each snap-cap tube. Close the vials and mix thoroughly.  
12. Keep the tubes at room temperature (≈ 25 °C) for 10 min. 
13. Add 50 µL of Buffer solution to each tube (both standards and samples). Close the 

vials and mix thoroughly. 
14. Transfer 200 µL of each Fe(III) standards and samples to a 96-well plate, and measure 

the absorbance at 562 nm. 

11-14 
Spillage or inhalation of 
hazardous chemicals 

Wear gloves and lab coat. 
Work in fume hood 

2*2 
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6. Waste managament 
Waste type Approx 

volume 
Disposal method Environmental risk 

1 Tips and gloves 
contaminated with 
hazardous chemicals 

- Dispose in risk waste box. 

Big yellow box. 

None, since this is according 
to procedure and handled 
by trained staff and 
collected by professionals. 

2 96-well plates - Microplates covered with 
lids are put into plastic 
bags which are then 
sealed with tape and put I 
risk waste. 

None, since this is according 
to procedure and handled 
by trained staff and 
collected by professionals. 

3 Snap-cap tubes - Close the tubes properly 
and dispose in a risk waste 
box. 

None, since this is according 
to procedure and handled 
by trained staff and 
collected by professionals. 

4 Hazardous chemical 
leftovers 

- Risk waste box None, since this is according 
to procedure and handled 
by trained staff and 
collected by professionals. 

5 Non-hazardous chemical 
leftovers 

- Risk waste box None, since this is according 
to procedure and handled 
by trained staff and 
collected by professionals 
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