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ABSTRACT	

The cycling of iron (Fe) is a key component for understanding water quality and 
biogeochemical processes. It serves as a mediator during biotic and abiotic processes, as an 
electron acceptor during the degradation of organic matter (OM), as a surface for trace element 
and OM adsorption and is necessary for primary production processes. Since the beginning of 
Fe isotope studies, researchers focused on the ratios in soils, rivers and oceans in various 
climate zones. This study aimed to characterize the Fe isotope ratios from the source (e.g., 
soils), along the river course, through the estuaries and into the adjacent sea within the boreal 
landscape. Therefore, seasonal sampling of water from Swedish headwater streams 
(2016/2017), rivers (2016), estuaries (2013/2014) and the Baltic Sea (2013/2014) were 
conducted, with the purpose to understand the role and fate of riverine Fe export better. Two 
main Fe phases transport Fe from the headwater streams into the oceans: organic Fe complexes 
(Fe-OC) and Fe(oxy)hydroxide. It is suggested that these Fe phases vary in response to 
seasonal differences in hydrology. 
This thesis includes the first Fe isotope dataset describing seasonal variations of headwater 
streams on a regional scale. In the headwater streams, Fe isotope ratios can be used as a tool to 
identify redox processes. Regional drought periods and rewetting of the soils result in a distinct 
negative Fe isotope ratio during the dry period followed by oxidation of the catchment through 
increasing groundwater tables. Furthermore, seasonal patterns of the Fe isotope changes gave 
information on the catchment composition.   
Within the rivers and estuaries, we found positive Fe isotopes in the dissolved phase 
(< 0.22µm) and negative Fe isotopes (> 0.22µm) in the particulate phase during high discharge. 
The correlation between different chemical parameters, particulate and dissolved Fe (PFe and 
DFe, respectively) and dissolved organic carbon (DOC) showed that the Fe isotope 
composition during spring flood is evolving in the upper soil layers of headwater streams. 
Therefore, the lighter Fe isotope signal correlates to the organic-rich soil layers of the riparian 
zones in forested catchments. During baseflow, Fe has a positive Fe isotope signal, showing 
that the Fe has different origins throughout the season within one catchment.   
Salt-induced flocculation in the estuaries and under experimental conditions is removing more 
than 90% of the total Fe. Newly formed colloids and particles aggregate and sediment due to 
small changes in salinity and pH. This major flocculation at low salinities might cause an 
underestimation of riverine Fe flux into the oceans. Interestingly, salinity-induced aggregation 
experiments revealed that Fe(oxy)hydroxide, which dominated the aggregated fraction, 
displayed lower Fe isotope ratios than the original Fe river sample, while Fe-OC complexes in 
the suspension had higher Fe isotope values. The seasonal variability in Fe isotope values could 
not be simply linked to Fe phases but was probably also influenced by variation in source areas 
of Fe and processes along the flow-path that alter both Fe phases and isotopic composition.  
Within the estuarine mixing zone, no Fe isotope fractionation is observed. The Fe isotope signal 
is constant over time and space, which excludes fractionation processes for example by 
oxidation. The Fe isotope signal within the Bothnian Bay was positive showing that different 
surface properties of Fe-OC and Fe(oxy)hydroxide aggregates lead to the flocculation of 
negative Fe aggregates.  
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Chapter	1	•	Introduction	

1.1.	Overview	of	iron	characteristics	

Fe is the 4th most common element in the Earth’s crust with a weight proportion of 
4.3 wt.% (Wedepohl, 1995). The transition metal has various oxidation states (Figure 1), 
whereas Fe2+ (ferrous) and Fe3+ (ferric) are the most prevalent under atmospheric pressure in 
aqueous systems, soils, sediments and mineral rocks (Buesseler and Boyd, 2003; Johnson et 
al., 1997). Fe is fundamental in metabolic processes (e.g., photosynthesis and N assimilation 
(Boyd and Ellwood, 2010; Sunda, 2010)), growths and electron transfer in cells (Falkowski et 
al., 1998; Kuma and Matsunaga, 1995). The “Fe-hypothesis” (Martin, 1990) shows its 
importance in the oceanic plant nutrition development. Fe influences the biogeochemistry, 
mobility and availability of several other elements (e.g., C, N and P) in fresh-, estuarine and 
marine waters (Tagliabue et al., 2017). Redox conditions and pH control the thermodynamic 
stability of Fe minerals and compounds (Stumm and Morgan, 1996). The high surface 

reactivity of Fe favours 
interaction with OC and P (Stumm 
and Morgan, 1996).  
In about 25% of the world oceans, 
with high N and low chlorophyll 
concentrations (De Baar and De 
Jong, 2001), low Fe 
concentrations limit the 
abundance of phytoplankton 
(Moore et al., 2002). This, in turn, 
has a significant impact on the 
atmospheric CO2 levels (Martin, 
1990; Martin et al., 1990). For the 
global climate change, it is crucial 

to study the bioavailability of Fe in the ocean (Muller, 2018), which is determined by its 
chemical speciation and fate in the water column. Over the years, experimental Fe enrichments 
in ocean waters were performed, with varying success (Boyd et al., 2007; De Baar et al., 2005; 
De Baar and De Jong, 2001; Falkowski et al., 2000).  
Figure 2 shows the primary sources of Fe to the ocean: atmospheric deposition, glacial 
meltwater, hydrothermal vents, icebergs, rivers and shelf sediments (Jickells et al., 2005; 
Raiswell and Canfield, 2012; Tagliabue et al., 2017; Wells et al., 1995). Despite these sources, 
the low solubility of Fe under oxic and non-acidic conditions (Jickells et al., 2005) causes Fe 
limitation in large parts of the oceans.  
The estuaries work as a filter to the oceans. About 90% of riverine and glacial Fe input is 
removed within the estuaries (e.g., Sholkovitz, 1978) and settles on the continental shelves 
(Raiswell et al., 2006). Together with Fe, DOC and P are buried in the estuarine sediments 
(Asmala et al., 2017; Jilbert et al., 2017; Lenstra et al., 2018). The sedimented Fe is 

Figure 1. Element properties of Fe. Fe belongs to the group of 
transition metals (VIIIb) of the periodic table. It occurs in the 
oxidation states 0, 2+, 3+, 4+ and 6+.  

1 
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resuspended, recycled and contributes as a source of Fe to the oceans (Elrod et al., 2004; Lam 
and Bishop, 2008). Fe is released from unweathered minerals into the soil by reductive 
dissolution (Cornell and Schwertmann, 2003).  

Afterwards, the mobile Fe can enter the streams and rivers in several size fractions (Figure 3). 
Size, mineralogy and speciation determine the chemical reactivity of Fe (Cornell and 
Schwertmann, 2003). In streams and rivers, Fe particles and colloids, as well as truly dissolved 
Fe, are important for the transport of OC (Sundman et al., 2014). These Fe-OC complexes are 
built in soils, rivers and sediments (Gu et al., 1995, 1994; Riedel et al., 2013), when Fe serves 
as an electron acceptor during the degradation of OM.  

Two main types of Fe complexes are observed in streams and rivers: Fe(oxy)hydroxides 
associated with OM and Fe-OC complexes (Andersson et al., 2006; Breitbarth et al., 2010; 
Hassellöv and von der Kammer, 2008; Raiswell and Canfield, 2012). During estuarine mixing, 
these Fe complexes are exposed to increased salinity and pH concentrations, which leads to 
their aggregation and settlement (Chester, 2003; Daneshvar, 2015; Nowostawska et al., 2008; 

Figure 2. Sources of Fe to the world oceans. 

Figure 3. Different size ranges of particulate, dissolved, colloidal and truly dissolved Fe. Traditionally 0.45 or 
0.22 µm filters are used to separate the particulate from the dissolved phase. The dissolved phase contains Fe 
colloids and the truly dissolved Fe (adapted after Raiswell and Canfield, 2012).  
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Sholkovitz, 1976). The Neutralization of the negatively charged OM favours the aggregation 
and precipitation of Fe and OM (Boyle et al., 1977; Nowostawska et al., 2008). This process 
might also weaken the bonding between Fe and OM (Turner and Millward 2002), which allows 
increasing divalent cations, such as Mg and Ca, to compete with the Fe (Fujii et al., 2008). At 
last, Fe and OM are salted out from the water column by the presence of dissolved ions (Turner 
and Millward 2002, Turner et al. 2004). Worldwide, a removal of Fe and accompanying OC 
of up to 90% were observed (Kritzberg et al., 2014; Sholkovitz, 1978) (Paper I, II and III). The 
Fe complexes sediment in the estuaries and play an important role in the global carbon cycle 
(Lalonde et al., 2012). 

1.2.	Iron	isotopes		

There are four stable Fe isotopes: 54Fe (5.8%), 56Fe (91.8%), 57Fe (2.1%), 58Fe (0.3%) 
(Berglund and Wieser, 2011). Traditionally, the Fe isotopes are reported as 56/54Fe or 57/54Fe 
ratio, which is defined relative to the international reference material IRMM-014 and is 
expressed as deviation from the reference material in parts per thousand, or d notation (in per 
mill ‰), as  
 

 𝛿"#𝐹𝑒 = '
( 𝐹𝑒"# 𝐹𝑒")* +

,-./01

( 𝐹𝑒"# 𝐹𝑒")* +
2344567)

− 1: ∗ 10= (Eq. 1) 

or   

 𝛿">𝐹𝑒 = '
( 𝐹𝑒"> 𝐹𝑒")* +

,-./01

( 𝐹𝑒"> 𝐹𝑒")* +
2344567)

− 1: ∗ 10= (Eq. 2) 

 
All Fe isotope data reported in this thesis are d56Fe values, if necessary d57Fe values were 
transformed to d56Fe following the theoretical mass fractionation (Maréchal et al., 1999) using 
the following equation,   
 

 𝛿"#𝐹𝑒 = 0.672 ∗ 𝛿">𝐹𝑒 (Eq. 3) 

 
Continental crust has a d56Fe = 0.06 ± 0.02‰, which will also be the Fe isotope value of 
unweathered minerals containing Fe (Poitrasson, 2006). Mineral weathering leads to Fe isotope 
fractionation, resulting in secondary Fe-bearing minerals with different Fe isotope values 
(Bullen et al., 2001). In low-temperature environments the d56Fe value can vary by about 6 to 
8‰ (Anbar, 2004; Beard et al., 2003a; Dauphas et al., 2017; Dauphas and Rouxel, 2006; Fantle 
and DePaolo, 2004; Rouxel  A. Bekker, K.J. Edwards, 2005; Wu et al., 2018). Differences in 
the d56Fe values in riverine particles and colloids make Fe isotopes a suitable source tracer 
(Fantle and DePaolo, 2004).  
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The four stable Fe isotopes can 
fractionate during several abiotic 
and bacteria driven processes 
(Anbar, 2004; Beard et al., 2010; 
Bullen et al., 2001). During 
dissolution, the parent material gets 
enriched in the heavy 56Fe isotope, 
whereas the resulting material, e.g., 
surrounding solution, gets enriched 
in the light 54Fe isotope. 
Dissolution can be driven by redox 
changes, organic ligands or via 
proton promotion (Wiederhold et 
al., 2006). Reductive dissolution is 
the most common Fe oxide 
dissolution mechanism in nature 
when Fe(III) reduces to Fe(II) via 
electron transfer. An example of 
this process takes place near redox 
boundaries in water and soils (Figure 4). Experimental dissolution yields to fractionation 
factors up to 1.5‰ (Hirst et al., n.d.). The “ferrous wheel” also includes the oxidation of Fe(II) 
to Fe(III) in the aqueous phase, when reduced water meets oxygen-rich water (Stumm and 
Morgan, 1996). This kind of electron transfer results in fractionation factors up to 3.0‰ (Anbar 
et al., 2005; Beard and Johnson, 2004; Welch et al., 2003). Balanced oxidation and reduction 
reactions (degradation of OM) are shown in Equation 4 to 5 respectively, where the oxidation 
leads towards a more positive d56Fe value and the reduction towards a more negative d56Fe 
value.  
 

 4𝐹𝑒DE + 𝑂D + 10𝐻D𝑂 → 4𝐹𝑒(𝑂𝐻)=5+8𝐻E (Eq. 4) 

 4𝐹𝑒(𝑂𝐻)= + 𝐶𝐻D𝑂 + 7𝐻E → 4𝐹𝑒DE + 𝐻𝐶𝑂= − +10𝐻D𝑂 (Eq. 5) 

 𝐻D𝑂D+𝐶𝐻D𝑂 → 𝐻𝐶𝑂=5 + 3𝐻E (Eq. 6) 

 
Bacteria can oxidize Fe under anaerobic conditions in aqueous phases, with a fractionation 
factor up to 1.5‰ (Croal et al., 2004). When Fe adsorbs onto surfaces, e.g., mineral and OC, 
the surrounding solution enriches in the light 54Fe isotope, with fractionation factors up to 0.3‰ 
(Icopini et al., 2004). Fe adsorption in reduced groundwater onto newly built 
Fe(oxy)hydroxides can yield towards significant abiotic fractionation up to 4.0‰ (Teutsch et 
al., 2005), whereas the Fe adsorption onto phytoplankton surfaces in rivers can lead towards 
an enrichment factor of up to 2.9‰ relative to the aqueous Fe phase (Daniel S. Mulholland et 
al., 2015). The complexation of Fe and OM has fractionation factors up to +0.9‰ when Fe(III) 
transfers to Fe-OC complex the 56Fe makes strong covalent bonds with the OC (Dideriksen et 

Figure 4. The “ferrous wheel” near a redox boundary 
(modified after Davison 1983 and Davison 1995). Fe(III) 
reduces to Fe(II) via electron transfer, which is released into 
solution and will be oxidized to Fe(III) at the oxic-anoxic 
boundary.  
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al., 2008). During the precipitation of aqueous Fe(III) the Fe isotope value is preserved in the 
resulting solid Fe(III). Under isotopic equilibrium between Fe(II) and Fe(III) in the aqueous 
phase, the electron transfer dominates possible isotopic effects which occur during Fe 
precipitation (Balci et al., 2006). In this case, the Fe isotope composition of the solid Fe phase 
reflects the aqueous Fe pool. Alternatively, there may be step-wise precipitation, where not the 
whole aqueous Fe(III) precipitates to solid Fe(III) at once. This might result in fractionation 
factors up to 1.3‰ between the two phases (Skulan et al., 2002). Each fractionation process 
has its fractionation factor. Table 1 comprises an overview of investigated fractionation factors 
by laboratory studies and fieldwork. The table is a compilation of different studies, initially 
composed by various authors (Dauphas and Rouxel, 2006; Wu et al., 2018).  
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1.3.	Iron	isotope	analyses		

In the last years, several works describe the methodology of Fe isotope measurements in 
terrestrial ecosystems (Anbar, 2004; Dauphas et al., 2017; Dauphas and Rouxel, 2006; Johnson 
et al., 2008, 2004; Wu et al., 2018). The following paragraph contains a summary of the 
fundamental techniques during sample preparation and Fe isotope analysis. A detailed 
description of sample preparation and Fe isotope analysis of samples from the PhD project can 
be found in the appended papers. 
The small range of Fe isotope values in natural systems (from -4.0 to +2.0‰ (Dauphas and 
Rouxel, 2006) or from -5.5 to +3.0‰ (Wu et al., 2018)) requires precise and reliable analysis 
techniques. Nowadays, MC-ICPMS measurements, with a precision of 0.03‰ and the 
possibility of high sample turnover, are the most common technique (Dauphas et al., 2009; 
Millet et al., 2012). A metal-free clean environment/laboratory should be used for sample 
handling and preparation. Solid samples are processed in varying ways until they can pass 
through several cycles of evaporations and dissolutions. E.g., filters are dissolved in 
microwave-assisted digestion in a mixture of HNO3/HF, and successively filtered or 
centrifuged in the case of residues (e.g., silicates). The evaporation and dissolutions, in nitric 
acid, perchloric acid or hydrogen peroxide, eliminate all fluorides and assure that all Fe is 
present as Fe3+ (Dauphas et al., 2017). Liquid samples, with high Fe concentrations (µM-level), 
are dried down. Liquid samples, with low Fe concentrations (nM-level) need to be 
preconcentrated by coprecipitation of Mg(OH)2 and Fe by ammonia addition (De Jong et al., 
2007) or by extracting Fe from the liquid via resins with organic chelating moieties (John and 
Adkins, 2010; Lacan et al., 2010; Rouxel and Auro, 2010) Afterwards, all kind of samples, are 
diluted in ultrapure concentrated HCl (6 M) for Fe separation from the matrix by anion 
exchange column chemistry. The most common resins are AG1-X8 or AG1-X4, which are 
washed and conditioned before the sample is loaded (Dauphas et al., 2009, 2004). These resins 
are a cost-effective and straightforward technique (Dauphas et al., 2017). The resin AG-MP1, 
on the other side, allows the possibility to recover other transition metals (Cu, Ni) from the 
matrix (Liu et al., 2014). In concentrated HCl, Fe is fixed as negatively charged Fe(III)-chloro-
complexes onto the resins, while the matrix elements are eluted (Equation 7). Afterwards, Fe 
is recovered by diluted HCl (0.4 to 0.5 M). This simple “on-and-off” separation process might 
be repeated to achieve a high purity level of Fe, depending on the measurement technique. The 
purified Fe is dried down and then re-dissolved in diluted HNO3 (0.3 to 0.5 M) for the MC-
ICPMS measurements.  
 

 𝐹𝑒=E
#	4	QR0
S⎯⎯⎯U (𝐹𝑒𝐶𝑙))5

6."	4	QW0
S⎯⎯⎯⎯⎯U 𝐹𝑒=E (Eq. 7) 

 
To assure the quality of the column chemistry blanks and known standard material should be 
processed along with the samples.  
There are two standard methods to measure Fe isotopes, the standard-sample-bracketing (SSB) 
and the double-spike (DS) method. For SSB the "on-and-off" separation process should be 
done twice to assure sufficient purity, sample and standard should be diluted in the same acid 
molarities and the standard concentration matches the sample concentration within 5% 



Chapter 1 • Introduction 

 9 

(Dauphas et al., 2009). During SSB, standard material and samples are measured alternately 
and the Fe isotope value is calculated using Equation 8. The SSB relies on the stability of the 
instrumental mass bias in MC-ICPMS and uses the measurements of known composition 
(IRMM-524a-2) to correct this mass bias.  
 

 𝛿 𝐹𝑒"# =

⎩
⎪
⎨

⎪
⎧ \ 𝐹𝑒"#

𝐹𝑒")] ^
,-./01

1
2 × `\

𝐹𝑒"#

𝐹𝑒")] ^
23445"D)-57

+ \ 𝐹𝑒"#

𝐹𝑒")] ^
23445"D)-5D

a
− 1

⎭
⎪
⎬

⎪
⎫
× 1000(‰) (Eq. 8) 

 
For SSB the sample and standard material can be additionally doped with Ni or Cu material of 
a known isotope ratio, which can be used to correct instrumental mass fractionation. The DS 
method does not necessarily require a second “on-and-off” separation process (Millet et al., 
2012). But still, it is not as straight forward as the SSB method, as you need to prepare a DS 
solution, that is calibrated and mixed with the sample at the right proportions. It was shown, 
that a mixture of 1:2 sample to DS is a good choice under a wide range of analytical conditions 
(Dauphas et al., 2017; John, 2012). It is important to add the DS solution as early as possible 
during the sample preparation to assure that sample and spike are equilibrated. The most 
commonly used MC-ICPMS are NU Plasma II or Neptune Plus. For both methods, the samples 
are introduced into the mass spectrometer in diluted HNO3 via a desolvating nebulizer or a 
standard spray chamber. Interferences are a major problem during Fe isotope measurements. 
E.g. 40Ar14N+ can interfere with 54Fe+ and 40Ar16O+ can interfere with 56Fe+. Using a medium 
and high mass resolution can separate the interferences, which then will be shown as a flat top 
peak. These measurements require a high stability magnetic field and acceleration voltage 
(Conway et al., 2013; John, 2012; John and Adkins, 2010; Lacan et al., 2010; Rouxel and Auro, 
2010). Further, the use of a nebulizer increases the transmission efficiency and reduces ArN 
and ArO peaks, by drying the aerosol. The sensitivity of the Fe isotope measurement can be 
increased using an Apex desolvating inlet system and larger hole-diameter cones. It can be 
concluded that the nebulizer suits the DS method and low Fe concentrations, while the standard 
spray chamber is more precise for high Fe concentrations using the SSB method (Dauphas et 
al., 2017).  
The stability and accuracy of Fe isotope measurements should be assured by the routine 
analysis of geo-standards, in-house standards and long-time measures of standard material as 
IRMM-014. 

1.4.	Research	gap		

Lately, within Northern Europe and North America increasing Fe concentrations in rivers are 
reported (Kritzberg and Ekström, 2012; Sarkkola et al., 2013; Temnerud et al., 2014; 
Weyhenmeyer et al., 2014). The fate of Fe along the salinity gradient of an estuary depends on 
the relative contribution of Fe-OC and Fe(oxy)hydroxides (Kritzberg et al., 2014; Stolpe and 
Hassellöv, 2007). Fe isotope ratios might offer the possibility to distinguish between these two 
Fe phases (Ilina et al., 2013; Ingri et al., 2006; Schroth et al., 2011). It has been proposed that 
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these Fe phases vary in response to seasonal differences in hydrology(Paper IV). Since the 
beginning of Fe isotope studies, researchers focused on the ratios in soils, rivers and oceans in 
various environments, but so far, no comprehensive study on the spatial and temporal variation 
of Fe isotope ratios within one landscape was conducted. This study aimed to characterize the 
Fe isotope ratios from the source (e.g., soils), along the river course, through the estuaries and 
into the adjacent sea within the boreal landscape. Therefore, seasonal sampling of water from 
Swedish headwater streams (2016/2017; Paper V), rivers (2016; Paper II and III), estuaries 
(2013/2014; Paper II) and the Baltic Sea (2013/2014: Paper II) were conducted, with the 
purpose to better understand the role and fate of riverine Fe transport. 

1.5.	Objectives		

The main objective of this work was to identify sources and pathways of Fe isotopes in the 
boreal region from the weathering sites into the streams, along the rivers and through the 
estuaries into the open sea. Further, the possibility to use Fe isotope ratios as a tracer for redox 
processes at the river source is tested. 
This study contributes to the understanding of Fe transport in natural waters, including 
headwater streams, rivers, estuaries and the receiving sea. These different study sites cover a 
wide range of various environmental conditions (e.g., pH, conductivity, redox conditions, ionic 
strengths). It gives an overview of Fe isotope distribution in the different environments and 
their partition between the dissolved and particulate fractions and shows the importance of 
seasonality controlling the Fe isotope compositions.  
A schematic overview of the content of this thesis divided according to the appended papers is 
shown in Figure 5. 
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Chapter	2	•	Soil	

2.1.	Variability	of	iron	isotopes	in	soils	

In general, soil samples display the Fe isotope values of their parental material. The parental 
material can vary in its Fe isotope composition (Dauphas et al., 2017; Poitrasson and Freydier, 
2005; Rouxel et al., 2003; Teng and Helz, 2008), but the continental crust formed of igneous 
rocks has a Fe isotope value around 0.06±0.02‰ (Poitrasson, 2006). Soil profiles undergo 
different pedogenic processes during their formation, which might result in spatial 
heterogeneity. The most common processes are:  
 

• Eluviation: transport of upper soil material into lower layers by precipitation of water 
across soil horizons.  

• Illuviation: accumulation of eluviated material at lower levels. 
• Redox morphosis: stagnant water conditions result in the formation of redox-minerals 

(e.g., FeS), as bacteria interact with soil solution containing reduced free ions (e.g., Fe2+ 
and Mn2+) 

• Translocation: secondary built minerals are vertically translocated within the soil 
profile. 

 
The different processes lead to fractionation of the Fe isotope system, which results in a soil 
profile with different Fe isotope values in its soil horizons. The removal and addition of Fe 
from one pool to the other alters their Fe isotope signal and can be used to pinpoint processes 
influencing the Fe cycle in this soil profile, its water catchment and the adjacent plant system 
(Wu et al., 2018). While the maximum variation within one soil profile was measured to be 
about 1.2‰, the range of Fe isotope values between different soil profile might be much higher 
under natural conditions (Figure 6; from -0.6 to +1.2‰). In natural systems, most Fe isotope 
fractionation is kinetic and equilibrium is never reached, therefore even more significant 
variations of the Fe isotope signal would be possible under laboratory conditions (Kiczka et 
al., 2011). Most of the studies on Fe isotope variations in soils are under pristine conditions 
e.g. (Emmanuel et al., 2005; Fantle and DePaolo, 2004; Opfergelt et al., 2017; Thompson et 
al., 2007), while there are few studying the anthropogenic influences (Garnier et al., 2017; 
Huang et al., 2018).  

2.1.1.	Soil	types	

The following soil types refer to the international soil classification system according to the 
World Soil Reference Base (IUSS, 2014). The Fe isotope composition of albeluvisols ranges 
between 0.0 and 0.3‰ and decreases with depths in the albeluvisol. It is controlled by the 
behaviour of Fe(oxy)hydroxides (Fekiacova et al., 2013). The dissolution of Fe in the 
seasonally waterlogged soils leads to downward transport of isotopically light Fe. Therefore 
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the eluviated upper soil horizons are enriched in the heavy Fe isotope relative to the deeper soil 
layers (Fekiacova et al., 2013). 
The Fe isotope composition of andosols ranges from -0.4 to +0.5‰. Andosol profiles from 
Hawaii showed a wide range of Fe isotope values, with positive d56Fe  values in the deeper soil 
layers (Thompson et al., 2007). Anoxic conditions in the soil profiles, due to high precipitation 
(2200 to 4200 mm), resulting in a loss of Fe in the upper soil layers, leaving the residual Fe 
pool enriched in heavy Fe isotopes. Similarly, the andosols from Iceland showed a limited Fe 
isotope variation, with exception to a wetland dominated profile which showed lighter Fe 
isotope values. In the wetland dominated profile Fe(II) is released from the soil profile under 
anoxic conditions followed by the precipitation of Fe(oxy)hydroxides under oxic conditions. 
The alteration between oxic and anoxic under cold climate is due to seasonal freeze-thaw cycles 
(Opfergelt et al., 2017). 
The Fe isotope composition of anthrosols shows little variation between -0.0 and +0.2‰. 
Flooding cycles lead to extreme eluviation-illuviation cycles and oxidation-reduction processes 
(Zhang and Gong, 2003). The soil water contains high amounts of Fe(II), produced by the 
reductive dissolution of Fe(III) by dissimilatory iron-reducing bacteria under reduced 
conditions. During growths cycles (e.g., rice) the soils are oxygenated and Fe(oxy)hydroxides 
precipitate. Due to the flooding cycles, an enormous amount of Fe is mobilized and translocated 
in these soils. Within these soils, three pools of Fe interchange: Fe(II)aq, Fe(II)adsorbed on newly 
built minerals and precipitated Fe(III) (Garnier et al., 2017; Huang et al. 2018; Teutsch et al., 
2005). The long term cultivation of anthrosols leads to heavy Fe isotopes in the upper soil 
layers, and light Fe isotopes in the lower soil layers (Huang et al., 2018).  
In cambisols, the Fe isotope composition ranges from -0.2 to +0.3‰. The soils are formed 
under oxic and well-drained conditions, under which the Fe mobilization and translocation is 
limited. Therefore, the soil profiles do not show a wide variation within one soil profile 
(Fekiacova et al., 2017, 2013; Wiederhold et al., 2007b). Small Fe isotope variation can be 
explained by Fe exchange between Si-bound to weakly-bound Fe pools (Fekiacova et al., 
2013).  
The Fe isotope composition of ferralsols can vary between -0.1 and +1.0‰. Most ferralsols 
show little to no Fe isotope variation in their soil profile. They are formed under oxic conditions 
and Fe is always present as Fe(III) limiting the vertical translocation (Li et al., 2017; Poitrasson 
et al., 2008). The lack of eluviation processes and the in-situ formation of Fe(oxy)hydroxides 
define the homogeneous Fe isotope profiles. Contrary, deep soil profiles show a wide range of 
Fe isotope values along with one profile (Yamaguchi et al., 2007). The Fe isotope variation in 
the deep profile results from paleosol formation, by fluid-rock interaction and the transport of 
Fe(II).  
Gleysols show a range of Fe isotope ratios between -0.2 and +0.7‰. They are formed by redox 
morphosis and show a high variation of Fe isotopes within their soil profiles. Due to changing 
groundwater tables oxic and anoxic conditions in the soil alter. Within the B horizons, they 
show a distinct light Fe isotope composition compared to the overlying horizons (Akerman et 
al., 2014; Mansfeldt et al., 2011; Schuth et al., 2015; Wiederhold et al., 2007b). The alteration 
between oxic and reduced conditions precipitates ferrihydrites in the upper horizons, with a 
high Fe isotope value. The lighter Fe isotopes are vertically translocated into lower B horizons 
(Fekiacova et al., 2013; Mansfeldt et al., 2011; Wiederhold et al., 2007a).  
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The Fe isotope composition of histosols ranges from -0.0 to 0.5‰. The Fe isotope signal in the 
histosol shows some variation, suggesting pedogenic processes, which lead to fractionation of 
Fe isotopes (Opfergelt et al., 2017). The positive Fe isotope values indicating the loss of the 
light Fe isotope from the soil. In the waterlogged soil profile Fe(II) is released by reductive 
dissolution, which will fractionate the Fe isotopes, with Fe(II) being the lighter than Fe(III) 
(Thompson et al., 2007; Welch et al., 2003; Wu et al., 2011). Fe(II) is vertically translocated 
in the soil solution and successively depletes the solid soil in light Fe isotopes (Akerman et al., 
2014; Schuth et al., 2015).  
Leptosols show little variation between +0.1 and +0.3‰. The Fe isotope composition of the 
bulk soil samples of a leptosol varies little along with its profile (Kiczka et al., 2011). On the 
other side, the Fe isotope signal of single minerals of the soil profiles shows a broader range, 
with sandy material having a heavier and clay having a lighter signal than bulk soil samples. 
The surface sample of a luvisol had a slightly negative Fe isotope signal close to average 
continental crust (Guelke et al., 2010). Separation experiments showed negative Fe isotope 
values for Fe-oxides and Fe-OC complexes (-0.3 and -0.2‰, respectively) and a positive Fe 
isotope value for Fe-silicates (+0.4‰). The enrichment of light isotopes in the Fe-oxide phase 
is a result of preferential weathering of light Fe isotopes from the Fe-silicates, which are similar 
or heavier than the average silicate rocks (Poitrasson and Freydier, 2005; Schoenberg and 
Blanckenburg, 2006). The Fe-OC complexes gain their d56Fe values from light plant debris 
within the organic litter, which generally has a light Fe isotope composition (Guelke and von 
Blanckenburg, 2007). 
Plinthosols showed the lightest Fe isotope values of soil samples within the analyzed studies 
(Fantle and DePaolo, 2004) and ranged between -0.6 and 0.1‰. The soil profile has negative 
Fe isotope values in the upper layers and positive values in the lower soil horizons. The 
negative Fe isotope values signal in the organic-rich soil layers in the upper soil profile can be 
explained by light plant debris in the upper soil profile. Plants preferentially uptake the lighter 
Fe isotope and successively plant litter has a light Fe isotope signal.  
Acid weathering and illuviation processes in podzols lead to a high variety of Fe isotope signals 
in the different soil layers from -0.3 to +0.5‰ (Emmanuel et al., 2005; Fekiacova et al., 2017; 
Wiederhold et al., 2007b). The podzolization process (pH < 4.5) leads to the differences in Fe 
isotope values. The upper soil horizons are dominated by mineral dissolution by organic acids 
and the isotopically light Fe(II) is released to solution, leaving the soil enriched in heavy Fe 
isotopes. Vertical translocation to the underlying B horizon, dominated by Fe-OC and 
Fe(oxy)hydroxides (Emmanuel et al., 2005; Wiederhold et al., 2007b), results in a light Fe 
isotope signal. The light Fe isotope signal might be a result of vertical translocation of Fe 
(Wiederhold et al., 2007a) or Fe is built in-situ, Whereas Fe-OC complexes and 
Fe(oxy)hydroxides prefer the light Fe isotopes (Fekiacova et al., 2017).  
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Figure 6. Compilation of Fe isotope values of soil profiles around the world in alphabetic order. The soil types 
are transferred to the world reference base for soil resources (after Fantle and DePaolo, 2004 and Huang et al., 
2018). The grey dotted line displays average continental crust (Poitrasson et al. 2006). The reference data can be 
found in supplement 1. 
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2.1.2.	Soil	solutions	

The Fe isotope range of soil solutions is much wider than the range of the soil samples itself. 
In natural environments, they range between -4.9 to 0.9‰ (Figure 7) ( Rouxel et al., n.d.; Paper 
IV). An in-situ field experiment showed the abiotic fractionation of Fe isotopes due to the 
adsorption of Fe(II) onto the newly formed Fe(III)(hydr)oxides (Teutsch et al., 2005). Oxygen-
rich water was injected into reduced Fe(II)-rich groundwater resulting in a very light 
groundwater component (down to -2.6‰). They show that heavier Fe(II) is preferentially 
adsorbed onto newly formed Fe(III)(oxy)hydroxides, depleting the groundwater. Groundwater 
measurements showed a range of -0.8 to 0.4‰ (O. Rouxel et al., n.d.). While the lower values 
are due to reductive dissolution of Fe(III)(oxy)hydroxides or the dissolution of silicate by 
organic ligands (Balci et al., 2006; Beard et al., 2003a; Brantley et al., 2004; Icopini et al., 
2004), the heavier values are either due to the reductive dissolution of enriched Fe-oxides in 
the subsurface sediments or the run-off of freshwater, with a slightly positive Fe isotope value 
(Rouxel et al., 2008). The sediment porewaters from the same study have Fe isotope values 
down to -4.9‰ (Figure 7), with the lightest on top of the profile. Pore waters from marine 
sediment cores also showed similar behaviour. Light Fe isotope values in the subsurface layers, 
with increasing values towards the deeper layers (Severmann et al., 2006). The light Fe isotope 
values are suggested to originate from the mineral dissolution of Fe(oxy)hydroxides (Figure 
8). Rouxel et al. (2008) describe these extreme Fe isotope values to be a result of the 
preferential adsorption of the heavy Fe(II) onto newly built Fe(III)(oxy)hydroxides as 
described in various experimental studies (Balci et al., 2006; Croal et al., 2004; Teutsch et al., 
2005; Welch et al., 2003). The soil solution of a podzol profile (Paper IV) fits the Fe isotope 
range of podzol profiles (Figure 6 and 7). Overall, the soil solution becomes lighter along with 
the depths profile. Fe(II) is mobilized at low pH in the upper organic-rich soil profile 
(Pokrovsky et al., 2006) during weathering and gets partly oxidized during downwards 
transport forming Fe(oxy)hydroxides (Brantley et al., 2004; Dos Santos Pinheiro, 2014; Fantle 
and DePaolo, 2004; Fekiacova et al., 2017; Wiederhold et al., 2006). The migrating soil 
solution gets enriched in the light Fe isotope. Furthermore, the adsorption of Fe(II) onto newly 
built Fe(oxy)hydroxides, leads to a more negative Fe isotope signal in the remaining soil 
solution (Teutsch et al., 2005).  
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2.2.	Summary		

In nature, Fe isotope fractionation is depending on the mobilization, separation and 
translocation of Fe pools and to redox changes in the environment (Johnson et al., 2008). 
Pedogenic processes are a necessity for Fe isotope fractionation in soils and soil solutions. 
Different processes have different effects on the Fe isotope ratio of the samples and can be 
traced using the Fe isotope composition and changes along with the soil and soil solution 
profiles. Fe isotope fractionation takes place on pedon-, regional and global scale (Huang et al. 
2018), certain criteria need to be fulfilled for specific fractionation processes (Figure 8), but 
overall there is no limitation by climate zones or soil depths. On a pedon-scale, the Fe isotope 
fractionation is dominated by pedogenic processes that favor the mobilization and vertical 
translocation of Fe. Pedogenesis determines the variety and range of Fe isotope values reached 
in a single soil profile. On a regional scale, Fe isotope values display different soil types 
(formed under similar climate conditions from the same parental material) (Fekiacova et al., 
2013; Thompson et al., 2007; Yesavage et al., 2012). Various mechanisms and pedogenic 
processes yield to different Fe isotope fractionation ratios. On a global scale, wide ranges of 
Fe isotope values within soil types and between climate regions were found. Various studies 
show that fractionation processes within the soils and soil solutions follow similar processes, 

Figure 7. Compilation of Fe isotope values of soil solutions of different soil types. The grey dotted line displays 
the average continental crust (Poitrasson et al. 2006). The reference data can be found in supplement 2. 
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suggesting that Fe isotope fractionation could occur globally (Huang et al. 2018). E.g., the 
mobilization of Fe(II) and vertical translocation of Fe were found in several soil profiles 
(Emmanuel et al., 2005; Fekiacova et al., 2013; Mansfeldt et al., 2011; Wiederhold et al., 
2007b, 2007a; Paper IV). 

 
  

Figure 8. Fe phases and fractionation processes in the soil – soil solution exchange system. Most of the 
fractionation processes are driven by changing oxic to anoxic conditions within the soil profiles. 
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Chapter	3	•	Streams	

3.1.	Iron	isotope	variations	in	streams	

Hydrological and biogeochemical processes in the soil profiles control the geochemistry of soil 
solutions and their transport into the headwater streams (Bishop et al., 2004; Gregory et al., 
1991; McClain et al., 2003). The riparian zone connects the terrestrial and the aquatic 
ecosystems (Ledesma et al., 2018) and influences a variety of parameters, e.g., metals (Lidman 
et al., 2017; Pellerin et al., 2002) and OC (Köhler et al., 2009). Headwater streams are the 
origin of the surface aquatic system and influence larger streams and downstream areas 
(Baattrup-Pedersen et al., 2018; Bishop et al., 2008; Meyer et al., 2007; Seibert et al., 2009). 
The headwater stream chemistry depends on stream size, catchment diversity and flow strength 
(Ågren et al., 2008; Buffam et al., 2007; Laudon et al., 2007) and is very responsive to natural 
and anthropogenic changes (Bishop et al., 2008; Elmore and Kaushal, 2008; Lowe and Likens, 
2005; Meyer et al., 2007). Changes in the hydrological conditions, e.g., droughts and rewetting 
of the soil profiles, will influence groundwater table and redox conditions, which in term will 
affect the concentration and fluxes of redox-sensitive compounds in the headwater streams 
(Lidman et al., 2011; Paper V). Fe isotope ratios from the soils reach the streams (Dos Santos 
Pinheiro, 2014) and changing redox conditions within the soil are reflected by the Fe isotope 
ratio in the streams (Paper IV). Little is known about the Fe isotope ratios in headwater streams.  

3.1.1.	The	importance	of	the	catchment	composition	

Fe isotope ratios from headwater samples in southeastern Sweden show a range of almost 3.0‰ 
(Paper V: Figure 4, Table 2). The wide range of Fe isotope values on a regional and seasonal 
scale can be used to describe different processes. The different catchment types favour a variety 
of stream chemistry and flow paths into the headwater streams. On average, about 10 to 20% 
of a typical boreal catchment is composed of wetlands (Ekström et al., 2016). Laudon et al. 
(2011) showed that during low flow conditions wetlands are a primary contributor to the stream 
chemistry, while during high flow conditions the headwater stream chemistry is mainly 
influenced by forested areas in the catchment. In small forest dominated catchments, the 
riparian zone controls mostly the export of DOC and elements at the soil/stream interface 
(Laudon et al., 2004). The differences in Fe isotope ratios between a wetland dominated and a 
forest dominated catchment are shown in Figure 9. These data show the enrichment of Fe 
isotope ratios in a wetland dominated catchment compared to a forest dominated catchment.  
Within these catchments, four dimensions of hydrological connectivity were found (Figure 10).  
Laterally along hillslopes, vertically down the riparian zone, temporally through event-based 
and seasonal changes in hydrology, and longitudinally along the stream (Ledesma et al., 2018). 
In the first place, the headwater streams are mainly influenced by lateral and vertical transport. 
The headwater streams are surrounded by the riparian zone, which is characterized by the 
change from organic-rich soils (histosol) to mineral soils (podzol), an increasing terrain slope 
and a change of vegetation (Grabs et al., 2012; Ledesma et al., 2018). During high flow 
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conditions, lateral transport by subsurface runoff of Fe, TOC and aluminium along the hillslope 
was shown (Löfgren and Cory, 2010; Rosenberg and Schroth, 2017). Similar to vertical 
translocation within the soils described above (Chapter 2.1.1.), the lateral transport of Fe from 
upper slopes to lower slopes by leaching will result in enrichment of heavier Fe isotopes in the 
upper slope compared to the lower slopes (Huang et al., 2018).  

Riparian zones typically have high 
Fe and DOC concentrations 
compared to surrounding soils 
(Giesler et al., 2002) and especially 
the so-called dominant source layer 
(DSL) is responsible for most of the 
export (Grabs et al., 2012; Ledesma 
et al., 2015; Seibert et al., 2009). 
Vertical concentration gradients in 
the riparian zone can, therefore, lead 
to transient changes in water 
chemistry and isotope compositions 
during high water discharge (Bishop 
et al., 2008; Lidman et al., 2011; 
Seibert et al., 2009; Paper IV). In 
Paper IV a shift of Fe isotope ratios 
from -0.1‰ below the groundwater 
table to + 0.9‰ above the 

Figure 10. Hypothetical headwater catchment including the four dimensions of hydrological connectivity (after 
Ledesma et al. 2018). The riparian zone is characterized by a dominant source layer (DSL). The temporal 
changes are event-based or seasonal changes in the discharge of the headwater stream, e.g., spring flood.  

Figure 9. Temporal variations in the Fe isotope ratio of the 
dissolved fractions in a forest (black line) and a wetland 
(dotted line) dominated headwater stream during snow melt 
induced spring discharge. The headwater streams are part of 
the Krycklan catchment in Northern Sweden. Data from the 
forest catchment can be found in Paper IV. The data from the 
wetland catchment are not published. 
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groundwater table was observed. Furthermore, the connection between headwater streams and 
soil waters was verified by the Fe isotope ratios.  
The Fe isotope ratios in headwater streams show a wide range of compositions, between -1.0 
to +2.0‰ (Figure 11). Data from paper V suggest the possibility to use Fe isotope ratios to 
distinguish between streams with a wetland component and streams which are mainly 
influenced by forest. Streams with mainly positive Fe isotope ratios suggest that Fe-OC from 
organic-rich wetlands contribute to the headwater streams during all times of the year. During 
low flow conditions, the headwater streams are mainly influenced by wetlands (Laudon et al., 
2011) and not from the forested areas. Several studies showed that Fe from wetlands mainly is 
complexed with OC as Fe-OC (Neubauer et al., 2013a; Sundman et al., 2014). Ilina et al. (2013) 
showed that Fe-OC complexes (in the low molecular weight fraction and between 1 and 10 
kDa) in subarctic and temperate regions have the most positive Fe isotope ratio of the samples. 
Therefore, the positive Fe isotope ratios from the wetland dominated catchments are most 
likely Fe-OC complexes. These Fe-OC complexes with a positive Fe isotope ratio are formed 
by the precipitation of Fe(II)aq with organic carbon to Fe-OC complexes and the oxidation of 
Fe(II)aq to Fe(III)aq during transport in the unsaturated soils (Pokrovsky and Schott, 2002) and 
the subsequent binding of Fe(III)aq with OC, which favours Fe with a heavier Fe isotope ratio. 
The resulting Fe-OC complex is enriched by about +0.6‰ (Dideriksen et al., 2008). The 
complexation of Fe with OC enhances the mobility of Fe and the Fe-OC complexes leach from 
the soil into the stream (Fritsch et al., 2009). Streams with mainly forest influence show a 
strong seasonal dependence in their Fe isotope ratios. Distinct negative Fe isotope ratios, high 
pH and conductivity, as well as comparable low TOC concentrations strongly suggest the input 
of reduced groundwater (Buffam et al., 2007). Enriched water samples from the same streams 
with on average +0.8‰ heavier Fe isotope values suggest an increase of the groundwater table 
and the flushing of the surface near horizons. The riparian zone of a headwater stream offers a 
variety of Fe isotope ratios (-0.1 to +0.9‰), which can be mobilized by changes in the 
groundwater table (Paper IV). Comparable catchments with slightly higher wetland 
contribution,  showed increasing Fe isotope ratios over time, starting around zero.  

3.1.2.	The	importance	of	seasonality	

Paper V shows the seasonal differences of Fe isotopes in the headwater streams. In headwater 
streams two pools of Fe dominate, Fe(oxy)hydroxides and Fe-OC complexes, whereas Fe-OC 
complexes dominated in streams with low pH (< 4.5) (Neubauer et al., 2013b). 
Fe(oxy)hydroxides form at the redox interface when dissolved Fe(II) is exposed to a more 
oxygen-rich environment and forms Fe(III) (Bullen et al., 2001) and eventually precipitate 
(Vasyukova et al., 2010). Under normal flow conditions, Fe(oxy)hydroxides are predominant 
and build in higher order streams, where reduced groundwater with high amounts of Fe(II) 
reach the soil-water interface and precipitates as Fe(oxy)hydroxides. Anyhow, the high Fe 
concentration during the summer sampling and the continually decreasing shallow 
groundwaters in the region suggest the input reduced groundwater with high Fe(II) 
concentration. The oxidation of Fe(II) towards Fe(III) in the headwater streams is restricted by 
the low pH and high TOC concentrations. Therefore we can assume that a relatively large 
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proportion of Fe occurs as organic Fe(II) complexes. That has been confirmed in several 
Swedish (Herzog et al., 2017; Karlsson et al., 2008; Neubauer et al., 2013b, 2013c; Sjöstedt et 
al., 2013; Sundman et al., 2014, 2013) and international studies (Emmenegger et al., 1998; 
Pullin and Cabaniss, 2003; Rose and Waite, 2003).  
On a regional scale, Fe isotope ratio during summer was used to define reduced groundwater 
as the main source of Fe for the headwater streams. During the experienced drought period, 
deeper, reduced groundwater enters the river already in its headwater streams. After the dry 
period, the groundwater table shifts upwards in the whole region, resulting in positive Fe 
isotope values at all sampling locations. Therefore, Fe isotope ratios can be used to trace the 
input of reduced groundwaters in headwater streams. While reduced, Fe(II)-rich groundwater 
is the source of Fe during the summer sampling, the trends suggest that the source for Fe isotope 
values in late autumn and spring has a more positive Fe isotope ratio, at similar DOC 
concentrations. The shallow groundwater level during late autumn was closer to normal 
compared to the summer conditions. Therefore, the shallow groundwater most likely reached 
levels, which are more typical for the boreal region and was available for the stream 
environment (Lidman et al., 2017). The enriched Fe isotope ratios suggest that the rising 
groundwater tables reached the upper soil layers, with less negative Fe isotope values compared 
to the deeper layers, which is then transported into the headwater streams via the riparian zone. 
As suggested in Paper IV the headwater stream composition often is more influenced by 
riparian zone water, than by soil water from the upper mineral soil profiles. Seasonal changes 
in the hydrology cause temporal changes within the riparian zone (as well as the whole 
catchment areas). High flow events caused by rainfall or snowmelt raise the shallow 
groundwater level and opens up surface near flow paths, which allow the transport and 
relocation of Fe from the upper soil horizons. Long periods of low flow or summer dryness, on 
the other hand, hinders the transport possibilities and oxygen availability, which will allow 
specific compounds to be built (Ledesma et al., 2018), e.g., a distinct negative Fe isotope ratio 
(Paper V). The Fe isotope ratios of the defined groups can be explained by the described 
changes in the flow paths towards a stream. 

3.2.	Comparison	with	other	headwater	streams	

During literature review I found three studies (Akerman et al., 2014; Escoube et al., 2015; Ilina 
et al., 2013) discussing the Fe isotope ratios of streams, but with no clear information if these 
streams are headwater streams. Within headwater streams, the dissolved Fe fraction is 
dominating the element concentrations. Filtration experiments from the headwater streams in 
southern Sweden (Paper V) show that between 98.8 to 99.9% of the Fe is in the dissolved 
phase. This is in accordance with studies from northern Sweden, where it has been shown that 
just about 0.6% is in the particulate fraction (Laudon et al., 2011). Therefore, the following 
discussion will not distinguish between dissolved, particulate and unfiltered Fe (DFe, PFe and 
UFe, respectively), even though the data can be found in Figure 11. Streams with a forested 
catchment (Escoube et al., 2015; Paper VI and V) show a range from -0.9 to 1.8 ‰. Escoube 
et al. (2015) show the high variety of Fe isotope ratios in small organic-rich rivers, which they 
relate to two main Fe sources, which are preferentially mobilized and have a disproportional 
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influence on the riverine Fe transport. They suggest active redox cycling as the reason for 
negative Fe isotope ratios, originating from deep groundwater. Furthermore, they suggest 
organic-rich surficial soil water as a source for the positive Fe isotope ratios. Headwater 
streams containing wetland (Ilina et al., 2013; Paper V) are mainly positive from -0.2 to 1.5‰. 

The tropical headwater stream is located in a flat swamp area, with organic-rich soils and four 
seasons (two wet, two dry seasons) (Akerman et al., 2014). Its Fe isotope ratio ranges from 
+0.3 to + 0.8‰ and falls within the wetland dominated headwater streams of the sub-arctic 
region. 

Both studies discuss the complexation of Fe and OC as the main driver behind the positive 
signal coming from organic-rich soils. While Ilina et al. (2013) suggest the mixture of anoxic 
ground or deep soil water with well oxygenated DOC-rich surface soil waters as a source for 
the Fe-OC complexes, Akerman et al. (2014) describes the leaching of Fe-OC from enriched 
soil profiles as the reason behind positive Fe isotope ratios in the stream.  

Fe isotope ratios from headwater streams in Sweden show a detailed picture of the processes 
in the soil, soil solution and transport mechanisms towards the stream. They show the influence 
of reduced groundwater during drought periods and the subsequent regional oxidation. The 
comparison of Fe isotope data from the riparian zone waters and the headwater stream suggest 
that the riparian zone strongly influences winter and spring samples. Local differences between 
the headwater streams are driven mainly by the catchment composition and catchment size.  

Figure 11. Compilation of Fe isotope values in headwater streams in the sub-arctic and equatorial environment. 
Each color represents one study; empty circles display the dissolved fraction (< 0.22 µm), filled circles display 
the particulate fraction (> 0.22 µm) and filled squares represent unfiltered water samples. The dashed grey line 
represents the average continental crust after Poitrasson (2006). The unpublished data belong to the data sets of 
Paper IV and V but have not been used in the publications. The reference data can be found in supplement 3.  



 
  



Chapter 4 • Rivers 

27 

Chapter	4	•	Rivers	

4.1.	Iron	isotope	variations	in	rivers	

The Fe isotope ratios of various rivers were the subject of studies aiming to improve the 
understanding of Fe sources and transport mechanisms on a global scale. In the following the 
rivers are divided by their climate zone: Arctic (Escoube, 2015; Zhang et al., 2015), sub-arctic 
(Escoube et al., 2015; Ilina et al., 2013; Ingri et al., 2006; Opfergelt et al., 2017; Schroth et 
al., 2011; Paper II and III), temperate (Chen et al., 2014; Fantle and DePaolo, 2004; Ilina et 
al., 2016; Song et al., 2011b) and tropical (Akerman et al., 2014; Bergquist and Boyle, 2006; 
Dos Santos Pinheiro et al., 2013; Daniel Santos Mulholland et al., 2015; Poitrasson et al., 
2014). The particles and colloids of the rivers give information about the Fe sources (Fantle 
and DePaolo, 2004) and how Fe is transported in the river system. Particles with Fe isotope 
ratios close to continental crust are poorly weathered (Poitrasson, 2006). Particles with Fe 
isotope ratios different to continental crust represent secondary minerals, formed by 
precipitation in the water. The main fractionation processes are: Fe(II) released by mineral 
dissolution (Brantley et al., 2001), oxidation of Fe(II)aq to Fe(III)aq (Johnson et al., 2002) and 
the following Fe(III) and OC complexation (Dideriksen et al., 2008), as well as the 
precipitation of Fe(oxy)hydroxides on mineral surfaces (Balci et al., 2006). The total observed 
range of Fe isotope in rivers systems is -1.2 to +2.7‰ and depends on the river chemistry and 
filtration size (Figure 12). 

4.1.1.	Arctic	and	sub-arctic	rivers	

Glacial river systems show a Dδ56Fe close to continental crust indicating the lack of 
significant Fe isotope fractionation in the glacial system (Schroth et al., 2011; Zhang et al., 
2015), (Figure 12). The transport along the proglacial environment results in a loss of DFe 
over 80%, with additional losses, when the freshwater mixes with the saline waters. As there 
is no correlation between the Fe isotope ratio and the Fe concentration of the samples, the 
authors assume that the process of Fe loss has no fractionation effect (Zhang et al., 2015). 
The slight enrichment of heavy isotopes observed in some glacial rivers is related to alteration 
of the lithologies (Escoube et al., 2015; Poitrasson and Freydier, 2005; Yesavage et al., 2012). 
While the glacial river showed no variation, large, arctic river systems, as Lena and Ob, vary 
between -1.1 to +1.8‰ (Escoube et al., 2015; Hirst et al., n.d.) with little seasonal variability. 
Similarly, the Copper River (Alaska) shows slight variation around the continental crust. 
These relative constant Fe isotope ratios in high-latitude rivers are relative surprising, as their 
tributaries show a variety of DFe isotope compositions between -1.2 and +1.8‰. The authors 
suggest that the smaller boreal forested rivers display a seasonal variation of the contribution 
between two Fe endmembers: Fe-rich groundwater and Fe-OC rich soil water from organic 
matter decomposition (Schroth et al., 2011). Experimental data showed the enrichment of 
heavy Fe isotope ratios in Fe-OC complexes (Dideriksen et al., 2008) and the release of light 
Fe(II) into soil solution by mineral dissolution (Brantley et al., 2001; Kiczka et al., 2010). 
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Filtration experiments showed that the tributaries contained a large proportion of smaller 
colloids enriched in the heavy Fe isotopes (Escoube et al., 2015).   

Detailed seasonal studies of the boreal Kalix and Råne rivers in northern Sweden showed a 
variation of the DFe and PFe concentrations and isotope ratios (Ingri et al., 2006; Paper II, III 
and IV). Observed changes in the particulate and dissolved phase during spring discharge in 
May, suggest different sources of Fe to the rivers during different seasons. While PFe shows 
a positive Fe isotope signal during winter, during spring flood, the values are negative (Paper 
II, Figure 3). After the main flood event, the Fe isotope values increase to the initial ratios 
until the next flood event (Ingri et al., 2006). Increased discharge due to snowmelt in the 
boreal region is most times accompanied by flushing of the organic-rich sub-surface layers. 
These upper podzol soil layers have been shown to be a source for Fe-OC aggregates with a 
negative Fe isotope signal. In Paper II we could verify the source of the negative Fe isotope 
signal by correlating the Fe isotope ratio with the Rb/Sr ratio. There is a clear correlation 
between the Rb/Sr ratios and the Pδ56Fe composition (Paper II, Figure 6), with the low Rb/Sr 
ratio corresponding with positive Pδ56Fe values, whereas the high Rb/Sr ratio corresponds 
with negative particulate Pδ56Fe composition. Recently, the flushing of the upper soil 
horizons in the Kalix River catchment has been validated with the use of the Rb/Sr ratio 

Figure 12. Compilation of Fe isotope values in Rivers. Note the different scales for Fe isotope ratios. Each 
color represents one author, empty circles display the dissolved fraction (< 0.22 µM), filled circles show the 
particulate fraction (> 0.22 µM) and filled squares represent unfiltered water samples. The dashed grey line 
represents the average continental crust after Poitrasson (2006). The reference data can be found in 
Supplement 4.
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(Wortberg et al., 2017). Which implies the origin of a negative δ56Fe composition lies within 
the upper soil layers, available due to the flushing events. While the boreal headwater streams 
have mainly Fe-OC complexes, where the Fe occurs in the reduced Fe(II) or a mixed 
Fe(II)/Fe(III) oxidation state (Emmenegger et al. 1998; Rose and Waite 2003; Sundman et al. 
2013), the higher order streams consist of Fe-OC complexes and nanoparticulate 
Fe(oxy)hydroxides, which aggregate and can be found in the > 0.22 µm fraction (Neubauer 
et al. 2013). Overall Neubauer et al. (2013) found that with higher pH of the stream the Fe-
OC complexes become less prevalent. With the decreasing amount of Fe-OC complexes, the 
amount of Fe(oxy)hydroxides with Fe(III) increases (Neubauer et al. 2013). This alteration 
along the river course can explain why the Fe isotope signal between the headwater streams 
and the river mouth might vary. Results from Paper III show that all Fe at the river mouth is 
present as Fe(III) (Paper III, Figure 4). The Fe(III) occurs mainly as Fe(oxy)hydroxides, but 
there is a small increase of the Fe-OC during spring flood compared to the pre- and post-flood 
periods. Interestingly, a minor drop in the contribution of Fe-OM complexes was detected at 
peak flow. Potentially, this was caused by mobilization of particulate Fe from the riverbanks 
or the river bed by the massive discharge flushing the system (Rosenberg and Schroth, 2017). 
This is consistent with the importance of particulate matter for Fe transport during high 
discharge in a boreal river (Björkvald et al., 2008). Paper IV shows the opposite Fe isotope 
ratios of the first order stream and the Kalix river. While the headwater stream has a negative 
signal, the Kalix River has a positive signal. The seasonal variations in the headwater streams 
(discussed in Chapter 3.1.2.) allowed us to conclude that the main source of Fe to the Kalix 
River during spring flood are the organic rich soil layers of the riparian zone, whereas during 
baseflow the anoxic groundwater from the Kalix River is the main contributor.  
The Fe isotope values from organic-rich artic and subarctic rivers can be divided into the 
dissolved and particulate fractions. While the dissolved fractions show a positive Fe isotope 
ratio, caused by Fe-OC complexes, the particulate fraction shows a negative (close to zero) 
Fe isotope ratio, reflecting the input of Fe(II)-rich groundwater, which will form 
Fe(oxy)hydroxides at the anoxic/oxic interface.  

4.1.2.	Temperate	rivers	

Fe isotope data from temperate rivers show a range of values below average continental crust 
(-0.9 to +0.1‰) in the particulate fraction, the dissolved fraction and in unfiltered water 
samples (Chen et al., 2014; Fantle and DePaolo, 2004; Ilina et al., 2013; Song et al., 2011b). 
Only data from the Senga River have a distinct positive Dδ56Fe (0.4‰) (Ilina et al., 2013).  
Song et al. (2011) show a seasonal variation in Pδ56Fe value in an anthropogenically influenced 
river system, which is ascribed to the change in the source of PFe and geochemical process in 
the watershed. During summer the Fe isotope ratio is lower than during winter. Namely, the 
weathering of pyrite in the coal-containing catchment and leaching of Fe from the soil are 
responsible for the trend. The Fe isotope ratio of pyrite has been shown to vary between -3.5 
and +1.2‰ (Egal et al., 2008; Fehr et al., 2008; Herbert Jr. and Schippers, 2008) and studies 
of Fe oxides and pyrite at the same sampling site revealed lower Fe isotope ratios for pyrite 
than for the Fe oxides (Egal et al., 2008). The authors suggest increased soil weathering by 
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runoff water in summer compared to winter, which will result in larger amounts of PFe with 
lower Fe isotope ratios entering the river system.  
Chen et al. 2014 studied the anthropogenic influences on the Seine River (France), which 
showed despite a broad range of Fe concentrations little to no variations of the PFe isotope 
ratio, with a value around the continental crust. Dδ56Fe, on the other hand, ranged between -
0.6 to +0.1‰ and is the result of two endmember mixing (Chen et al., 2014). Similar to artic 
and sub-arctic rivers with high OC concentrations the authors suggest one source of Fe 
associated with OC, with a heavy Fe isotope ratio and one source with high Fe and relatively 
low OC concentrations, which represent Fe(oxy)hydroxides or sulfides with a light Fe isotope 
ratio (Chen et al., 2014; Ilina et al., 2013). Furthermore, the authors propose that the Fe-OC 
complex is of natural origin, while the Fe(oxy)hydroxides and sulfides are of anthropogenic 
origin (Priadi et al., 2012). The domination of PFe over DFe in the Seine River hinders the 
possibility to trace the anthropogenic DFe fraction into the ocean (Wu et al., 2018).  
The unfiltered water samples from temperate rivers studied by Fantle and DePaolo (2004) 
ranged from -0.9 to -0.1‰. Rivers with high particulate fractions had values near zero, while 
diluted streams had more negative Fe isotope ratios. The authors suggest that the isotopically 
light Fe is leached from soil profiles during weathering and is transported in the dissolved 
fraction towards the ocean (Fantle and DePaolo, 2004). It is hypothesized that Fe isotope 
fractionation during weathering is produced by cycles of Fe reduction, organic-Fe chelation, 
biological cycling, and hydroxide precipitation, each of which has been documented to affect 
Fe isotope composition to some degree (Beard et al., 1999; Brantley et al., 2001; Bullen et al., 
2001; Fantle and DePaolo, 2004; Matthews et al., 2001; Skulan et al., 2002). Mass balance 
calculations allow the authors to conclude that the dissolved fraction must be divided into a 
colloidal and a truly dissolved fraction with different Fe isotope ratios.  
The dissolved fraction of the temperate Senga River (Russia) showed Fe isotope ratios of 0.4‰ 
are directly compared to arctic and sub-arctic systems (Ilina et al., 2013). The authors explain 
the relationship between filter size, OC content and Fe isotope ratio. With decreasing pore size, 
the Fe isotope ratio got heavier in all samples. In boreal rivers, Fe(oxy)hydroxides are formed 
at the oxic/anoxic interface (Björkvald et al., 2008; Ingri et al., 2006; Pokrovsky and Schott, 
2002), and are relatively enriched to the aqueous fraction by 0.7 to 3.0‰ (Bullen et al., 2001; 
Ilina et al., 2013; Johnson et al., 2002; Skulan et al., 2002; Teutsch et al., 2009).  
Even though the behaviour of these temperate rivers are similar to the arctic and sub-arctic 
rivers, the authors found that the temperate river samples were approximately 1.0‰ points 
lighter.  

4.1.3.	Tropical	rivers	

The Amazon River basin is most likely the best-studied river system when it comes to Fe 
isotopes (Bergquist and Boyle, 2006; Dos Santos Pinheiro, 2014; Dos Santos Pinheiro et al., 
2013; Daniel S. Mulholland et al., 2015; Poitrasson et al., 2014). The Pδ56Fe of the Amazon 
ranges from -0.1 to +0.2‰, while Dδ56Fe ranges from -0.3 to +0.6‰ (Figure 12, 
Supplement 4). The Amazon has two very different tributary types, the Solimões and Madeira 
white rivers and the Negro black river. While the Solimões has a light Dδ56Fe signal, Pδ56Fe 
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of the Solimões and Madeira show little variation around zero (Bergquist and Boyle, 2006; 
Dos Santos Pinheiro et al., 2013; Daniel S. Mulholland et al., 2015; Poitrasson et al., 2014). 
The Negro, on the other side, has a negative Pδ56Fe and a positive Dδ56Fe Fe isotope ratio 
(Bergquist and Boyle, 2006; Dos Santos Pinheiro, 2014; Dos Santos Pinheiro et al., 2013; 
Daniel Santos Mulholland et al., 2015; Poitrasson et al., 2014). It has been shown that PFe of 
the Negro River undergoes seasonal variations similar to organic-rich rivers from higher 
latitudes. During dry periods, with minimal precipitation, the PFe isotope ratio was the lowest, 
which was related to input from organic-rich soil layers (Dos Santos Pinheiro et al., 2014). The 
Fe isotope ratios of the Amazon suggests domination of the white rivers compared to the black 
rivers. Overall, the Fe isotope signal transported by the Amazon River to the Atlantic Ocean is 
close to continental crust (Poitrasson et al., 2014). 

4.2.	Summary	

Small organic-rich rivers from temperate, sub-arctic and arctic regions, show significant 
variations of Fe isotope ratios. Samples with high DOC concentrations in these rivers are 
enriched in the heavy Fe isotope compared to continental crust, whereas most samples with 
low DOC concentrations are enriched in the light Fe isotope. Ultrafiltration experiments form 
the arctic region showed enrichment of heavy Fe isotopes in organic-rich Fe fractions (Ilina et 
al., 2013). Therefore, these smaller river systems can contribute with a disproportional amount 
of DFe with distinct negative and positive Fe isotope ratios into the Arctic Ocean (Escoube et 
al., 2015). On the other hand, large river systems from arctic and sub-arctic regions have a 
limited Fe isotope fractionation and supply a rather uniform signal to the Ocean. Similarly, it 
was shown that the bulk water samples from the Amazon River showed little variation around 
continental crust during all seasons (Poitrasson et al., 2014). Anyhow, the DFe and PFe isotope 
signals of these large river systems vary from each other. In general, the Pδ56Fe of the Lena 
River is lower as the white river system of the Amazon and comparable to the black rivers. 
While white rivers consist mainly of detrital PFe (Allard et al., 2004), with predominant Fe(III), 
PFe in the Lena River consists mostly of secondary Fe precipitates, similar to those in the black 
rivers(Fritsch et al., 2009). The Dδ56Fe of the Lena River is higher than the white river Fe 
isotope composition and similar to the black rivers. While the white rivers transport Fe mainly 
in the particulate fraction, the Fe transport in Lena and the black rivers is dominated by 
colloidal Fe. These Fe colloids are a mixture of Fe-OC and ferrihydrites (Allard et al., 2011), 
influencing the overall Dδ56Fe.   
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Chapter	5	•	Estuaries	

5.1.	Iron	isotope	behaviour	during	estuarine	mixing	

Estuarine mixing controls the input of Fe into the oceans (Raiswell and Canfield, 2012; Wells 
et al., 1995) and about 90% of the riverine Fe is settling in the estuaries due to flocculation 
(Boyle et al., 1977; Paper II). In chapter 4 it is shown that large river systems with high 
particulate load transport a Fe isotope ratio around the continental crust to the oceans, while 
smaller rivers can contain both, a negative or positive Fe isotope ratio. Data from sub-arctic 
estuaries showed that there is minimal to no isotope fraction along the salinity gradient (Figure 
13) (Escoube et al., 2009; Staubwasser et al., 2013) (Paper I and II). Escoube et al. (2009)
explain the increase of Fe isotope ratio in the particulate fraction along the salinity gradient by
the mixing of river-borne particles with river colloids and coastal detrital Fe. Data from the
northern Baltic Sea (Paper II), which can be seen as a large estuary, show a vast similarity to
the North River data. It occurred no visible fractionation during flocculation in the estuaries.
Between PFe and DFe a difference of about 0.5‰ is found. While PFe has a negative/ close to
zero signal, DFe has a positive Fe isotope ratio. The data indicate that the two groups of Fe
aggregates in the particulate and dissolved fraction flocculate different in the estuaries due to
differences in their surface structure. Further south, within the Bothnian Bay, PFe showed
heavier δ56Fe values than in the estuaries indicating the settling of negative Fe isotope ratios in
a low saline environment and the successive transformation from positive colloids into particles
due to changes in the ionic strength and further the increase of pH. Fe isotope data of PFe from
the Bothnian Sea and Landsort Deep show mainly positive ratios around 0.1‰ (Gelting et al.,
2010). Water samples from a depth profile at the Gotland Deep showed a wider range of DFe
isotope ratios. Whereas DFe from the oxic surface waters had values around +0.3‰, values
from the deep euxinic layers were around -0.4‰ (Staubwasser et al., 2013). The gradient of
isotopic changes fits the concentration gradient of DFe. The PFe had lower isotope ratios than
DFe, suggesting the preferential loss of light Fe isotopes from solution to suspended
Fe(oxy)hydroxides during typical oxidative precipitation across the redox interface
(Staubwasser et al., 2013).
Within the Lena River freshwater plume, PFe and the underlying sediment had negative δ56Fe
values (Paper I). The colloidal Fe phase showed negative δ56Fe values close to the river mouth
(about −0.2‰) and positive δ56Fe values in the outermost stations (about +0.1‰). This implies
that the shelf zone acts as a sink for Fe particles and colloids with negative δ56Fe values,
representing chemically reactive ferrihydrites (Hirst, 2018). The positive δ56Fe values of the
colloidal phase within the outer Lena River freshwater plume might represent
Fe(oxy)hydroxides (Hirst et al., n.d.), which remain in the water column and will be the
predominant δ56Fe composition in the Arctic Ocean (Paper I).
Even during the large-scale removal of Fe during estuarine mixing, the Fe isotope ratio is not
significantly modified. Since the flocculation produces no Fe isotope fractionation, it can be
assumed that the freshwater composition is preserved during estuarine mixing. These studies
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further show the Fe isotope composition transported from the rivers are defined by more 
positive δ56Fe values relative to the continental crust than previously reported.  

Figure 13. Compilation of Fe isotope values in estuarine settings. Note the different salinity range for The 
Lena River Estuary. Empty circles display the dissolved fraction (< 0.22 µM), filled circles display the 
particulate fraction (> 0.22 µM). The reference data can be found in supplement 5. 
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Chapter	6	•	Oceans	

6.1.	Iron	isotope	sources	to	the	oceans	

The sources of Fe are described in chapter 1; Figure 14 summarizes the Fe isotope 
compositions of these sources. Most studies report Fe isotope values close to the continental 
crust for the Fe input from atmospheric deposition (Beard et al., 2003b; Beard and Johnson, 
2004; Fantle and DePaolo, 2004; Waeles et al., 2007), which represent offshore transported 
continental aerosols. Marine aerosols on the other side have higher values (+0.3 to +0.4‰) 
and might be subject to transformations, e.g., photochemical reactions and leaching (Labatut 
et al., 2014). Riverine input ranges from -1.2 to +1.8‰ for DFe and from -1.1 to +0.3‰ PFe 
(references in chapter 4). Whereas, it highly depends on the region, river size and catchment 
composition, which Fe isotope signal is transported into the ocean. This locally significant Fe 
fluxes to the oceans have a variety of Fe isotope signals. So far, studies showed that estuarine 
mixing does not fractionate the Fe isotope composition. Anyhow, the estuaries act as a filter 
and Fe with higher stability towards increasing salinity, will be the predominant Fe phase in 
the oceans (Paper I and III). The input of submarine groundwater, with values as light as -
5.0‰ (Rouxel et al., 2008), might result in coastal seawater with negative Fe isotope values, 
relative to river values.  
Along with the shelf sediments, two main sediment processes influence the coastal Fe isotope 
composition. First, the reduction of Fe(III) to Fe(II) via reductive dissolution of the sediment 
results in Fe isotope values between -3.3 to -1.7‰ in the porewaters (Chever et al., 2015; 
Homoky et al., 2009; Severmann et al., 2010, 2006). The reductive dissolution takes places 
in areas with intense organic matter degradation and high primary production. Second, the 
non-reductive release of a positive Fe isotope signal (0.0 to +0.5 ‰) from porewaters in areas 
with low OM degradation (Homoky et al., 2013, 2009; Radic et al., 2011). Hydrothermal 
input is negative, with Fe isotope ratios between -1.4 and -0.1‰, whereas DFe is lighter than 
PFe (Beard et al., 2003b; Bennett et al., 2009; Conway and John, 2014; Rouxel et al., 2008; 
Sharma et al., 2001).  
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Figure 14. Schematic diagram illustrating the Fe isotope composition of the main Fe sources to the ocean and 
that of seawater. Letters in parenthesis indicate the associated references.  

6.2.	Distribution	of	iron	isotopes	in	the	oceans	

The Fe isotope ratios in the Northern Atlantic from -1.4 to +0.8‰ (Conway and John, 2014; 
John and Adkins, 2012), in the Southern Atlantic range between -0.7 to +0.2‰ (Abadie et al., 
2017), and between -1.0 to +1.0‰ in the Pacific (John et al., 2018; Labatut et al., 2014; Radic 
et al., 2011) (Figure 15).  
Fe isotope data from high-resolution transects of the North Atlantic revealed Saharan dust as 
dominant source of dissolved iron along with the profile (Conway and John, 2014). The 
surprisingly heavy Fe isotope ratios across the section were in contrast to the known marine 
source values with negative or values around zero (Figure 14). The reason for the enriched 
surface DFe isotope values is not clear yet, and it is suggested that the dissolved seawater 
ligands are siderophores, which can bind Fe with a very high affinity constant (Butler et al., 
2005; Dauphas et al., 2017). The stronger ligands preferentially bind heavier isotopes 
(Dideriksen et al., 2008). Hydrothermal input and non-reductive sediment release were 
contributing to a lesser extent in this region.  
The data from the South Ocean at several depths profiles showed a minimum of -0.7‰ of 
d56DFe at depths between 200 and 1300 m, while Fe isotope ratios in deeper layers were heavier 
(Abadie et al., 2017). The authors suggest that OM remineralization is responsible for the light 
Fe isotope ratios in intermediate depths, while the abiotic non-reductive release of Fe 
dominates the deeper water layers (Abadie et al., 2017). This conclusion by Abadie et al. (2017) 
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goes against the mainstream view according to which remineralization of OM is the major 
pathway releasing DFe in the deep ocean (Boyd and Ellwood, 2010; Wu and Boyle, 2002) and 
might have impacts on the oceanic iron cycle models.  
Recent data from a transect along the eastern tropical South Pacific show a range from -1.0 to 
+1.0 for Dδ56Fe (John et al., 2018). They show the variability of Fe isotopes with depths and
the importance of different sources. Lower Dd56Fe over the shelf area result from reductive
dissolution of shelf sediments (Chever et al., 2015), while lower Fe isotope ratios in the upper
layers of the open water column result from biological activity, as found in the North Atlantic
and South Ocean (Conway and John, 2014; Ellwood et al., 2015). Heavy Fe isotope ratios in
the upper water column on the other hand result most likely from the precipitation or particle

adsorption of light Fe in the water 
column (Marsay et al., 2018) or 
due to active redox cycling within 
the oxygen minimum zone (Heller 
et al., 2017; Scholz et al., 2016). 
Heavy Dd56Fe in greater depths 
can be related to mom-reductive 
input of lithogenic Fe (Abadie et 
al., 2017; Conway and John, 
2014). In intermediate depths they 
found light Dd56Fe ratios, 
suggesting the interaction of the 
PFe and DFe pool (John et al., 
2018; Marsay et al., 2018). At the 
equatorial Pacific PFe isotope 

values between -0.5 and +0.3‰ 
were found (Labatut et al., 2014). 
They are mainly coming from run-
off and transport across the shelves. 
The dissolved phase is heavier than 
the particulate phase between zero 
and +0.5‰. The authors suggest 

that the enrichment of particulate Fe over dissolved Fe result from continental erosion, either 
through direct river inputs and subsequent particle transport across shelves and slopes or via 
lithogenic sediment remobilization. The conclusion is based on earlier studies, which suggest 
the release of DFe from continental particles delivered to the shelf and slope through runoff 
(Labatut et al., 2014; Lacan and Jeandel, 2001). Positive Fe isotope data from the equatorial 
Pacific suggest the non-reductive dissolution of sediments (discharged by local rivers and 
likely re-suspended by strong boundary currents) (Radic et al., 2011) 

Figure 15 Compilation of Fe isotope values in the Oceans. 
The dotted grey line represents the average continental crust 
after Poitrasson (2006). Empty circles display the dissolved 
fraction (< 0.22 µM), filled circles display the particulate 
fraction (> 0.22 µM). The blue area represents the data range 
John et al. 2018, which are not provided in the publication. 
All other data can be found in supplement 6. 
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Chapter	7	•	Conclusions	

7.1.	Concluding	remarks	and	future	work	

Lately, Fe isotope geochemistry is one of the most rapidly growing fields, as the complex 
chemistry of Fe in natural systems offers a variety of possibilities. Especially oxidation and 
reduction processes influence the Fe isotope composition of the analysed material. 
Furthermore, it has been shown to trace sources of Fe to the ocean. This study gives a 
comprehensive overview of the distribution of Fe isotopes in the aquatic system. Even though 
the present study covers all necessary compartments of a river system, it would be an advantage 
to study the Fe isotope ratios within one river catchment (starting with selected headwater 
streams, going to higher order streams until the mouth of the main river) to eliminate any doubts 
of the representativeness of the compared streams and rivers. The headwater streams of this 
study are situated in southeastern Sweden and not related to the Kalix and Råne rivers, 
however, at least the streams within the Krycklan catchment can be regarded as representative 
for the Swedish boreal landscape (Laudon et al., 2013). Increasing the spatial resolution along 
a river course, including first-order streams, may help to explain the complicated relationship 
between Fe sources, aquatic Fe speciation, and Fe isotope signatures. 
Within the rivers, the focus was put on the annual spring flood event and changes of the Fe 
isotope composition during this time. Ideally, the sampling should cover more seasons. A two-
year sampling could answer questions regarding increased biological activity during summer 
and the effect of storm events during autumn. 
Spatial and seasonal variations of the Fe isotope composition were observed. Fe isotope ratios 
suggest that the changes in time and space are connected to changing water sources. Various 
hydrological flow conditions activate different source areas within one catchment and will 
result in changing Fe isotope signals. Especially the influence of organic-rich source areas 
during high discharge events, e.g., spring flood and re-wetting of dried soils, can be traced with 
the help of Fe isotope ratios.  
To some extent, the study shows that Fe-OC and Fe(oxy)hydroxides each have a distinct Fe 
isotope ratio, which can be traced along the river course and help to identify which Fe phases 
will be transported out into the open sea. For a clearer picture of the Fe isotope composition of 
each Fe phase in the different environments, more combined studies of Fe isotope and X-ray 
absorption spectroscopy (XAS) analysis would be needed. The combination of these 
techniques in soil water, headwater streams, higher order streams, the estuaries and the open 
sea could shed light on the question if Fe isotope ratios could be used to differentiate between 
the two main Fe phases, Fe-OC and Fe (oxy)hydroxides. 
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SUPPLEMENTS	

Supplement 1 • Soil reference data  

 References used to produce Figure 6: Akerman et al., 2014; Emmanuel et al., 2005; 
Fantle and DePaolo, 2004; Fekiacova et al., 2017; Garnier et al., 2017; Guelke et al., 2010; 
Huang et al. 2018; Kiczka et al., 2011; Li et al., 2017; Mansfeldt et al., 2011; Opfergelt et al., 
2017; Poitrasson, 2006; Poitrasson et al., 2008; Schuth et al., 2015; Thompson et al., 2007; 
Wiederhold et al., 2007b, 2007a; Yamaguchi et al., 2007; Yesavage et al., 2012.  

Supplement 2 • Soil solution reference data  

 References used to produce Figure 7: Busigny et al., 2014; Castorina et al., 2013; 
Garnier et al., 2017; Guo et al., 2013; Ilina et al., 2013; Ingri et al., 2018; Liu et al., 2015; 
Opfergelt et al., 2017; Poitrasson, 2006; O. Rouxel et al., 2008; Schuth and Mansfeldt, 2016; 
Severmann et al., 2006; Teutsch et al., 2005; Wang et al., 2014; Xie et al., 2014. 

Supplement 3 • Stream reference data  

 References used to produce Figure 11: Akerman et al., 2014; Escoube et al., 2015; Ilina 
et al., 2013; Ingri et al., 2018; Poitrasson, 2006. 

Supplement 4 • River reference data  

 References used to produce Figure 12: Bergquist and Boyle, 2006; Chen et al., 2014; 
Dos Santos Pinheiro et al., 2014, 2013; Escoube et al., 2015; Ilina et al., 2013; Ingri et al., 2018, 
2006; Daniel Santos Mulholland et al., 2015; Opfergelt et al., 2017; Poitrasson et al., 2014; 
Song et al., 2011a. 

Supplement 5 • Estuary reference data  

 References used to produce Figure 13: Conrad et al., 2018; Escoube et al., 2009; Gelting 
et al., 2010; Staubwasser et al., 2013 

Supplement 6 • Ocean reference data  

 References used to produce Figure 15: Abadie et al., 2017; Conway and John, 2014; 
John et al., 2018; John and Adkins, 2012; Labatut et al., 2014; Radic et al., 2011 
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

from to 

Fantle and DePaolo 2004 
  

Plinthosol o -7 0 -0.41 0.16 -0.61 0.24 2 

e 0 16 -0.61 0.13 -0.91 0.19 2 

b 45 67 0.13 0.05 0.19 0.07 5 

b 106 128+ 0.03 0.04 0.04 0.06 6 

Emmanuel et al. 2005 

Cambisol a 0 6 -0.22 <0.13 -0.32 <0.2 1 

c 6 11 -0.15 <0.13 -0.22 <0.2 2 

c 11 18 -0.13 <0.13 -0.20 <0.2 1 

Podzol o 2 3 -0.19 <0.13 -0.28 <0.2 1 

o 4 5 -0.20 <0.13 -0.30 <0.2 1 

o 6 7 -0.31 <0.13 -0.46 <0.2 1 

oa 8 9 -0.22 <0.13 -0.33 <0.2 2 

bc 39 - -0.11 <0.13 -0.17 <0.2 1 

bc 58 - -0.07 <0.13 -0.11 <0.2 1 

Thompson et al. 2007 
       

Cambisol a 10 20 0.05 0.04 0.07 0.06 2 or 4 

bw 50 70 0.23 0.09 0.34 0.13 2 or 4 

a 10 20 -0.19 0.10 -0.28 0.15 2 or 4

bw 50 70 0.18 0.06 0.27 0.09 2 or 4 

Andosol ag 6 13 0.15 0.04 0.22 0.06 2 or 4 

a 10 20 0.15 0.04 0.22 0.06 2 or 4 

bw 13 23 0.26 0.08 0.39 0.12 2 or 4 

bw 50 70 0.45 0.03 0.67 0.04 2 or 4 

bw 40 58 0.45 0.03 0.67 0.04 2 or 4 

bw 58 85 0.43 0.07 0.64 0.10 2 or 4 

Gleysol a 10 20 0.39 0.06 0.58 0.09 2 or 4 

bw 50 70 0.72 0.11 1.07 0.16 2 or 4 

Wiederhold et al. 2007a 

Podzol o1 -7 - 0.08 <0.10 0.12 <0.15 - 

O2 -3 - 0.05 <0.10 0.07 <0.15 - 

Ah 1 - 0.08 <0.10 0.12 <0.15 - 

E1 4.5 - 0.12 <0.10 0.18 <0.15 - 

E2 9.5 - 0.15 <0.10 0.22 <0.15 - 

E3 14.5 - 0.07 <0.10 0.10 <0.15 - 

Bh 18.5 - -0.30 <0.10 -0.44 <0.15 - 

Bs1 21 - -0.10 <0.10 -0.15 <0.15 - 

Bs2 26 - 0.15 <0.10 0.23 <0.15 - 

Bw 35 - 0.04 <0.10 0.06 <0.15 - 

BC 50 - 0.30 <0.10 0.44 <0.15 - 

C 70 - 0.48 <0.10 0.71 <0.15 - 

O1 -4 - 0.04 <0.10 0.06 <0.15 - 

O2 -1.5 - 0.26 <0.10 0.38 <0.15 - 

Ah 1.5 - 0.32 <0.10 0.48 <0.15 - 

E1 6.5 - 0.45 <0.10 0.67 <0.15 - 

E2 15 - 0.41 <0.10 0.61 <0.15 -
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

from to 

E3 24 - 0.49 <0.10 0.73 <0.15 - 

Bh 29 - -0.02 <0.10 -0.03 <0.15 - 

Bs1 31.5 - 0.37 <0.10 0.55 <0.15 - 

Bs2 36.5 - 0.49 <0.10 0.73 <0.15 - 

Bw1 50 - 0.39 <0.10 0.58 <0.15 - 

Bw2 70 - 0.52 <0.10 0.77 <0.15 - 

C 95 - 0.50 <0.10 0.74 <0.15 - 

Cambisol Ah 10 - 0.11 <0.10 0.17 <0.15 - 

Bw 30 - 0.11 <0.10 0.17 <0.15 - 

BwC 60 - 0.22 <0.10 0.32 <0.15 - 

C 80 - 0.15 <0.10 0.22 <0.15 - 

Wiederhold et al. 2007b 

Cambisol O1 -1.5 - 0.09 <0.10 0.14 <0.15 - 

O2 -0.5 - 0.11 <0.10 0.17 <0.15 - 

Ah 1.5 - 0.12 <0.10 0.18 <0.15 - 

Bw 17 - 0.11 <0.10 0.16 <0.15 - 

Bcg1 42.5 - 0.16 <0.10 0.24 <0.15 - 

Bcg2 77.5 - 0.02 <0.10 0.03 <0.15 - 

CBg 120 - 0.09 <0.10 0.13 <0.15 - 

Cg 140 - 0.07 <0.10 0.11 <0.15 - 

Redoximorphic zones Bcg2 77.5 - 0.24 <0.10 0.36 <0.15 -  
Bcg2 77.5 - 0.06 <0.10 0.09 <0.15 - 

CBg 120 - 0.32 <0.10 0.48 <0.15 - 

CBg 120 - 0.06 <0.10 0.09 <0.15 - 

Gleysol Ah1 5 - 0.17 <0.10 0.26 <0.15 - 

Ah1 20 - 0.28 <0.10 0.42 <0.15 - 

2Bl 30 - 0.10 <0.10 0.15 <0.15 - 

2Blc1 50 - 0.01 <0.10 0.01 <0.15 - 

2Blc2 70 - 0.07 <0.10 0.11 <0.15 - 

2Bcr 90 - 0.05 <0.10 0.08 <0.15 - 

2Cr1 105 - 0.12 <0.10 0.18 <0.15 - 

2Cr2 120 - 0.11 <0.10 0.17 <0.15 - 

Redoximorphic zones 2Blc1 50 - 0.03 <0.10 0.04 <0.15 - 

2Blc2 70 - -0.10 <0.10 -0.15 <0.15 - 

Yamaguchi et al. 2007 

Ferralsol - 9030 - 0.14 0.06 0.21 0.09 - 

- 9190 - 0.09 0.05 0.13 0.07 - 

- 9980 - 0.23 0.04 0.34 0.06 - 

- 10127 - 0.52 0.08 0.77 0.12 - 

- 10250 - 0.18 0.07 0.27 0.10 - 

- 10260 - 0.43 0.07 0.64 0.10 - 

- 10300 - 0.34 0.08 0.51 0.12 - 

- 10320 - 0.47 0.05 0.70 0.07 - 

- 10453 - 0.53 0.05 0.79 0.07 - 

- 10456 - 0.57 0.06 0.85 0.09 - 

- 10460 - 1.04 0.05 1.55 0.07 -
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

from to 

- 10526 - 1.04 0.06 1.55 0.09 - 

- 10610 - 0.31 0.05 0.46 0.07 - 

- 10733 - -0.12 0.03 -0.18 0.04 - 

- 12811 - 0.05 0.04 0.07 0.06 - 

Poitrasson et al. 2008 

Ferralsol - 100 - 0.09 0.01 0.14 0.01 3 

- 250 - 0.13 0.05 0.20 0.07 6 

(terrigenous fraction) - 800 - 0.06 0.03 0.09 0.05 9 

(gravel fraction) - 800 - 0.16 0.03 0.24 0.05 6 

(bulk) - 800 - 0.15 0.10 0.23 0.15 6 

(terrigenous fraction) - 1050 - 0.05 0.02 0.08 0.03 6 

(gravel fraction) - 1050 - 0.17 0.05 0.26 0.07 6 

(bulk) - 1050 - 0.12 0.07 0.18 0.10 6 

- 1650 - 0.08 0.05 0.12 0.08 9 

- 1950 - 0.10 0.03 0.15 0.04 6 

- 2350 - 0.15 0.04 0.22 0.06 6 

- 3620 - 0.05 0.05 0.07 0.07 6 

- 0 - 0.12 0.06 0.18 0.09 3 

- 50 - 0.16 0.03 0.24 0.04 6 

- 100 - 0.16 0.03 0.23 0.04 6 

- 150 - 0.16 0.05 0.24 0.07 6 

(terrigenous fraction) - 400 - 0.05 0.02 0.07 0.03 6 

(gravel fraction) - 400 - 0.11 0.05 0.17 0.07 6 

(bulk) - 400
 

0.10 0.06 0.15 0.08 4 

- 675 0.02 0.06 0.02 0.09 3 

Kiczka et al. 2011 

Leptosol - surface 0.19 0.05 0.28 0.07 8 

- surface 0.27 0.05 0.40 0.07 4 

- surface 0.18 0.10 0.27 0.15 6 

- surface 0.12 0.06 0.18 0.09 4 

- surface 0.18 0.11 0.27 0.16 5 

- surface 0.26 0.08 0.39 0.12 4 

- surface 0.16 0.07 0.24 0.10 14 

- surface 0.27 0.10 0.40 0.15 4 

- surface 0.10 0.20 0.15 0.30 12 

Cambisol - 0 5 0.14 0.14 0.21 0.21 3 

- 5 10 0.13 0.07 0.19 0.10 3 

Yesavage et al. 2012 

Cambisol - 2.5 - 0.24 0.06 0.36 0.09 2 

- 7.5 - 0.29 0.12 0.43 0.18 3 

- 17.5 - 0.27 0.06 0.40 0.09 3 

- 25 - 0.24 0.06 0.36 0.09 2 

- 41 - 0.15 0.12 0.22 0.18 - 

- 46 - 0.25 0.10 0.37 0.15 3 

Gleysol - 5 - -0.12
 

-0.18 0.00 - 

- 15 - 0.70 0.04 1.04 0.06 -
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

from to 

- 25 - 0.00 0.00 0.00 3 

- 35 - 0.16 0.24 0.00 2 

- 45 - 0.13 0.04 0.19 0.06 2 

- 64 - 0.19 0.06 0.28 0.09 2 

- 3 - 0.05 0.02 0.07 0.03 3 

- 33 - -0.30 0.00 -0.45 0.00 - 

- 54 - 0.19 0.18 0.28 0.27 - 

- 61 - 0.14 0.01 0.21 0.01 2 

- 68 - 0.18 0.00 0.27 0.00 3 

- 83 - 0.25 0.02 0.37 0.03 9 

- 91 - 0.11 0.06 0.16 0.09 7 

Cambisol - 0 10 0.01 0.33 0.01 0.49 4 

- 10 20 0.08 0.11 0.12 0.16 2 

- 20 30 0.06 0.06 0.09 0.09 3 

- 30 40 0.15 0.06 0.22 0.09 4 

- 40 50 0.10 0.11 0.15 0.16 4 

- 50 60 0.00 0.05 0.00 0.07 4 

Gleysol - 0 20 0.17 0.16 0.25 0.24 4 

- 20 30 0.22 0.09 0.33 0.13 4 

- 30 40 0.04 0.07 0.06 0.10 3 

- 40 50 -0.06 0.08 -0.09 0.12 3 

- 50 60 -0.07 
 

0.14 -0.10 0.21 3 

- 60 70 -0.08 0.09 -0.12 0.13 7 

- 70 80 -0.15 0.09 -0.22 0.13 5 

Albeluvisol - 0 10 0.26 0.19 0.39 0.28 5 

- 10 20 0.19 0.08 0.28 0.12 5 

- 20 30 0.14 0.10 0.21 0.15 4 

- 30 40 0.00 0.13 0.00 0.19 5 

- 40 50 0.10 0.09 0.15 0.13 3 

- 50 60 0.04 0.14 0.06 0.21 5 

Akerman et al. 2014 

Gleysol - 0 2 0.33 0.06 0.49 0.08 3 

- 4 6 0.39 0.06 0.57 0.10 3 

- 8 10 0.43 0.10 0.63 0.14 3 

- 12 15 0.49 0.11 0.73 0.16 6 

Gleysol - 0 2 0.40 0.05 0.59 0.08 3 

- 4 6 0.47 0.05 0.70 0.07 6 

- 8 10 0.47 0.04 0.70 0.05 6 

- 12 14 0.46 0.04 0.69 0.05 6 

- 16 18 0.46 0.06 0.68 0.08 6 

- 20 - 0.34 0.02 0.51 0.03 3 

- 275 - 0.20 0.03 0.30 0.04 6 

Ferralsol - 100 - 0.09 0.01 0.14 0.01 - 

- 250 - 0.13 0.05 0.20 0.07 - 

- 800 - 0.15 0.10 0.23 0.15 6 

- 1050 - 0.12 0.07 0.18 0.10 6 
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

from to 

- 1650 - 0.08 0.05 0.12 0.08 6 

- 50 - 0.16 0.03 0.24 0.04 - 

- 150 - 0.16 0.05 0.24 0.07 6 

- 400 - 0.10 0.06 0.15 0.08 - 

675 - 0.02 0.06 0.02 0.09 - 

Schuth et al. 2015 

Gleysol Ah 0 15 0.19 0.02 0.28 0.03 3 

CrBg 35 70 -0.13 0.07 -0.19 0.10 3 

Garnier et al. 2017 
       

Anthrosol - 0 2 0.10 0.07 0.15 0.10 3 

- 2 4 0.06 0.04 0.09 0.07 - 

- 4 8 0.06 0.11 0.10 0.17 - 

Fekiakova et al. 2017 

Cambisol Bc 0 75 0.13 0.01 0.19 0.01 - 

- 3 44 0.15 0.08 0.22 0.12 - 

Podzol E 0 7 0.11 0.07 0.16 0.10 - 

Bh 7 23 0.05 0.11 0.07 0.16 - 

Bw 23 57 0.16 0.08 0.24 0.12 - 

Bc 57 75 0.15 0.04 0.22 0.06 - 

E 0 10 0.20 0.04 0.30 0.06 - 

Bh 10 17 0.14 0.14 0.21 0.21 - 

Bhs 17 18 -0.02 0.11 -0.03 0.16 - 

Bs 18 23 0.10 0.10 0.15 0.15 - 

Bw 23 63 0.11 0.08 0.16 0.12 - 

BC 63 113 0.13 0.01 0.19 0.01 - 

E 0 8 0.25 0.04 0.37 0.06 - 

Bh 8 9.5 0.14 0.10 0.21 0.15 - 

Bhs 9.5 10 0.00 0.05 0.00 0.07 - 

Bs 10 15 0.10 0.01 0.15 0.01 - 

Bw 15 40 0.19 0.10 0.28 0.15 - 

BC 40 60 0.09 0.10 0.13 0.15 - 

Li et al. 2017 

Ferralsol - 60 - 0.02 0.01 0.03 0.01 - 

- 100 - 0.02 0.02 0.03 0.03 - 

- 140 - 0.01 0.04 0.01 0.06 - 

- 200 - -0.01 0.02 -0.01 0.03 - 

- 260 - 0.00 0.03 0.00 0.04 - 

- 
 

- 0.03 0.02 0.04 0.03 - 

- 340 - 0.00 0.02 0.00 0.03 - 

- 380 - -0.03 0.02 -0.04 0.03 - 

- 420 - 0.03 0.03 0.04 0.04 - 

- 460 - 0.01 0.03 0.01 0.04 - 

- 480 - 0.02 0.01 0.03 0.01 - 

- 510 - 0.00 0.05 0.00 0.07 - 

- 530 - -0.01 0.03 -0.01 0.04 - 

- 540 - 0.02 0.04 0.03 0.06 -
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 

from to 

550 - 0.05 0.04 0.07 0.06 - 

Ferralsol 560 - 0.05 0.03 0.07 0.04 - 

590 - 0.01 0.04 0.01 0.06 -  
- 0.09 0.04 0.13 0.06 - 

600 - 0.02 0.03 0.03 0.04 - 

620 - -0.02 0.04 -0.03 0.06 -  
- -0.01 0.04 -0.01 0.06 - 

640 - 0.50 0.03 0.74 0.04 - 

680 - 0.00 0.04 0.00 0.06 5 

720 - -0.03 0.02 -0.04 0.03 6 

Mansfeldt et al. 2012 

Gleysol Ah 0 15 0.19 0.02 0.28 0.03 6 

Bg 15 35 -0.22 0.04 -0.32 0.06 6 

CrBg 35 70 -0.13 0.07 -0.19 0.11

2Cr 70 100 0.14 0.06 0.20 0.09 

Opfergelt et al. 2017 
      

Andosol A1 0 15 0.26 0.05 0.38 0.08 - 

A2 15 26 0.08 0.02 0.12 0.03 - 

Bw1 26 40 -0.22 0.05 -0.33 0.07 - 

Bw2 40 57 -0.24 0.09 -0.36 0.14 - 

O1 57 67 -0.11 0.10 -0.16 0.15 - 

redox 67 83 -0.03 0.03 -0.05 0.05 - 

O2 83 
 

-0.40 0.05 -0.60 0.07 - 

A1 0 21 0.05 0.05 0.08 0.08 - 

A2 21 40 0.08 0.07 0.12 0.10 - 

Bw1 40 52 0.09 0.03 0.14 0.04 - 

Bw2 52 96 0.11 0.07 0.17 0.10 - 

Bw3/C 96 
 

0.08 0.04 0.12 0.06 - 

A1 0 12 0.07 0.03 0.10 0.04 - 

A2 12 29 0.07 0.05 0.10 0.07 - 

Bw1 29 43 0.09 0.03 0.14 0.05 - 

C 56 64 -0.06 0.03 -0.09 0.05 - 

2Bw1 64 
 

-0.01 0.03 -0.01 0.05 - 

Histosol O1 0 13 0.45 0.05 0.67 0.07 - 

O2 13 26 0.38 0.05 0.56 0.07 - 

O3 26 40 -0.01 0.01 -0.02 0.02 - 

O4 52 63 0.08 0.05 0.12 0.07 - 

O5 63 72 0.20 0.04 0.30 0.06 - 

O6 72 0.30 0.01 0.44 0.01 - 

Guelke et al. 2010 

Luvisol A - - -0.01 0.05 -0.01 0.07 - 

A - - -0.01 0.05 -0.01 0.07 - 

Huang et al. 2018 

Anthrosol 0 16 0.07 0.02 0.10 0.03 4 

16 25 0.14 0.02 0.21 0.03 4 
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Soiltype Horizon Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

from to 

25 50 0.16 0.02 0.24 0.03 4 

50 70 0.15 0.02 0.22 0.03 4 

70 100 0.09 0.06 0.13 0.09 4 

100 120 0.15 0.04 0.22 0.06 4 

0 17 0.10 0.04 0.15 0.06 4 

17 26 0.17 0.00 0.25 0.00 4 

26 43 0.18 0.01 0.27 0.01 4 

43 70 0.18 0.04 0.27 0.06 4 

70 90 0.08 0.03 0.12 0.04 4 

90 120 0.16 0.02 0.24 0.03 4 

0 15 0.07 0.02 0.10 0.03 4 

15 22 0.16 0.06 0.24 0.09 4 

22 42 0.17 0.05 0.25 0.07 4 

Anthrosol 42 60 0.07 0.02 0.10 0.03 4 

60 90 0.07 0.01 0.10 0.01 4 

90 112 0.16 0.03 0.24 0.04 4 

112 120 0.13 0.02 0.19 0.03 4 

0 16 0.15 0.03 0.22 0.04 4 

16 25 0.14 0.03 0.21 0.04 4 

25 50 0.05 0.01 0.07 0.01 4 

50 70 -0.01 0.03 -0.01 0.04 4 

70 85 0.01 0.03 0.01 0.04 4 

85 100 0.18 0.03 0.27 0.04 7 

100 120 0.09 0.04 0.13 0.06 4 

*numbers displayed in italic are calculated using equation 3



Supplement 2 •  Soil solution reference data 

62 

Soil solution type Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

Rouxel et al. 2008 
    

Sediment porewater 4.4 -4.91 0.14 -7.30 0.21 4

4.6 -4.19 0.13 -6.23 0.19 2

5.0 -2.47 0.19 -3.67 0.28 4

5.5 -2.29 0.14 -3.41 0.21 2

4.0 -2.43 0.03 -3.61 0.04 2

4.4 -1.68 0.18 -2.50 0.27 2

4.9 -1.36 0.19 -2.02 0.28 2

5.8 -1.13 0.16 -1.68 0.24 2

6.7 -0.79 0.08 -1.17 0.12 2

7.2 -0.53 0.18 -0.79 0.27 2

7.6 -0.36 0.10 -0.54 0.15 2

7.9 -0.37 0.18 -0.55 0.27 2

0.2 -0.64 0.03 -0.95 0.04 2

0.6 -1.43 0.21 -2.13 0.31 2

5.2 -1.89 0.17 -2.81 0.25 2

5.6 -1.20 0.15 -1.78 0.22 2

6.6 -1.15 0.13 -1.71 0.19 2

7.0 -2.03 0.13 -3.02 0.19 2

0.6 0.22 0.12 0.33 0.18 4 

0.9 -0.31 0.14 -0.46 0.21 4

Groundwater 1.5 0.44 0.03 0.65 0.04 2 

2.0 -0.1 0.12 -0.15 0.18 2

3.2 -0.17 0.15 -0.25 0.22 2

3.7 -0.79 0.05 -1.17 0.07 4

3.1 0.29 0.12 0.43 0.18 3 

4.0 -0.66 0.11 -0.98 0.16 4

Severmann et al. 2006 

Porewater 0.5 -2.96 0.04 -4.40 0.06 - 

3.5 -1.41 0.02 -2.10 0.03 - 

-1.45 0.07 -2.16 0.10 - 

-1.34 0.10 -1.99 0.15 - 

5.5 -0.62 0.03 -0.92 0.04 - 

9.8 -1.33 0.03 -1.98 0.04 - 

14.8 -1.20 0.03 -1.78 0.04 - 

-1.16 0.06 -1.72 0.09 - 

-1.14 0.07 -1.70 0.10 - 

19.8 -1.90 0.03 -2.83 0.04 - 

-2.00 0.10 -2.97 0.15 - 

24.8 -1.10 0.04 -1.64 0.06 - 

-1.19 0.08 -1.77 0.12 - 

29.8 -1.29 0.07 -1.92 0.10 - 

-1.22 0.03 -1.81 0.04 - 

-1.24 0.04 -1.84 0.06 - 

32.3 -1.17 0.02 -1.74 0.03 - 

39.8 -2.69 0.04 -4.00 0.06 - 

44.8 -1.51 0.03 -2.25 0.04 -
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Soil solution type Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

2.5 -0.94 0.03 -1.40 0.04 - 

4.5 -0.81 0.04 -1.20 0.06 - 

7.3 -0.35 0.03 -0.52 0.04 - 

12.3 0.16 0.02 0.24 0.03 - 

0.17 0.03 0.25 0.04 - 

17.3 -0.43 0.04 -0.64 0.06 - 

-0.49 0.03 -0.73 0.04 - 

Porewater 22.3 0.41 0.03 0.61 0.04 -  
0.26 0.04 0.39 0.06 - 

0.25 0.03 0.37 0.04 - 

27.3 0.42 0.10 0.62 0.15 - 

0.29 0.04 0.43 0.06 - 

0.37 0.03 0.55 0.04 - 

32.3 0.33 0.03 0.49 0.04 - 

Teutsch et al. 2005 

Groundwater experiment 2A -0.59 0.07 -0.87 0.11 9 
2D -2.34 0.13 -3.48 0.19 5

2E -2.05 0.06 -3.05 0.09 2

2F -1.88 0.09 -2.8 0.14 3

2G -1.41 0.11 -2.09 0.16 3

2H -1.32 0.09 -1.97 0.14 3

2I -0.94 0.04 -1.4 0.06 3

2K -0.50 0.08 -0.75 0.12 3

3A -0.62 0.11 -0.92 0.17 2

3F -2.15 0.01 -3.19 0.01 2

3H -1.84 0.14 -2.74 0.21 2

3K -1.23 0.17 -1.83 0.25 2

4A -1.17 0.09 -1.74 0.14 5

4C -2.52 0.11 -3.74 0.16 4

4D -2.45 0.09 -3.64 0.13 7

4E -2.10 0.24 -3.12 0.35 6

4H -1.80 0.07 -2.68 0.11 6

4K -1.27 0.09 -1.89 0.14 7

5A -1.34 0.23 -2 0.34 2 

5C -2.60 0.00 -3.86 0 1 

5D -2.49 0.00 -3.7 0 1 

5E -2.37 0.02 -3.53 0.03 2

5G -1.80 0.02 -2.68 0.03 2

5H -1.55 0.10 -2.3 0.15 2

7A -0.94 0.07 -1.4 0.11 7

7M -2.00 0.11 -2.97 0.17 7

7O -1.77 0.15 -2.63 0.22 6

7P -1.73 0.13 -2.57 0.2 7 

7R -1.14 0.19 -1.69 0.28 8

Paper IV 

Soil solution podzol 25 0.20 0.05 0.30 0.08 - 

35 0.91 0.07 1.35 0.10 -
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Soil solution type Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

cm ‰ ‰ ‰ ‰ 
 

65 0.25 0.05 0.38 0.08 - 

Schuth and Mansfeldt 2016 10 -1.01 0.01 -1.50 0.01 2

Soil solution gleysol 20 -0.41 0.02 -0.61 0.03 2

30 -0.40 0.03 -0.59 0.04 1

50 -1.17 0.05 -1.74 0.07 2

80 -0.91 0.05 -1.35 0.07 2

120 -0.58 0.06 -0.86 0.09 2

10 -0.67 0.01 -1.00 0.01 2

20 0.60 0.01 0.89 0.01 2 

30 -1.37 0.01 -2.04 0.01 2

50 -1.69 0.03 -2.51 0.04 2

80 -0.74 0.04 -1.10 0.06 2

120 -0.39 0.04 -0.58 0.06 2

Ilina et al. 2013 

Porewater -0.19 0.10 -0.29 0.15 - 

Guo et al. 2013 
     

Groundwater 31 -3.21 0.06 -4.74 0.09 - 

75 -1.26 0.06 -1.86 0.09
 

32 -2.63 0.06 -3.89 0.09 - 

13 -3.40 0.06 -5.03 0.09 - 

30 -0.09 0.06 -0.13 0.09 - 

15 -0.98 0.06 -1.45 0.09 - 

18 -2.36 0.06 -3.49 0.09 - 

25 -2.31 0.06 -3.41 0.09 - 

23.5 -0.71 0.06 -1.05 0.09 - 

20 -0.97 0.06 -1.43 0.09 - 

18 -1.51 0.06 -2.23 0.09 - 

28 -1.78 0.06 -2.63 0.09 - 

15 -0.58 0.06 -0.86 0.09 - 

28 -1.77 0.06 -2.62 0.09 - 

53 0.58 0.06 0.86 0.09 - 

20 -1.88 0.06 -2.78 0.09 - 

30 -1.35 0.06 -2.00 0.09 - 

41 -0.58 0.06 -0.86 0.09 - 

50 -0.66 0.06 -0.98 0.09 - 

100 -1.89 0.06 -2.79 0.09 - 

40 -3.05 0.06 -4.51 0.09 - 

14 0.10 0.06 0.15 0.09 - 

10 -1.32 0.06 -1.95 0.09 - 

9 -0.59 0.06 -0.87 0.09 - 

12 -0.93 0.06 -1.37 0.09 - 

13 -1.03 0.06 -1.52 0.09 - 

24 -0.65 0.06 -0.96 0.09 - 

17 -0.47 0.06 -0.69 0.09 - 

9 -1.35 0.06 -2.00 0.09 - 

24 0.13 0.06 0.19 0.09 - 

Garnier et al. 2017 
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Soil solution type Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N#  
cm ‰ ‰ ‰ ‰ 

 

- -0.17 0.09 -0.24 0.20 3

- -0.04 0.12 -0.08 0.12 3

Porewater 1.5 -2.37 0.05 -1.60 0.01 6

3.5 -3.98 0.12 -2.36 0.15 3

5.5 -5.08 0.23 -3.40 0.21 3

0.5 -1.39 0.13 -0.95 0.05 3

1.5 -2.23 0.07 -1.52 0.05 6

2.5 -2.50 0.06 -1.68 0.07 3

3.4 -2.52 0.08 -1.73 0.03 3

5.5 -3.22 0.21 -2.18 0.12 3

0.6 -1.28 0.05 -0.80 0.04 3

1.6 -1.46 0.12 -0.99 0.13 3

2.6 -1.37 0.03 -0.95 0.02 6

3.6 -1.80 0.06 -1.24 0.04 6

4.6 -2.19 0.06 -1.49 0.07 3

6.6 -3.05 0.19 -2.09 0.06 3

8.6 -3.13 0.08 -2.13 0.07 3

1.3 -2.34 0.05 -1.59 0.01 3

2.3 -2.64 0.16 -1.79 0.09 3

Porewater 3.3 -2.83 0.03 -1.93 0.04 3

4.3 -3.20 0.05 -2.18 0.06 3

0.7 -2.31 0.18 -1.53 0.12 3

2.7 -4.02 0.25 -2.87 0.22 3

3.7 -3.98 0.07 -2.83 0.11 3

5.7 -3.18 0.01 -2.24 0.08 3

Wang et al. 2014 
     

Groundwater - -1.55 - -2.30 - -  
- -0.37 - -0.55 - - 

- 0.30 - 0.45 - - 

- - - - - - 

- -0.96 - -1.43 - - 

- 0.40 - 0.59 - - 

- 0.35 - 0.52 - - 

- 0.58 - 0.86 - - 

- 0.48 - 0.71 - - 

- -0.52 - -0.77 - - 

- 0.37 - 0.55 - - 

- 0.19 - 0.28 - - 

- 0.02 - 0.03 - - 

- 0.85 - 1.26 - - 

- 0.04 - 0.06 - - 

- 0.21 - 0.31 - - 

- - - - - - 

- 1.22 - 1.81 - - 

- 0.51 - 0.76 - - 

- - - - - - 

- 0.84 - 1.25 - - 
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Soil solution type Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N#  
cm ‰ ‰ ‰ ‰ 

 

- 0.67 - 1.00 - - 

- 0.35 - 0.52 - - 

- 0.71 - 1.06 - - 

- 0.36 - 0.54 - - 

- 0.23 - 0.34 - - 

- 0.23 - 0.34 - - 

- 0.25 - 0.37 - - 

Opfergelt et al. 2017 

Soil solution andosol 0-15 -0.15 0.07 -0.23 0.10 -  
26-40 -0.05 0.11 -0.08 0.16 - 

57-67 -0.48 0.05 -0.71 0.08 - 

67-83 -0.19 0.05 -0.28 0.07 - 

83+ -0.91 0.05 -1.36 0.08 - 

0-13 -0.02 0.03 -0.03 0.04 - 

13-26 0.26 0.05 0.38 0.07 - 

52-63 -0.32 0.04 -0.48 0.06 - 

72+ 0.09 0.02 0.14 0.03 - 

0-21 -0.08 0.02 -0.12 0.03 - 

21-40 0.09 0.06 0.14 0.09 - 

40-52 -0.01 0.05 -0.01 0.07 - 

43-56 0.04 0.05 0.06 0.07 - 

Xie et al. 2014 
     

Groundwater 10 0.67 0.04 1.00 0.06 - 

14 0.21 0.06 0.31 0.09 - 

20 0.71 0.14 1.06 0.21 - 

10 0.04 0.14 0.06 0.21 - 

14 0.37 0.04 0.55 0.06 - 

20 0.56 0.08 0.83 0.12 - 

Castorina et al. 2014 

Low saline groundwater - 0.87 0.21 1.29 0.31 -  
- -4.55 0.70 -6.72 1.03 - 

- -4.50 0.13 -6.65 0.19 - 

- 0.20 0.10 0.30 0.15 - 

- -4.27 0.16 -6.31 0.24 - 

- -5.29 0.12 -7.82 0.18

Brakish groundwater - -2.34 0.07 -3.46 0.10 -  
- -2.30 0.01 -3.40 0.02 - 

- 2.15 0.20 3.18 0.30 - 

- 0.99 0.11 1.46 0.16 - 

- 0.50 0.12 0.74 0.18 - 

Busigny et al. 2014 

Lake sediment pore water - oxic 150 -0.26 0.04 -0.41 0.10 -  
250 -0.44 0.06 -0.65 0.08 - 

350 -0.25 0.08 -0.41 0.06 - 

450 -0.06 0.09 -0.11 0.04 - 

550 0.13 0.04 0.18 0.16 - 

650 0.20 0.04 0.18 0.01 -
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Soil solution type Depths δ56Fe 2𝛔 δ57Fe 2𝛔 N#  
cm ‰ ‰ ‰ ‰ 

 

Lake sediment pore water - oxic/anoxic 85 -0.14 0.06 -0.25 0.08 -  
275 -0.20 0.02 -0.27 0.02 - 

430 -0.17 0.02 -0.25 0.06 - 

590 0.03 0.04 0.02 0.08 - 

900 0.13 0.04 0.13 0.10 - 

1275 -0.10 0.06 -0.10 0.06 - 

Lake sediment pore water - anoxic 0 -0.12 0.06 -0.20 0.06 -  
150 0.01 0.06 -0.03 0.12 - 

250 0.03 0.04 0.06 0.10 - 

350 -0.01 0.06 -0.01 0.10 - 

550 0.03 0.04 0.06 0.09 - 

650 0.08 0.02 0.15 0.10 - 

750 -0.03 0.08 -0.05 0.19 - 

850 0.09 0.04 0.16 0.02 - 

1150 0.09 0.04 0.13 0.08 - 

Lake sediment pore water - bottom 350 0.09 0.15 0.01 0.04 -  
1350 0.21 0.02 0.35 0.18 - 

1850 0.04 0.02 0.09 0.10 - 

2850 0.09 0.06 0.15 0.02 - 

3350 0.09 0.02 0.26 0.12 - 

3850 0.24 0.02 0.40 0.12 - 

4600 0.12 0.04 0.20 0.04 - 

5100 0.18 0.02 0.29 0.04 - 

5600 0.16 0.02 0.26 0.10 - 

6350 0.17 0.09 0.27 0.14 - 

7350 0.18 0.08 0.31 0.04 - 

8350 0.24 0.02 0.46 0.10 - 

8350 0.24 0.02 0.46 0.10 - 

Liu et al. 2015 

Groundwater 0.5 -1.05 0.02 -1.56 0.03 - 

2.5 -0.85 0.00 -1.26 0.00 - 

4.5 -1.10 0.20 -1.64 0.30 - 

5.5 -1.09 0.06 -1.62 0.09 - 

6.5 -1.13 0.08 -1.68 0.12 - 

8.5 -1.30 0.00 -1.93 0.00 - 

9.5 -1.25 0.06 -1.86 0.09 - 

1.5 -0.87 0.10 -1.29 0.15 - 

4.5 -1.96 0.16 -2.91 0.24 - 

5.5 -1.43 0.02 -2.13 0.03 - 

6.5 -2.10 0.02 -3.12 0.03 - 

8.5 -1.83 0.26 -2.72 0.39 - 

*numbers displayed in italic are calculated using equation 3
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Stream Particulate Fe Dissolved Fe Unfiltered Fe  
δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

Escoube et al. 2015 

Ladreka - - - - 0.63 0.08 0.94 0.12 - - - - 
Yukovo  - - - - 0.79 0.03 1.17 0.04 - - - - 
Yukovo  - - - - 0.37 0.1 0.55 0.15 - - - - 
Yukovo  - - - - 0.24 0.12 0.36 0.18 - - - - 
Yukovo  - - - - 0.24 0.03 0.36 0.04 - - - - 
Peschanaya  - - - - -0.24 0.13 -0.36 0.19 - - - - 
Severnaya Dvina - - - - 0.31 0.06 0.46 0.09 - - - - 
Severnaya Dvina - - - - 0.01 0.08 0.01 0.12 - - - - 
Akerman et al. 2014 

    

Mengong stream - - - - 0.34 0.16 0.51 0.27 - - - - 
Mengong stream - - - - 0.65 0.14 1.01 0.17 - - - - 
Mengong stream - - - - 0.73 0.16 1.14 0.11 - - - - 
Mengong stream - - - - 0.81 0.10 1.08 0.24 - - - - 
Ilina et al. 2013 

  

Vostochniy stream - - - - 1.49 0.06 2.21 0.08 - - - - 
Paper IV 

    

forest stream -0.91 0.06 -1.36 0.09 -0.45 0.09 -0.69 0.12 - - - - 
forest stream -0.94 0.02 -1.40 0.02 -0.46 0.17 -0.71 0.23 - - - - 
forest stream -0.70 0.09 -1.03 0.13 -0.13 0.01 -0.17 0.20 - - - - 
forest stream -0.60 0.01 -0.89 0.01 -0.08 0.10 -0.05 0.04 - - - - 
forest stream -0.58 0.05 -0.86 0.07 -0.09 0.09 -0.10 0.06 - - - - 
forest stream -0.20 0.13 -0.30 0.19 -0.12 0.07 -0.19 0.02 - - - - 
forest stream -0.97 0.13 -1.44 0.19 -0.55 0.05 -0.83 0.01 - - - - 
forest stream - - - - -0.40 0.01 -0.59 0.01 - - - - 
mire stream -0.15 0.33 -0.17 0.26 -0.11 0.10 -0.11 0.25 - - - - 
mire stream - - - - -0.04 0.06 -0.08 0.11 - - - - 
mire stream - - - - 0.27 0.07 0.49 0.14 - - - - 
mire stream - - - - 0.34 0.03 0.63 0.09 - - - - 
mire stream - - - - 0.36 0.13 0.55 0.16 - - - - 
mire stream - - - - 0.09 0.07 0.13 0.12 - - - - 
mire stream - - - - 0.05 0.09 0.08 0.09 - - - - 
mire stream - - - - -0.03 0.10 -0.05 0.03 - - - - 
Paper V 

3 - - - - - - - - -0.87 0.08 -1.29 0.10

7 - - - - - - - - 0.30 0.06 0.42 0.07 

13 - - - - - - - - 0.61 0.08 0.88 0.11 

20 - - - - - - - - -0.67 0.06 -0.99 0.07

28 - - - - - - - - -0.52 0.06 -0.75 0.07

52 - - - - - - - - 0.31 0.05 0.48 0.06 

59 - - - - - - - - -0.22 0.06 -0.33 0.06

61 - - - - - - - - 0.08 0.07 0.11 0.07 

62 - - - - - - - - -0.01 0.06 -0.05 0.06

68 - - - - - - - - - - - - 
69 - - - - - - - - -0.02 0.06 -0.04 0.07

78 - - - - - - - - 0.28 0.06 0.47 0.07 
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Stream Particulate Fe Dissolved Fe Unfiltered Fe 

δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

87 - - - - - - - - -0.01 0.04 0.02 0.08

96 - - - - - - - - -0.23 0.07 -0.35 0.09

98 - - - - - - - - -0.05 0.06 -0.09 0.06

110 - - - - - - - - -0.14 0.06 -0.20 0.06

3 - - - - - - - - 0.18 0.07 0.26 0.07 

7 - - - - - - - - 0.50 0.08 0.76 0.07 

13 - - - - - - - - 0.16 0.06 0.24 0.07 

20 - - - - - - - - 0.60 0.06 0.86 0.08 

28 - - - - - - - - 0.44 0.07 0.62 0.08 

52 - - - - - - - - 0.68 0.05 1.00 0.06 

59 - - - - - - - - 0.16 0.06 0.24 0.06 

61 - - - - - - - - 0.14 0.06 0.20 0.06 

62 - - - - - - - - 0.99 0.06 1.53 0.07 

68 - - - - - - - - 0.65 0.06 1.03 0.07 

69 - - - - - - - - 0.21 0.06 0.31 0.06 

78 - - - - - - - - 0.33 0.06 0.51 0.07 

87 - - - - - - - - 0.51 0.09 0.79 0.11 

96 - - - - - - - - 0.34 0.06 0.47 0.08 

98 - - - - - - - - 0.19 0.06 0.31 0.07 

110 - - - - - - - - 0.34 0.05 0.52 0.05 

3 0.03 0.30 0.02 0.31 -0.04 0.06 -0.05 0.07 -0.02 0.05 -0.04 0.07

7 0.04 0.06 0.07 0.06 0.39 0.05 0.56 0.06 0.44 0.05 0.61 0.05 

13 -0.08 0.21 -0.05 0.31 -0.11 0.07 -0.15 0.07 -0.04 0.09 -0.08 0.10

20 -0.06 0.18 -0.03 0.22 0.42 0.10 0.63 0.12 0.39 0.09 0.58 0.11 

28 -0.08 0.14 -0.12 0.17 0.02 0.07 0.04 0.07 0.04 0.08 0.05 0.07 

52 -0.02 0.14 -0.04 0.16 0.26 0.10 0.40 0.09 0.21 0.07 0.34 0.10 

59 -0.04 0.22 0.02 0.31 0.02 0.10 0.08 0.13 0.04 0.09 0.05 0.09 

61 -0.02 0.20 0.01 0.27 0.04 0.05 0.06 0.06 0.06 0.05 0.08 0.05 

62 - - - - - - - - 1.34 0.05 1.99 0.06 

68 - - - - - - - - 0.56 0.06 0.82 0.07 

69 -0.04 0.24 -0.05 0.34 0.28 0.07 0.40 0.08 0.31 0.07 0.45 0.11 

78 - - - - - - - - 0.68 0.05 1.11 0.06 

87 - - - - - - - - 1.84 0.11 2.69 0.16 

96 -0.02 0.19 0.01 0.23 0.12 0.06 0.17 0.06 0.13 0.06 0.19 0.06 

98 - - - - - - - - 0.81 0.04 1.21 0.05 

110 - - - - - - - - 0.65 0.05 1.03 0.06 

*numbers displayed in italic are calculated using equation 3

^numbers displayed in grey had concentrations below detection limit and therefore might not be correct



Supplement 4 •  River reference data 

70

Tropical rivers Particulate Fe Dissolved Fe Unfiltered Fe 

δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

Amazon 

Santos Pinheiro 0.07 0.02 0.08 0.02 3 - - - - - - - - - - 

et al. 2013 0.06 0.08 0.08 0.12 6 - - - - - - - - - - 

0.10 0.03 0.18 0.09 6 - - - - - - - - - - 

0.07 0.21 0.08 0.26 3 - - - - - - - - - - 

0.09 0.05 0.13 0.05 3 - - - - - - - - - - 

Santos Pinheiro 0.08 0.06 0.12 0.10 9 - - - - - - - - - - 

et al. 2014 0.04 0.05 0.07 0.07 6 - - - - - - - - - - 

0.08 0.03 0.11 0.03 3 - - - - - - - - - - 

0.03 0.03 0.04 0.03 6 - - - - - - - - - - 

0.01 0.04 0.03 0.07 6 - - - - - - - - - - 

0.11 0.06 0.16 0.09 6 - - - - - - - - - - 

0.07 0.06 0.07 0.09 6 - - - - - - - - - - 

0.09 0.04 0.14 0.08 9 - - - - - - - - - - 

0.07 0.02 0.08 0.02 3 - - - - - - - - - - 

0.09 0.08 0.11 0.13 3 - - - - - - - - - - 

0.15 0.09 0.20 0.14 3 - - - - - - - - - - 

0.15 0.09 0.27 0.18 3 - - - - - - - - - - 

0.14 0.09 0.21 0.10 3 - - - - - - - - - - 

0.08 0.10 0.10 0.12 3 - - - - - - - - - - 

0.01 0.07 0.03 0.17 3 - - - - - - - - - - 

0.00 0.10 0.00 0.17 3 - - - - - - - - - - 

0.07 0.09 0.13 0.13 6 - - - - - - - - - - 

0.06 0.08 0.13 0.18 3 - - - - - - - - - - 

0.07 0.08 0.15 0.14 3 - - - - - - - - - - 

0.06 0.12 0.12 0.19 3 - - - - - - - - - - 

0.11 0.11 0.18 0.20 3 - - - - - - - - - - 

Mulholland et 0.01 0.05 0.02 0.07 6 0.09 0.02 0.13 0.03 3 - - - - - 

al. 2015 0.02 0.05 0.03 0.07 6 0.23 0.06 0.35 0.09 3 - - - - - 

0.06 0.04 0.08 0.06 6 - - - - - - - - - - 

0.02 0.03 0.03 0.05 3 0.59 0.03 0.87 0.05 3 - - - - - 

-0.05 0.05 -0.08 0.08 3 0.60 0.04 0.89 0.06 3 - - - - - 

Poitrasson et al. -0.05 0.09 - - - - 0.06 0.03 0.08 0.04 3 

2014 0.15 0.60 - - - - 0.05 0.04 0.06 0.09 6 

- - - - - - - - 0.05 0.05 0.08 0.07 6 

- - - - - - - - 0.01 0.02 0.04 0.04 9 

- - - - - - - - 0.09 0.03 0.14 0.06 3 

- - - - - - - - -0.01 0.06 -0.03 0.11 3

- - - - - - - - 0.07 0.02 0.08 0.04 6 

Tropical rivers Particulate Fe Dissolved Fe Unfiltered Fe 
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δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

- - - - - - - - 0.11 0.03 0.17 0.06 6 

Bergquist and - - - - - -0.13 0.38 -0.19 0.57 5 - - - - - 

Boyle 2006 - - - - - -0.27 0.22 -0.40 0.33 2 - - - - - 

-0.08 0.34 -0.12 0.51 5

Madeira 

Santos Pinheiro 0.12 0.04 0.16 0.06 6 - - - - - - - - - - 

et al. 2013 0.02 0.15 0.07 0.11 3 - - - - - - - - - - 

0.09 0.03 0.14 0.05 6 - - - - - - - - - - 

0.06 0.10 0.10 0.12 3 - - - - - - - - - - 

0.13 0.08 0.17 0.05 6 - - - - - - - - - - 

Poitrasson et al. - - - - - - - - - - 0.08 0.05 0.13 0.11 3

2014 - - - - - - - - - - 0.05 0.07 0.08 0.11 9

- - - - - - - - - - 0.11 0.02 0.17 0.05 6

- - - - - - - - - - 0.07 0.05 0.09 0.12 3

- - - - - - - - - - 0.12 0.05 0.14 0.10 9

Negro 

Santos Pinheiro  -0.26 0.29 -0.46 0.12 3 - - - - - - - - - - 

et al. 2013 -0.32 0.48 -0.46 0.06 3 - - - - - - - - - - 

-0.16 0.39 -0.50 0.08 3 - - - - - - - - - - 

-0.35 0.13 -0.43 0.07 6 - - - - - - - - - - 

-0.34 0.11 -0.49 0.09 6 - - - - - - - - - - 

-0.25 0.03 -0.30 0.60 3 - - - - - - - - - - 

-0.17 0.07 -0.20 0.11 3 - - - - - - - - - - 

-0.25 0.14 -0.29 0.17 6 - - - - - - - - - - 

-0.27 0.12 -0.32 0.15 6 - - - - - - - - - - 

Santos Pinheiro  -0.45 0.06 -0.54 0.26 3 - - - - - - - - - - 

et al. 2014 -0.34 0.06 -0.51 0.09 3 - - - - - - - - - - 

-0.36 0.04 -0.68 0.16 3 - - - - - - - - - - 

-0.45 0.12 -0.73 0.11 3 - - - - - - - - - - 

-0.70 0.05 -0.96 0.07 3 - - - - - - - - - - 

-0.82 0.07 -1.30 0.04 3 - - - - - - - - - - 

-0.78 0.12 -1.17 0.18 3 - - - - - - - - - - 

-0.68 0.09 -1.14 0.12 3 - - - - - - - - - - 

-0.69 0.11 -1.10 0.10 3 - - - - - - - - - - 

-0.63 0.05 -0.77 0.05 3 - - - - - - - - - - 

-0.51 0.18 -0.65 0.28 6 - - - - - - - - - - 

- - - - - 0.52 0.03 0.84 0.04 3 - - - - - 

- - - - - 0.53 0.03 0.83 0.08 3 - - - - - 

- - - - - 0.56 0.04 0.89 0.09 3 - - - - - 

- - - - - 0.59 0.02 0.94 0.03 3 - - - - - 

- - - - - 0.67 0.1 1.09 0.18 6 - - - - - 

Tropical rivers Particulate Fe Dissolved Fe Unfiltered Fe

δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 
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‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

Mulholland et -0.07 0.01 -0.10 0.02 6 0.81 0.04 1.20 0.07 3 - - - - - 

al. 2015 

Bergquist and - - - - - 0.31 0.18 0.46 0.27 4 - - - - - 

Boyle 2006 - - - - - 0.28 0.16 0.42 0.24 6 - - - - - 

-0.90 0.08 -1.34 0.12 3

Poitrasson et al. - - - - - - - - - - -0.12 0.01 -0.18 0.01

2014 - - - - - - - - - - -0.04 0.05 -0.06 0.07 3

- - - - - - - - - - -0.02 0.04 -0.02 0.07 9

- - - - - - - - - - 0.03 0.03 0.04 0.05 3

Solimoes 

Mulholland et 

al.2015 
-0.02 0.06 -0.03 0.09 3 -0.22 0.04 -0.33 0.06 3 - - - - - 

Bergquist and - - - - - -0.27 0.28 -0.40 0.42 3 - - - - - 

2006 - - - - - -0.28 0.26 -0.42 0.39 4 - - - - - 

- - - - - -0.39 0.06 -0.58 0.09 2 - - - - - 

- - - - - -0.32 0.08 -0.48 0.12 4 - - - - - 

-0.28 0.34 -0.42 0.51 3 - - - - - - - - - - 

-0.40 0.20 -0.59 0.30 2 - - - - - - - - - - 

Poitrasson et al. - - - - - - - - - - 0.01 0.07 0.02 0.11 3

2014 - - - - - - - - - - 0.07 0.05 0.09 0.05 3

- - - - - - - - - - 0.04 0.03 0.08 0.05 6

- - - - - - - - - - -0.14 0.07 -0.20 0.09 6

- - - - - - - - - - 0.04 0.05 0.08 0.07 9

Santos Pinheiro 0.07 0.05 0.14 0.09 6 - - - - - - - - - - 

et al. 2013 0.06 0.08 0.11 0.09 3 - - - - - - - - - - 

0.08 0.02 0.15 0.05 3 - - - - - - - - - - 

0.07 0.14 0.13 0.25 3 - - - - - - - - - - 

0.11 0.04 0.14 0.92 3 - - - - - - - - - - 

0.15 0.06 0.20 0.08 3 - - - - - - - - - - 

0.12 0.07 0.17 0.09 3 - - - - - - - - - - 

0.08 0.10 0.14 0.17 3 - - - - - - - - - - 

0.09 0.01 0.12 0.04 3 - - - - - - - - - - 

-0.01 0.12 0.00 0.14 3 - - - - - - - - - - 

0.09 0.03 0.13 0.04 3 - - - - - - - - - - 

0.08 0.07 0.12 0.06 3 - - - - - - - - - - 

0.09 0.22 0.11 0.25 3 - - - - - - - - - - 

0.04 0.15 0.04 0.20 3 - - - - - - - - - - 

Others 

Poitrasson et al. - - - - - - - - - - 0.06 0.06 0.12 0.06 6

2014 - - - - - - - - - - 0.06 0.09 0.10 0.11 3

Temperate rivers Particulate Fe Dissolved Fe Unfiltered Fe 

δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
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Song et al. 2011 

Youyu River -0.38 - -0.56 - - - - - - - - - - - - 

-0.03 - -0.06 - - - - - - - - - - - - 

Caichong River -0.49 - -0.73 - - - - - - - - - - - - 

-0.35 - -0.52 - - - - - - - - - - - - 

Lannigou River -0.16 - -0.23 - - - - - - - - - - - - 

- - - - - - - - - - - - - - -

Baiyan River -0.88 - -1.29 - - - - - - - - - - - - 

-0.13 - -0.22 - - - - - - - - - - - - 

Sha River 0.07 - 0.05 - - - - - - - - - - - - 

-0.12 - -0.16 - - - - - - - - - - - - 

Xiaoche River -0.58 - -0.84 - - - - - - - - - - - - 

-0.28 - -0.45 - - - - - - - - - - - - 

Chen et al. 2014 

Seine (Paris) 0.04 0.08 0.06 0.12 - - - - - - - - - - - 

0.03 0.08 0.04 0.12 - - - - - - - - - - - 

0.03 0.06 0.04 0.09 - - - - - - - - - - - 

0.04 0.06 0.06 0.09 - -0.21 0.02 -0.31 0.03 - - - - - - 

-0.05 0.02 -0.07 0.03 - - - - - - - - - - - 

-0.02 0.06 -0.03 0.09 - - - - - - - - - - - 

0.01 0.02 0.01 0.03 - - - - - - - - - - - 

0.04 0.08 0.06 0.12 - - - - - - - - - - - 

0.03 0.1 0.04 0.15 - - - - - - - - - - - 

0.02 0.06 0.03 0.09 - - - - - - - - - - - 

0.06 0.08 0.09 0.12 - - - - - - - - - - - 

0.03 0.12 0.04 0.18 - - - - - - - - - - - 

0.03 0.14 0.04 0.21 - - - - - - - - - - - 

0.07 0.12 0.10 0.18 - -0.6 0.04 -0.89 0.06 - - - - - - 

0.05 0.06 0.07 0.09 - -0.52 0.04 -0.77 0.06 - - - - - - 

0.09 0.08 0.13 0.12 - - - - - - - - - - - 

0.06 0.08 0.09 0.12 - - - - - - - - - - - 

0.07 0.06 0.10 0.09 - - - - - - - - - - - 

0.06 0.08 0.09 0.12 - - - - - - - - - - - 

0.09 0.08 0.13 0.12 - - - - - - - - - - - 

0.05 0.12 0.07 0.18 - - - - - - - - - - - 

0.04 0.06 0.06 0.09 - - - - - - - - - - - 

0.03 0.06 0.04 0.09 - - - - - - - - - - - 

Seine  (Bruncey) 0.09 0.03 0.13 0.04 - - - - - - - - - - - 

Seine (Bar) 0.03 0.03 0.04 0.04 - - - - - - - - - - - 

Seine (Aube) 0.07 0.03 0.10 0.04 - 0.00 0.04 0.00 0.06 - - - - - - 

Seine (Chatres) 0.08 0.02 0.12 0.03 - -0.10 0.07 -0.15 0.10 - - - - - - 

Seine (Noyen) 0.05 0.05 0.07 0.07 - -0.19 0.06 -0.28 0.09 - - - - - - 

Seine (Fontaine) 0.05 0.03 0.07 0.04 - 0.00 0.04 0.00 0.06 - - - - - - 

Seine (Meulun) 0.00 0.03 0.00 0.04 - -0.43 0.04 -0.64 0.06 - - - - - - 

Seine (laBouille) -0.01 0.04 -0.01 0.06 - -0.25 0.08 -0.37 0.12 - - - - - - 

Sub-arctic rivers Particulate Fe Dissolved Fe Unfiltered Fe 

δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
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Fantle and DePaolo 

2004 

Stikine River  - - - - - - - - - - -0.14 0.08 -0.21 0.12 2

Skagit River  - - - - - - - - - - -0.42 0.09 -0.62 0.13 2

Russian River - - - - - - - - - - -0.35 0.11 -0.52 0.16 6

Klarnath River  - - - - - - - - - - -0.64 0.08 -0.95 0.12 4

Eel River  - - - - - - - - - - -0.87 0.10 -1.29 0.15 2

Ilina et al. 2013 

Senga River mouth - - - - - 0.43 0.05 0.64 0.07 - - - - - - 

Senga River   - - - - - 0.28 0.11 0.42 0.17 - - - - - - 

Escoube et al. 2015 

(*Schroth et al. 

2011) 

Copper River (CR) 

CR above Chitina 

river 
- - - - - 0.09 0.09 0.14 0.40 - - - - - - 

CR below Chitina 

river* 
- - - - - 0.07 0.06 0.10 0.13 - - - - - - 

CR delta channel* - - - - - 0.09 0.06 0.15 0.13 - - - - - - 

CR delta channel - - - - - 0.07 0.06 0.14 0.31 - - - - - - 

CR above childs 

glacier* 
- - - - - 0.03 0.06 0.20 0.13 - - - - - - 

Copper River 

tributaries  

College Creek* - - - - - 0.01 0.06 0.00 0.13 - - - - - - 

Ibeck Creek* - - - - - 0.13 0.06 0.24 0.13 - - - - - - 

Kotsina River* - - - - - 0.00 0.06 0.02 0.13 - - - - - - 

Kuskulana River* - - - - - 0.06 0.06 0.06 0.13 - - - - - - 

McCarthy Creek* - - - - - 0.34 0.06 0.26 0.13 - - - - - - 

Meterasbe River - - - - - 0.05 0.17 0.10 0.86 - - - - - - 

Knik River - - - - - -0.01 0.22 -0.13 0.30 - - - - - - 

Knik River* - - - - - 0.22 0.06 0.31 0.13 - - - - - - 

Strerler Creek - - - - - 0.34 0.15 0.44 0.26 - - - - - - 

Matanuska River - - - - - 0.06 0.15 0.12 0.32 - - - - - - 

Airport Creek* - - - - - -0.56 0.06 -0.87 0.13 - - - - - - 

Airport Creek - - - - - -0.83 0.05 -1.21 0.14 - - - - - - 

Eyak River* - - - - - -1.17 0.06 -1.71 0.13 - - - - - - 

Eyak River - - - - - -1.12 0.08 -1.70 0.20 - - - - - - 

Gulkana River* - - - - - -0.21 0.12 -0.29 0.24 - - - - - - 

Swampy Creek* - - - - - -0.03 0.06 -0.09 0.13 - - - - - - 

Tolsona Creek* - - - - - 0.11 0.15 0.07 0.32 - - - - - - 

Willow Creek* - - - - - -0.40 0.15 -0.69 0.32 - - - - - - 

Tractor Creek - - - - - 0.68 0.12 0.99 0.24 - - - - - - 

Klutina River - - - - - 0.16 0.06 0.23 0.16 - - - - - - 

Tazlina River* - - - - - 0.36 0.06 0.51 0.13 - - - - - - 

Tazlina River - - - - - 0.05 0.10 0.11 0.28 - - - - - - 

Particulate Fe Dissolved Fe Unfiltered Fe

δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
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Tonsina River* - - - - - 0.03 0.06 0.02 0.13 - - - - - - 

Clear Creek - - - - - -0.12 0.19 -0.11 0.56 - - - - - - 

Severnaya Dvina - - - - - -0.01 0.9 -0.01 1.34 - - - - - - 

- - - - - 0.55 0.09 0.82 0.13 - - - - - - 

- - - - - -0.01 0.08 -0.01 0.12 - - - - - - 

Pinega - - - - - -0.09 0.11 -0.13 0.16 - - - - - - 

- - - - - 0.64 0.2 0.95 0.30 - - - - - - 

Sotka - - - - - 0.34 0.06 0.51 0.09 - - - - - - 

- - - - - 0.31 0.17 0.46 0.25 - - - - - - 

Ilina et al. 2013 

Fen of Tsipringa lake - - - - - 0.16 0.01 0.24 0.01 - - - - - - 

Palojoki River  - - - - - 0.84 0.07 1.25 0.11 - - - - - - 

- - - - - 0.91 0.07 1.35 0.11 - - - - - - 

- - - - - 1.17 0.07 1.75 0.11 - - - - - - 

Palojoki River 

mouth 
- - - - - 1.10 0.08 1.64 0.11 - - - - - - 

Paper IV 

Kalix River - - - - - - - - - - 0.52 0.08 0.78 0.12 -

- - - - - - - - - - 0.54 0.04 0.80 0.06 -

- - - - - - - - - - 0.44 0.06 0.65 0.09 -

- - - - - - - - - - 0.41 0.03 0.61 0.04 -

- - - - - - - - - - 0.32 0.02 0.47 0.03 -

- - - - - - - - - - 0.24 0.00 0.36 0.00 -

- - - - - - - - - - 0.10 0.02 0.15 0.03 -

- - - - - - - - - - 0.12 0.03 0.18 0.04 -

- - - - - - - - - - 0.19 0.06 0.28 0.10 -

- - - - - - - - - - 0.19 0.08 0.28 0.12 -

- - - - - - - - - - 0.24 0.15 0.36 0.22 -

- - - - - - - - - - 0.00 0.03 0.00 0.05 -

- - - - - - - - - - 0.08 0.08 0.11 0.12 -

- - - - - - - - - - 0.21 0.01 0.31 0.02 -

- - - - - - - - - - 0.22 0.08 0.32 0.12 -

- - - - - - - - - - 0.26 0.04 0.39 0.05 -

- - - - - - - - - - 0.35 0.03 0.52 0.04 -

- - - - - - - - - - 0.16 0.05 0.24 0.08

- - - - - - - - - - 0.22 0.06 0.33 0.10

- - - - - - - - - - 0.05 0.01 0.07 0.02

- - - - - - - - - - -0.02 0.11 -0.03 0.16 -

- - - - - - - - - - 0.21 0.03 0.32 0.04 -

- - - - - - - - - - 0.27 0.01 0.40 0.02 -

Ingri et al. 2006 

Kalix River - - - - - - - - - - 0.18 0.04 0.27 0.06 -

- - - - - - - - - - 0.05 0.03 0.07 0.04 -

- - - - - - - - - - -0.05 0.04 -0.07 0.06 -

- - - - - - - - - - -0.05 0.04 -0.07 0.06 -

- - - - - - - - - - -0.06 0.01 -0.09 0.01 -

Particulate Fe Dissolved Fe Unfiltered Fe 
δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
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- - - - - - - - - - 0.00 0.04 0.00 0.06 -

- - - - - - - - - - -0.13 0.05 -0.19 0.07 -

- - - - - - - - - - -0.04 0.04 -0.06 0.06 -

- - - - - - - - - - 0.08 0.03 0.12 0.04 -

- - - - - - - - - - 0.20 0.03 0.30 0.04 -

- - - - - - - - - - 0.22 0.03 0.33 0.04 -

- - - - - - - - - - 0.16 0.06 0.24 0.09 -

- - - - - - - - - - 0.12 0.01 0.18 0.01 -

- - - - - - - - - - 0.04 0.03 0.06 0.04 -

- - - - - - - - - - 0.12 0.05 0.18 0.07 -

- - - - - - - - - - 0.22 0.10 0.33 0.15 -

- - - - - - - - - - 0.20 0.03 0.30 0.04 -

- - - - - - - - - - 0.31 0.03 0.46 0.04 -

- - - - - - - - - - 0.23 0.05 0.34 0.07 -

- - - - - - - - - - 0.14 0.06 0.21 0.09 -

- - - - - - - - - - 0.01 0.09 0.01 0.13 -

- - - - - - - - - - -0.07 0.02 -0.10 0.03 -

- - - - - - - - - - -0.08 0.02 -0.12 0.03 -

- - - - - - - - - - -0.07 0.03 -0.10 0.04 -

Paper III 

Kalix River 0.24 0.10 0.40 0.18 - 0.59 0.05 0.89 0.09 - - - - - - 

0.15 0.05 0.21 0.07 - 0.48 0.05 0.75 0.05 - - - - - - 

0.00 0.13 -0.01 0.19 - 0.47 0.13 0.70 0.17 - - - - - - 

-0.03 0.13 -0.06 0.08 - 0.47 0.10 0.70 0.17 - - - - - - 

-0.02 0.05 -0.03 0.08 - 0.49 0.05 0.70 0.06 - - - - - - 

-0.06 0.08 -0.08 0.18 - 0.58 0.05 0.88 0.08 - - - - - - 

-0.06 0.11 -0.07 0.16 - 0.50 0.10 0.75 0.06 - - - - - - 

0.07 0.08 0.11 0.15 - 0.52 0.06 0.76 0.06 - - - - - - 

Råne River 0.30 0.06 0.45 0.10 - 0.62 0.04 0.91 0.12 - - - - - - 

0.23 0.06 0.33 0.11 - 0.54 0.05 0.82 0.08 - - - - - - 

0.13 0.07 0.19 0.07 - 0.55 0.08 0.80 0.13 - - - - - - 

0.19 0.06 0.30 0.06 - 0.55 0.08 0.83 0.06 - - - - - - 

0.05 0.10 0.08 0.06 - 0.55 0.10 0.80 0.06 - - - - - - 

0.02 0.06 0.02 0.10 - 0.59 0.05 0.86 0.10 - - - - - - 

-0.07 0.15 -0.01 0.17 - 0.59 0.04 0.89 0.14 - - - - - - 

-0.01 0.10 0.02 0.19 - 0.48 0.05 0.72 0.10 - - - - - - 

Opfergelt et al. 2017 

Grimsa - - - - - -0.20 0.02 -0.30 0.03 - - - - - - 

Hvita - - - - - -0.31 0.05 -0.46 0.07 - - - - - - 

Hestur - - - - - -0.60 0.01 -0.89 0.01 - - - - - - 

Fantle and DePaolo 

2004 

Copper River  - - - - - - - - - - -0.49 0.12 -0.73 0.18 2

Susitna River - - - - - - - - - - -0.14 0.06 -0.21 0.09 2

Yukon River - - - - - - - - - - 0.04 0.13 0.06 0.19 2

Arctic rivers Particulate Fe Dissolved Fe Unfiltered Fe 
δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 
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Escoube et al. 2015 

(*Schroth et al. 

2011) 

Glacial meltwater - - - - - -0.81 0.23 -1.21 0.43 - - - - - - 

Lena River - - - - - -0.05 0.02 0.02 0.07 - - - - - - 

- - - - - -0.10 0.02 0.02 0.16 - - - - - - 

- - - - - -0.24 0.05 0.05 0.13 - - - - - - 

- - - - - -0.16 0.06 0.06 0.08 - - - - - - 

- - - - - -0.01 0.09 0.09 0.13 - - - - - - 

- - - - - -0.20 0.07 0.07 0.10 - - - - - - 

- - - - - -0.12 0.04 0.04 0.11 - - - - - - 

- - - - - -0.07 0.04 0.04 0.08 - - - - - - 

- - - - - -0.04 0.04 0.04 0.08 - - - - - - 

- - - - - -0.07 0.03 0.03 0.10 - - - - - - 

- - - - - -0.10 0.02 0.02 0.02 - - - - - - 

- - - - - -0.18 0.09 0.09 0.09 - - - - - - 

- - - - - -0.05 0.16 0.16 0.06 - - - - - - 

- - - - - -0.14 0.08 0.08 0.19 - - - - - - 

- - - - - -0.11 0.04 0.04 0.02 - - - - - - 

Ob River - - - - - -0.29 0.12 0.12 0.13 - - - - - - 

- - - - - -0.25 0.05 0.05 0.07 - - - - - - 

- - - - - -0.11 0.06 0.06 0.08 - - - - - - 

- - - - - -0.09 0.05 0.05 0.07 - - - - - - 

- - - - - -0.12 0.04 0.04 0.04 - - - - - - 

- - - - - -0.12 0.04 0.04 0.10 - - - - - - 

- - - - - -0.13 0.04 0.04 0.10 - - - - - - 

- - - - - -0.12 0.04 0.04 0.10 - - - - - - 

- - - - - -0.11 0.04 0.04 0.04 - - - - - - 

- - - - - -0.07 0.09 0.09 0.14 - - - - - - 

- - - - - -0.03 0.05 0.05 0.15 - - - - - - 

- - - - - 0.01 0.04 0.04 0.09 - - - - - - 

- - - - - -0.05 0.06 0.06 0.05 - - - - - - 

- - - - - -0.08 0.02 0.02 0.05 - - - - - - 

- - - - - -0.13 0.02 0.02 0.04 - - - - - - 

- - - - - -0.08 0.01 0.01 0.01 - - - - - - 

- - - - - -0.13 0.11 0.11 0.08 - - - - - - 

- - - - - -0.06 0.04 0.04 0.14 - - - - - - 

- - - - - -0.10 0.07 0.07 0.08 - - - - - - 

- - - - - -0.15 0.03 0.03 0.01 - - - - - - 

Severnaya Dvina - - - - - -0.01 0.9 -0.01 1.34 - - - - - - 

- - - - - 0.55 0.09 0.82 0.13 - - - - - - 

- - - - - -0.01 0.08 -0.01 0.12 - - - - - - 

Pinega - - - - - -0.09 0.11 -0.13 0.16 - - - - - - 

- - - - - 0.64 0.2 0.95 0.30 - - - - - - 

Sotka - - - - - 0.34 0.06 0.51 0.09 - - - - - - 

- - - - - 0.31 0.17 0.46 0.25 - - - - - - 

Particulate Fe Dissolved Fe Unfiltered Fe
δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# δ56Fe 2𝛔 δ57Fe 2𝛔 N# 

‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
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Zhang et al. 2015 

Bayelva River - - - - - -0.04 0.03 -0.06 0.05 - - - - - - 

- - - - - 0.03 0.03 0.04 0.04 - - - - - - 

- - - - - -0.01 0.03 -0.02 0.05 - - - - - - 

- - - - - -0.01 0.04 -0.01 0.06 - - - - - - 

- - - - - -0.11 0.03 -0.17 0.05 - - - - - - 

- - - - - 0.03 0.03 0.04 0.04 - - - - - - 

- - - - - 0.00 0.03 0.00 0.05 - - - - - - 

- - - - - 0.07 0.03 0.10 0.04 - - - - - - 

Hirst et al. n.d. 

Lena River -1.06 0.16 -1.58 0.24 - 0.09 0.05 0.13 0.07 - - - - - - 

0.00 0.15 0.00 0.22 - 0.41 0.28 0.61 0.42 - - - - - - 

0.09 0.08 0.13 0.12 - 0.49 0.15 0.00 0.22 - - - - - - 

-0.10 0.12 -0.15 0.18 - 0.93 0.08 1.38 0.12 - - - - - - 

-0.27 0.23 -0.40 0.34 - 0.22 0.08 0.33 0.12 - - - - - - 

Lena River 

tributaries 

Aldan River -0.11 0.09 -0.16 0.13 - 1.83 0.15 2.72 0.22 - - - - - - 

-0.06 0.05 -0.09 0.07 - 0.72 0.11 1.07 0.16 - - - - - - 

-0.03 0.06 -0.04 0.09 - 0.73 0.09 1.09 0.13 - - - - - - 

Viliui River -0.06 0.06 -0.09 0.09 - 0.15 0.12 0.22 0.18 - - - - - - 

-0.01 0.08 -0.01 0.12 - 0.73 0.05 1.09 0.07 - - - - - - 

Verkhoyansk 

Mount. 
-0.06 0.09 -0.09 0.13 - 0.15 0.20 0.22 0.30 - - - - - - 

-0.01 0.05 -0.01 0.07 - 0.21 0.09 0.31 0.13 - - - - - - 

-0.19 0.08 -0.28 0.12 - 0.21 0.09 0.31 0.13 - - - - - - 

Verkhoyansk 

Mount. 
0.10 0.05 0.15 0.07 - 0.61 0.11 0.91 0.16 - - - - - - 

0.62 0.04 0.92 0.06 - - - - - - 

Stanovoy - Aldan 0.07 0.05 0.10 0.07 - - - - - - - - - - - 

-0.27 0.20 -0.40 0.30 - 0.01 0.06 0.01 0.09 - - - - - - 

-0.33 0.08 -0.49 0.12 - - - - - - - - - - - 

Central Plateau -0.58 0.15 -0.86 0.22 - -0.06 0.13 -0.09 0.19 - - - - - - 

-0.11 0.05 -0.16 0.07 - -0.22 0.09 -0.33 0.13 - - - - - - 

0.28 0.08 0.42 0.12 - - - - - - - - - - - 

-0.17 0.09 -0.25 0.13 - 0.00 0.16 0.00 0.24 - - - - - - 

-0.63 0.10 -0.94 0.15 - - - - - - - - - - - 

-0.12 0.08 -0.18 0.12 - 0.00 0.05 0.00 0.07 - - - - - - 

*numbers displayed in italic are calculated with equation 3
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

Escoube et al. 2009 

North River  

Ebb tide 1.3 0.02 0.08 0.06 0.08 0.37 0.10 0.56 0.18 

2.4 0.01 0.06 0.11 0.08 0.48 0.10 0.69 0.16 

5.0 0.12 0.08 0.18 0.06 0.45 0.06 0.70 0.08 

7.0 0.12 0.08 0.23 0.12 0.46 0.06 0.65 0.16 

8.4 0.09 0.06 0.16 0.14 0.40 0.02 0.57 0.16 

Flood tide 12.5 0.10 0.04 0.14 0.12 0.44 0.18 0.66 0.24 

10.0 0.14 0.12 0.28 0.14 0.51 0.10 0.78 0.16 

7.9 0.07 0.06 0.11 0.12 0.41 0.04 0.61 0.12 

4.7 0.09 0.04 0.09 0.06 0.43 0.14 0.64 0.12 

3.3 0.15 0.06 0.24 0.06 0.45 0.10 0.67 0.14 

1.7 0.05 0.06 0.10 0.06 0.37 0.10 0.57 0.12 

1.1 0.03 0.06 0.07 0.08 0.45 0.08 0.68 0.14 

0.7 -0.01 0.1 0 0.16 0.42 0.14 0.59 0.10 

0.2 -0.09 0.04 .0.00 0.08 0.37 0.08 0.55 0.12 

Paper II 

Kalix River 

K1a 1 0.0 -0.12 0.04 -0.17 0.06 0.42 0.06 0.65 0.06 

5 0.0 -0.09 0.05 -0.13 0.05 0.37 0.06 0.65 0.07 

K2a 1 0.0 -0.08 0.04 -0.12 0.05 0.44 0.03 0.67 0.08 

5 0.0 -0.08 0.04 -0.12 0.07 0.41 0.04 0.60 0.05 

10 0.0 -0.09 0.03 -0.14 0.06 0.41 0.04 0.62 0.08 

K3a 1 0.1 -0.02 0.02 -0.04 0.08 0.45 0.05 0.67 0.05 

5 0.1 -0.10 0.05 -0.15 0.06 0.45 0.04 0.69 0.04 

10 0.4 -0.13 0.04 -0.18 0.08 0.43 0.08 0.65 0.17 

K4a 1 0.8 -0.08 0.03 -0.12 0.04 0.41 0.07 0.60 0.11 

5 0.8 -0.11 0.03 -0.14 0.05 0.43 0.06 0.62 0.02 

10 1.0 -0.08 0.05 -0.12 0.06 0.40 0.05 0.66 0.11 

K1b 1 0.1 -0.13 0.09 -0.20 0.08 0.22 0.05 0.34 0.06 

5 2.0 -0.04 0.04 -0.06 0.04 0.31 0.08 0.47 0.13 

K2b 1 0.2 -0.11 0.05 -0.15 0.03 0.28 0.05 0.45 0.05 

5 0.7 -0.07 0.01 -0.10 0.03 0.34 0.03 0.51 0.03 

10 2.6 -0.09 0.03 -0.13 0.05 0.32 0.24 0.61 0.42 

K3b 1 0.4 -0.12 0.05 -0.17 0.09 0.45 0.05 0.64 0.08 

5 0.4 -0.07 0.05 -0.08 0.06 0.40 0.05 0.60 0.06 

10 2.6 -0.11 0.03 -0.17 0.06 0.16 0.04 0.23 0.07 

K4b 1 0.5 0.02 0.09 0.02 0.08 0.48 0.03 0.75 0.12 

5 0.6 -0.06 0.04 -0.09 0.05 0.48 0.03 0.74 0.10 

10 1.9 -0.12 0.03 -0.23 0.08 0.11 0.07 0.14 0.13 

K1c 1 0.1 0.20 0.05 0.30 0.06 - - - - 

5 2.1 -0.02 0.06 -0.03 0.06 - - - - 

K2c 1 0.0 0.17 0.05 0.32 0.08 - - - - 

5 2.0 -0.05 0.05 -0.09 0.06 - - - - 

10 2.6 -0.05 0.06 -0.10 0.06 - - - - 

K3c 1 0.3 0.21 0.07 0.29 0.09 - - - - 
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Particulate Fe Dissolved Fe 

Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

5 2.1 -0.09 0.09 -0.14 0.10 - - - - 

10 2.3 0.26 0.12 0.37 0.16 - - - - 

Råne River 

R1a 1 0.0 -0.03 0.04 -0.05 0.04 0.48 0.07 0.73 0.10 

5 0.0 -0.04 0.02 -0.07 0.05 0.33 0.03 0.49 0.03 

R2a 1 0.6 -0.05 0.03 -0.09 0.06 0.44 0.06 0.61 0.06 

5 0.7 -0.02 0.04 -0.03 0.08 0.40 0.03 0.61 0.05 

10 1.0 -0.07 0.06 -0.09 0.08 0.39 0.04 0.60 0.12 

R3a 1 0.9 -0.02 0.01 -0.04 0.04 0.33 0.07 0.50 0.04 

5 0.9 -0.06 0.05 -0.08 0.06 0.34 0.07 0.53 0.06 

10 2.1 -0.07 0.05 -0.09 0.05 0.32 0.13 0.48 0.16 

R1b 1 0.2 -0.04 0.06 -0.06 0.05 0.39 0.04 0.57 0.06 

5 0.3 -0.03 0.03 -0.05 0.03 0.37 0.05 0.55 0.10 

R2b 1 0.8 0.07 0.02 0.09 0.05 0.49 0.09 0.67 0.12 

5 0.8 0.06 0.06 0.11 0.04 0.41 0.06 0.58 0.09 

10 0.8 0.09 0.05 0.13 0.09 0.44 0.02 0.66 0.07 

R3b 1 0.7 0.00 0.03 0.00 0.03 0.40 0.03 0.65 0.04 

5 0.7 -0.02 0.05 -0.02 0.04 0.43 0.05 0.70 0.09 

10 0.8 -0.01 0.01 -0.02 0.03 0.39 0.04 0.65 0.05 

R4b 1 0.6 -0.03 0.05 -0.03 0.08 0.47 0.05 0.70 0.07 

5 0.6 -0.04 0.04 -0.06 0.08 0.49 0.04 0.71 0.07 

10 0.7 -0.02 0.03 -0.02 0.05 0.49 0.04 0.73 0.08 

R1c 1 0.0 0.08 0.06 0.13 0.14 - - - - 

5 2.5 0.07 0.05 0.13 0.12 - - - - 

R2c 1 0.1 0.12 0.05 0.18 0.05 - - - - 

5 2.5 0.05 0.07 0.06 0.08 - - - - 

10 2.6 0.02 0.05 0.05 0.07 - - - - 

R3c 1 1.7 0.10 0.05 0.15 0.09 - - - - 

5 2.4 0.14 0.05 0.21 0.08 - - - - 

10 2.5 0.05 0.05 0.09 0.07 - - - - 

R2d 1 2.4 0.32 0.06 0.46 0.11 - - - - 

5 2.4 0.38 0.07 0.54 0.13 - - - - 

10 2.6 0.36 0.07 0.53 0.10 - - - - 

Bothnian Bay 

A5a 1 2.9 0.12 0.06 0.16 0.06 - - - - 

5 2.9 0.09 0.06 0.15 0.04 - - - - 

10 2.9 0.11 0.07 0.15 0.07 - - - - 

A13a 1 2.9 0.09 0.07 0.13 0.08 - - - - 

5 2.9 0.08 0.04 0.14 0.06 - - - - 

10 2.9 0.08 0.04 0.12 0.06 - - - - 

A5b 1 2.5 0.05 0.03 0.09 0.06 - - - - 

5 2.5 0.10 0.01 0.15 0.02 - - - - 

10 2.5 0.09 0.02 0.16 0.03 - - - - 

A13b 1 3.0 -0.10 0.07 -0.18 0.07 - - - - 

5 3.0 0.06 0.03 0.10 0.06 - - - - 

10 3.0 0.05 0.03 0.10 0.08 - - - - 
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Particulate Fe Dissolved Fe 

Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

GOB1d 1 3.2 0.67 0.15 0.96 0.16 - - - - 

5 3.2 0.49 0.11 0.73 0.13 - - - - 

10 3.1 0.61 0.07 0.90 0.09 - - - - 

GOB2d 1 3.4 0.55 0.06 0.76 0.12 - - - - 

5 3.4 0.58 0.09 0.88 0.14 - - - - 

10 3.2 0.53 0.09 0.76 0.13 - - - - 

25 3.4 0.55 0.07 0.80 0.09 - - - - 

50 3.7 0.29 0.08 0.45 0.07 - - - - 

100 4.4 0.03 0.06 0.06 0.07 - - - - 

Paper I  

Lena River Estuary 

YS128 4 29.1 -0.29 0.05 -0.49 0.02 0.11 0.07 0.23 0.05 

YS4 4 13.3 -0.41 0.13 -0.74 0.11 0.10 0.08 0.28 0.04 

YS6 4 5.3 -0.36 0.01 -0.64 0.08 - - - - 

YS8 4 5.3 -0.13 0.08 -0.27 0.14 - - - - 

YS11 4 3.5 -0.07 0.04 -0.11 0.01 -0.23 0.09 -0.31 0.30

YS14 4 1.1 -0.05 0.11 -0.10 0.11 -0.17 0.01 -0.27 0.03

Staubwasser et al. 2013 

Gotland Deep 20 6.8 -0.12 0.08 -0.18 0.12 0.06 0.11 0.09 0.16 

50 7.5 -0.23 0.08 -0.34 0.12 -0.17 0.12 -0.25 0.18

80 - -0.37 0.09 -0.55 0.13 0.27 0.09 0.40 0.13 

100 10.8 -0.61 0.09 -0.91 0.13 0.55 0.09 0.82 0.13 

115 11.4 -0.24 0.09 -0.36 0.13 0.28 0.11 0.42 0.16 

130 12.0 -0.41 0.09 -0.61 0.13 -0.19 0.08 -0.28 0.12

140 12.2 -0.33 0.09 -0.49 0.13 -0.3 0.09 -0.45 0.13

150 12.3 -0.31 0.09 -0.46 0.13 -0.4 0.09 -0.59 0.13

160 12.4 -0.2 0.09 -0.30 0.13 -0.4 0.09 -0.59 0.13

170 - -0.11 0.09 -0.16 0.13 -0.39 0.09 -0.58 0.13

190 - -0.09 0.08 -0.13 0.12 -0.44 0.08 -0.65 0.12

Geling et al. 2010 

Bothnian Sea 1 4.9 0.12 0.03 0.18 0.04 - - - - 

1 4.3 0.07 0.01 0.10 0.01 - - - - 

1 4.4 0.14 0.03 0.21 0.04 - - - - 

1 4.6 0.2 0.03 0.30 0.04 - - - - 

1 4.8 0.1 0.02 0.15 0.03 - - - - 

1 4.9 0.26 0.01 0.39 0.01 - - - - 

Landsort Deep 1 6.7 -0.08 0.04 -0.12 0.06 - - - - 

1 6.1 -0.04 0.04 -0.06 0.06 - - - - 

1 6.4 0.05 0.04 0.07 0.06 - - - - 

1 6.6 0.25 0.04 0.37 0.06 - - - - 

1 6.7 0.24 0.04 0.36 0.06 - - - - 

1 6.0 0.26 0.04 0.39 0.06 - - - - 

1 6.1 0.2 0.04 0.30 0.06 - - - - 

1 5.8 0.28 0.04 0.42 0.06 - - - - 

1 6.4 0 0.04 0.00 0.06 - - - - 

*numbers displayed in itallic are calculated using equation 3
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Ocean Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
Atlantic 

Abadie et al. 2017 
31 35.53 - - - - 0.04 0.09 0.06 0.13 
51 35.55 - - - - 0.18 0.07 0.27 0.10 

102 35.14 - - - - 0.10 0.07 0.15 0.10 
203 35.09 - - - - 0.09 0.07 0.14 0.10 
407 34.85 - - - - 0.21 0.07 0.32 0.10 
763 34.40 - - - - -0.17 0.07 -0.25 0.10 

1271 34.59 - - - - -0.12 0.07 -0.18 0.10 
2797 34.84 - - - - 0.27 0.07 0.40 0.10 
4068 34.74 - - - - 0.21 0.07 0.31 0.10 
43.5 34.69 - - - - 0.47 0.07 0.70 0.10 
62.5 34.80 - - - - 0.40 0.07 0.60 0.10 
92 34.68 - - - - 0.02 0.07 0.04 0.10 

127 34.53 - - - - -0.04 0.07 -0.06 0.10 
199 34.48 - - - - -0.19 0.07 -0.28 0.10 
399 34.29 - - - - -0.20 0.07 -0.29 0.10 
619 34.19 - - - - -0.27 0.07 -0.40 0.10 

1468 34.59 - - - - -0.12 0.07 -0.18 0.10 
2930 34.83 - - - - 0.24 0.07 0.35 0.10 
4018 34.74 - - - - 0.28 0.07 0.42 0.10 

28 33.73 - - - - -0.01 0.07 -0.02 0.10 
53.5 33.73 - - - - 0.11 0.07 0.16 0.10 
101 33.82 - - - - 0.26 0.07 0.38 0.10 
152 33.95 - - - - -0.13 0.07 -0.20 0.11 
253 34.10 - - - - -0.23 0.07 -0.34 0.10 
504 34.21 - - - - -0.37 0.07 -0.55 0.10 

1088 34.59 - - - - -0.22 0.07 -0.33 0.10 
2034 34.77 - - - - -0.03 0.07 -0.04 0.10 
2040 34.77 - - - - -0.02 0.07 -0.03 0.10 
4068 34.70 - - - - 0.04 0.07 0.06 0.10 
56.5 33.71 - - - - -0.07 0.07 -0.11 0.10 
130 33.81 - - - - -0.17 0.07 -0.25 0.10 
173 34.08 - - - - -0.52 0.07 -0.78 0.10 
275 34.48 - - - - -0.61 0.07 -0.91 0.10 
428 34.63 - - - - -0.66 0.07 -0.98 0.10 
433 34.63 - - - - -0.71 0.07 -1.06 0.10 
764 34.71 - - - - -0.49 0.08 -0.73 0.12 

1150 34.73 - - - - -0.29 0.07 -0.43 0.10 
1671 34.70 - - - - -0.19 0.07 -0.29 0.10 
2488 34.69 - - - - -0.22 0.07 -0.33 0.10 

- - - - 
31 34.07 - - - - -0.08 0.07 -0.12 0.10 
82 34.13 - - - - 0.04 0.07 0.05 0.10 

143 34.41 - - - - 
205 34.57 - - - - -0.74 0.07 -1.11 0.10 
409 34.68 - - - - -0.57 0.07 -0.84 0.10 
717 34.69 - - - - -0.27 0.07 -0.40 0.10 

1228 34.68 - - - - -0.35 0.07 -0.52 0.10 
2150 34.66 - - - - -0.09 0.07 -0.14 0.10 
3051 34.66 - - - - -0.22 0.07 -0.33 0.10 
3916 34.65 - - - - -0.19 0.07 -0.28 0.10 

John and Adkins 2014 - - - - 
North Atlantic 2 - - - - - 0.73 0.04 1.09 0.06 

28 - - - - - 0.36 0.04 0.54 0.06 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
49 - - - - - -0.35 0.09 -0.52 0.13 
49 - - - - - -0.26 0.12 -0.39 0.18 
49 - - - - - -0.34 0.15 -0.51 0.22 
89 - - - - - -0.14 0.03 -0.21 0.04 

109 - - - - - -0.15 0.03 -0.22 0.04 
135 - - - - - -0.24 0.03 -0.36 0.04 
135 - - - - - -0.08 0.04 -0.12 0.06 
185 - - - - - -0.11 0.03 -0.16 0.04 
221 - - - - - -0.06 0.03 -0.09 0.04 
285 - - - - - -0.05 0.05 -0.07 0.07 
361 - - - - - -0.03 0.03 -0.04 0.04 
665 - - - - - 0.09 0.03 0.13 0.04 
797 - - - - - 0.14 0.03 0.21 0.04 
965 - - - - - -0.06 0.03 -0.09 0.04 
965 - - - - - -0.04 0.03 -0.06 0.04 

1095 - - - - - 0.09 0.03 0.13 0.04 
1200 - - - - - -0.01 0.03 -0.01 0.04 
1236 - - - - - -0.04 0.03 -0.06 0.04 
1385 - - - - - -0.09 0.03 -0.13 0.04 
1538 - - - - - 0.09 0.03 0.13 0.04 
1787 - - - - - 0.06 0.03 0.09 0.04 
1883 - - - - - 0.13 0.04 0.19 0.06 
2088 - - - - - -0.05 0.04 -0.07 0.06 
2294 - - - - - 0.12 0.03 0.18 0.04 
2585 - - - - - 0.08 0.04 0.12 0.06 
2900 - - - - - -0.06 0.04 -0.09 0.06 
2999 - - - - - -0.50 0.04 -0.74 0.06 

2 - - - - - 0.52 0.08 0.77 0.12 
32 - - - - - 0.46 0.08 0.68 0.12 
51 - - - - - -0.64 0.08 -0.95 0.12 
51 - - - - - -0.40 0.10 -0.60 0.15 
85 - - - - - -0.22 0.04 -0.33 0.06 

101 - - - - - -0.14 0.04 -0.21 0.06 
141 - - - - - -0.03 0.04 -0.04 0.06 
186 - - - - - 0.03 0.04 0.04 0.06 
235 - - - - - 0.06 0.04 0.09 0.06 
291 - - - - - 0.02 0.04 0.03 0.06 
421 - - - - - 0.06 0.04 0.09 0.06 
499 - - - - - 0.09 0.04 0.13 0.06 
665 - - - - - 0.10 0.04 0.15 0.06 
800 - - - - - 0.12 0.04 0.18 0.06 
964 - - - - - 0.19 0.04 0.28 0.06 

1100 - - - - - 0.25 0.05 0.37 0.07 
1249 - - - - - 0.30 0.05 0.45 0.07 
1498 - - - - - 0.31 0.05 0.46 0.07 
1750 - - - - - 0.34 0.05 0.51 0.07 
1999 - - - - - 0.37 0.06 0.55 0.09 
2249 - - - - - 0.35 0.06 0.52 0.09 
2499 - - - - - 0.32 0.05 0.48 0.07 
2698 - - - - - 0.35 0.06 0.52 0.09 
2999 - - - - - 0.43 0.06 0.64 0.09 
3278 - - - - - 0.42 0.06 0.63 0.09 
3321 - - - - - 0.31 0.05 0.46 0.07 

2 - - - - - 0.32 0.08 0.48 0.12 
30 - - - - - 0.37 0.07 0.55 0.10 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
62 - - - - - -0.19 0.14 -0.28 0.21 
85 - - - - - -0.12 0.07 -0.18 0.10 

136 - - - - - 0.05 0.05 0.07 0.07 
180 - - - - - 0.09 0.08 0.13 0.12 
200 - - - - - 0.05 0.05 0.07 0.07 
250 - - - - - 0.02 0.05 0.03 0.07 
301 - - - - - -0.07 0.05 -0.10 0.07 
351 - - - - - 0.06 0.04 0.09 0.06 
450 - - - - - 0.07 0.04 0.10 0.06 
600 - - - - - 0.05 0.05 0.07 0.07 
801 - - - - - 0.13 0.05 0.19 0.07 
964 - - - - - 0.21 0.05 0.31 0.07 

1098 - - - - - 0.25 0.05 0.37 0.07 
1248 - - - - - 0.33 0.05 0.49 0.07 
1499 - - - - - 0.26 0.05 0.39 0.07 
1748 - - - - - 0.24 0.04 0.36 0.06 
1998 - - - - - 0.49 0.05 0.73 0.07 
2248 - - - - - 0.52 0.06 0.77 0.09 
2499 - - - - - 0.53 0.05 0.79 0.07 
2748 - - - - - 0.51 0.06 0.76 0.09 
2998 - - - - - 0.56 0.06 0.83 0.09 
3198 - - - - - 0.62 0.06 0.92 0.09 
3298 - - - - - 0.53 0.05 0.79 0.07 

2 - - - - - 0.52 0.09 0.77 0.13 
38 - - - - - 0.41 0.09 0.61 0.13 
48 - - - - - 0.16 0.18 0.24 0.27 
72 - - - - - 0.17 0.17 0.25 0.25 
90 - - - - - 0.03 0.09 0.04 0.13 

135 - - - - - 0.19 0.07 0.28 0.10 
185 - - - - - 0.25 0.06 0.37 0.09 
235 - - - - - 0.12 0.04 0.18 0.06 
286 - - - - - 0.05 0.04 0.07 0.06 
351 - - - - - 0.07 0.04 0.10 0.06 
451 - - - - - 0.06 0.04 0.09 0.06 
601 - - - - - 0.21 0.05 0.31 0.07 
801 - - - - - 0.03 0.04 0.04 0.06 
964 - - - - - 0.12 0.04 0.18 0.06 

1099 - - - - - 0.22 0.04 0.33 0.06 
1257 - - - - - 0.32 0.04 0.48 0.06 
1499 - - - - - 0.30 0.05 0.45 0.07 
1749 - - - - - 0.37 0.05 0.55 0.07 
1999 - - - - - 0.41 0.05 0.61 0.07 
2248 - - - - - 0.45 0.08 0.67 0.12 
2499 - - - - - 0.47 0.05 0.70 0.07 
2749 - - - - - 0.45 0.05 0.67 0.07 
2998 - - - - - 0.57 0.06 0.85 0.09 
3198 - - - - - 0.65 0.06 0.97 0.09 
3498 - - - - - 0.53 0.07 0.79 0.10 

2 - - - - - 0.06 0.07 0.09 0.10 
30 - - - - - 0.21 0.06 0.31 0.09 
59 - - - - - 0.23 0.06 0.34 0.09 
91 - - - - - 0.29 0.06 0.43 0.09 

111 - - - - - 0.36 0.06 0.54 0.09 
135 - - - - - 0.15 0.05 0.22 0.07 
186 - - - - - 0.32 0.05 0.48 0.07 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
236 - - - - - 0.49 0.06 0.73 0.09 
286 - - - - - 0.28 0.06 0.42 0.09 
326 - - - - - 0.38 0.06 0.57 0.09 
421 - - - - - 0.28 0.05 0.42 0.07 
476 - - - - - 0.14 0.04 0.21 0.06 
526 - - - - - 0.13 0.05 0.19 0.07 
600 - - - - - 0.14 0.04 0.21 0.06 
666 - - - - - 0.08 0.03 0.12 0.04 
826 - - - - - -0.01 0.04 -0.01 0.06 
966 - - - - - -0.01 0.04 -0.01 0.06 

1076 - - - - - 0.15 0.04 0.22 0.06 
1201 - - - - - 0.13 0.04 0.19 0.06 
1351 - - - - - 0.11 0.04 0.16 0.06 
1501 - - - - - 0.09 0.05 0.13 0.07 
1652 - - - - - 0.10 0.06 0.15 0.09 
1800 - - - - - 0.23 0.07 0.34 0.10 
2001 - - - - - 0.36 0.14 0.54 0.21 
2050 - - - - - 0.27 0.07 0.40 0.10 

2 - - - - - 0.47 0.06 0.70 0.09 
35 - - - - - 0.30 0.07 0.45 0.10 
47 - - - - - 0.14 0.07 0.21 0.10 
70 - - - - - 0.22 0.06 0.33 0.09 

102 - - - - - 0.16 0.05 0.24 0.07 
137 - - - - - 0.31 0.06 0.46 0.09 
186 - - - - - 0.31 0.06 0.46 0.09 
238 - - - - - 0.23 0.06 0.34 0.09 
287 - - - - - 0.13 0.06 0.19 0.09 
327 - - - - - 0.23 0.06 0.34 0.09 
422 - - - - - 0.06 0.04 0.09 0.06 
476 - - - - - 0.16 0.05 0.24 0.07 
526 - - - - - 0.14 0.04 0.21 0.06 
601 - - - - - 0.18 0.09 0.27 0.13 
666 - - - - - 0.06 0.08 0.09 0.12 
826 - - - - - 0.12 0.06 0.18 0.09 
965 - - - - - 0.24 0.10 0.36 0.15 

1201 - - - - - 0.30 0.09 0.45 0.13 
1351 - - - - - 0.38 0.17 0.57 0.25 
1501 - - - - - 0.17 0.05 0.25 0.07 
1650 - - - - - 0.39 0.05 0.58 0.07 
1800 - - - - - 0.42 0.05 0.63 0.07 
2001 - - - - - 0.49 0.04 0.73 0.06 
2200 - - - - - 0.47 0.06 0.70 0.09 
2461 - - - - - 0.53 0.08 0.79 0.12 

28 - - - - - 0.80 0.06 1.19 0.09 
61 - - - - - 0.74 0.07 1.10 0.10 
83 - - - - - 0.64 0.07 0.95 0.10 

112 - - - - - 0.72 0.07 1.07 0.10 
137 - - - - - 0.64 0.05 0.95 0.07 
187 - - - - - 0.53 0.08 0.79 0.12 
237 - - - - - 0.54 0.08 0.80 0.12 
288 - - - - - 0.59 0.10 0.88 0.15 
418 - - - - - 0.49 0.08 0.73 0.12 
537 - - - - - 0.36 0.12 0.54 0.18 
663 - - - - - 0.24 0.06 0.36 0.09 
802 - - - - - 0.12 0.05 0.18 0.07 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
966 - - - - - 0.01 0.05 0.01 0.07 

1078 - - - - - 0.01 0.05 0.01 0.07 
1201 - - - - - 0.07 0.05 0.10 0.07 
1353 - - - - - 0.18 0.05 0.27 0.07 
1500 - - - - - 0.21 0.05 0.31 0.07 
1801 - - - - - 0.16 0.05 0.24 0.07 
2100 - - - - - 0.33 0.05 0.49 0.07 
2400 - - - - - 0.38 0.05 0.57 0.07 
2700 - - - - - 0.33 0.06 0.49 0.09 
2899 - - - - - 0.37 0.05 0.55 0.07 
3124 - - - - - 0.35 0.05 0.52 0.07 
3274 - - - - - 0.37 0.05 0.55 0.07 

41 - - - - - 0.68 0.07 1.01 0.10 
66 - - - - - 0.73 0.06 1.09 0.09 
90 - - - - - 0.80 0.07 1.19 0.10 

112 - - - - - 0.72 0.06 1.07 0.09 
142 - - - - - 0.42 0.06 0.63 0.09 
166 - - - - - 0.37 0.05 0.55 0.07 
237 - - - - - 0.37 0.05 0.55 0.07 
286 - - - - - 0.49 0.06 0.73 0.09 
352 - - - - - 0.21 0.05 0.31 0.07 
422 - - - - - 0.22 0.05 0.33 0.07 
487 - - - - - 0.30 0.05 0.45 0.07 
602 - - - - - 0.31 0.04 0.46 0.06 
666 - - - - - 0.26 0.04 0.39 0.06 
750 - - - - - 0.28 0.05 0.42 0.07 
851 - - - - - 0.27 0.04 0.40 0.06 
966 - - - - - 0.24 0.04 0.36 0.06 

1085 - - - - - 0.25 0.04 0.37 0.06 
1201 - - - - - 0.28 0.05 0.42 0.07 
1302 - - - - - 0.28 0.05 0.42 0.07 
1401 - - - - - 0.31 0.04 0.46 0.06 
1501 - - - - - 0.33 0.05 0.49 0.07 
1600 - - - - - 0.34 0.05 0.51 0.07 
1699 - - - - - 0.44 0.05 0.65 0.07 
1799 - - - - - 0.44 0.05 0.65 0.07 
1951 - - - - - 0.34 0.05 0.51 0.07 
2100 - - - - - 0.49 0.04 0.73 0.06 
2400 - - - - - 0.52 0.05 0.77 0.07 
2699 - - - - - 0.57 0.05 0.85 0.07 
2999 - - - - - 0.45 0.05 0.67 0.07 
3299 - - - - - 0.50 0.05 0.74 0.07 
3598 - - - - - 0.41 0.06 0.61 0.09 
3798 - - - - - 0.43 0.06 0.64 0.09 
3997 - - - - - 0.41 0.06 0.61 0.09 
4197 - - - - - 0.35 0.08 0.52 0.12 
4432 - - - - - 0.37 0.06 0.55 0.09 
4532 - - - - - 0.39 0.06 0.58 0.09 

2 - - - - - 0.35 0.07 0.52 0.10 
32 - - - - - 0.40 0.10 0.60 0.15 
65 - - - - - 0.42 0.11 0.63 0.16 

112 - - - - - 0.49 0.10 0.73 0.15 
137 - - - - - 0.47 0.11 0.70 0.16 
185 - - - - - 0.49 0.09 0.73 0.13 
236 - - - - - 0.43 0.11 0.64 0.16 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
288 - - - - - 0.31 0.10 0.46 0.15 
423 - - - - - 0.46 0.09 0.68 0.13 
552 - - - - - 0.45 0.10 0.67 0.15 
804 - - - - - 0.25 0.07 0.37 0.10 

1003 - - - - - 0.13 0.06 0.19 0.09 
1203 - - - - - 0.13 0.05 0.19 0.07 
1500 - - - - - 0.18 0.05 0.27 0.07 
1800 - - - - - 0.34 0.05 0.51 0.07 
2101 - - - - - 0.41 0.06 0.61 0.09 
2399 - - - - - 0.39 0.05 0.58 0.07 
2699 - - - - - 0.51 0.07 0.76 0.10 
2999 - - - - - 0.48 0.06 0.71 0.09 
3299 - - - - - 0.47 0.06 0.70 0.09 
3598 - - - - - 0.40 0.06 0.60 0.09 
3898 - - - - - 0.44 0.06 0.65 0.09 
4247 - - - - - 0.38 0.06 0.57 0.09 
4572 - - - - - 0.37 0.07 0.55 0.10 
4896 - - - - - 0.33 0.09 0.49 0.13 

2 - - - - - 0.23 0.07 0.34 0.10 
40 - - - - - 0.43 0.07 0.64 0.10 
66 - - - - - 0.37 0.08 0.55 0.12 
84 - - - - - 0.42 0.05 0.63 0.07 
97 - - - - - 0.57 0.07 0.85 0.10 

186 - - - - - 0.25 0.10 0.37 0.15 
236 - - - - - 0.45 0.07 0.67 0.10 
287 - - - - - 0.58 0.08 0.86 0.12 
421 - - - - - 0.70 0.05 1.04 0.07 
665 - - - - - 0.42 0.06 0.63 0.09 
801 - - - - - 0.29 0.06 0.43 0.09 
876 - - - - - 0.22 0.05 0.33 0.07 
972 - - - - - 0.30 0.06 0.45 0.09 

1076 - - - - - 0.24 0.05 0.36 0.07 
1201 - - - - - 0.23 0.07 0.34 0.10 
1352 - - - - - 0.24 0.05 0.36 0.07 
1501 - - - - - 0.24 0.05 0.36 0.07 
1651 - - - - - 0.20 0.06 0.30 0.09 
1800 - - - - - 0.28 0.06 0.42 0.09 
1951 - - - - - 0.35 0.06 0.52 0.09 
2101 - - - - - 0.43 0.07 0.64 0.10 
2299 - - - - - 0.56 0.05 0.83 0.07 
2498 - - - - - 0.51 0.05 0.76 0.07 
2698 - - - - - 0.45 0.06 0.67 0.09 
2998 - - - - - 0.48 0.07 0.71 0.10 
3298 - - - - - 0.48 0.05 0.71 0.07 
3597 - - - - - 0.36 0.07 0.54 0.10 
3897 - - - - - 0.28 0.08 0.42 0.12 
4196 - - - - - 0.29 0.06 0.43 0.09 
4346 - - - - - 0.26 0.07 0.39 0.10 
4436 - - - - - 0.26 0.07 0.39 0.10 
4479 - - - - - 0.30 0.05 0.45 0.07 
4526 - - - - - 0.30 0.06 0.45 0.09 

2 - - - - - 0.47 0.07 0.70 0.10 
41 - - - - - 0.41 0.05 0.61 0.07 
66 - - - - - 0.58 0.21 0.86 0.31 

100 - - - - - 0.48 0.07 0.71 0.10 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
137 - - - - - 0.49 0.11 0.73 0.16 
188 - - - - - 0.66 0.09 0.98 0.13 
238 - - - - - 0.70 0.10 1.04 0.15 
287 - - - - - 0.58 0.08 0.86 0.12 
351 - - - - - 0.76 0.10 1.13 0.15 
421 - - - - - 0.69 0.11 1.03 0.16 
504 - - - - - 0.59 0.08 0.88 0.12 
667 - - - - - 0.61 0.08 0.91 0.12 
753 - - - - - 0.54 0.06 0.80 0.09 
874 - - - - - 0.52 0.08 0.77 0.12 
999 - - - - - 0.66 0.09 0.98 0.13 

1099 - - - - - 0.48 0.09 0.71 0.13 
1199 - - - - - 0.67 0.09 1.00 0.13 
1349 - - - - - 0.43 0.08 0.64 0.12 
1499 - - - - - 0.44 0.20 0.65 0.30 
1648 - - - - - 0.61 0.08 0.91 0.12 
1799 - - - - - 0.58 0.09 0.86 0.13 
1948 - - - - - 0.55 0.08 0.82 0.12 
2098 - - - - - 0.61 0.08 0.91 0.12 
2249 - - - - - 0.59 0.07 0.88 0.10 
2398 - - - - - 0.60 0.06 0.89 0.09 
2548 - - - - - 0.64 0.09 0.95 0.13 
2698 - - - - - 0.60 0.08 0.89 0.12 
2997 - - - - - 0.73 0.08 1.09 0.12 
3295 - - - - - 0.74 0.09 1.10 0.13 
3597 - - - - - 0.72 0.08 1.07 0.12 
3896 - - - - - 0.75 0.09 1.12 0.13 
4294 - - - - - 0.70 0.08 1.04 0.12 
5093 - - - - - 0.69 0.10 1.03 0.15 
5393 - - - - - 0.67 0.10 1.00 0.15 
5454 - - - - - 0.66 0.08 0.98 0.12 
5607 - - - - - 0.70 0.08 1.04 0.12 

2 - - - - - 0.43 0.04 0.64 0.06 
41 - - - - - 0.51 0.04 0.76 0.06 
70 - - - - - 0.49 0.13 0.73 0.19 

101 - - - - - 0.50 0.14 0.74 0.21 
116 - - - - - 0.38 0.14 0.57 0.21 
136 - - - - - 0.42 0.18 0.63 0.27 
185 - - - - - 0.48 0.08 0.71 0.12 
235 - - - - - 0.57 0.08 0.85 0.12 
286 - - - - - 0.65 0.09 0.97 0.13 
351 - - - - - 0.62 0.08 0.92 0.12 
430 - - - - - 0.54 0.07 0.80 0.10 
551 - - - - - 0.60 0.07 0.89 0.10 
651 - - - - - 0.51 0.07 0.76 0.10 
774 - - - - - 0.55 0.07 0.82 0.10 
965 - - - - - 0.58 0.06 0.86 0.09 

1199 - - - - - 0.62 0.07 0.92 0.10 
1448 - - - - - 0.60 0.06 0.89 0.09 
1799 - - - - - 0.64 0.06 0.95 0.09 
2098 - - - - - 0.49 0.06 0.73 0.09 
2398 - - - - - 0.40 0.04 0.60 0.06 
2697 - - - - - 0.38 0.04 0.57 0.06 
2997 - - - - - 0.46 0.04 0.68 0.06 
3398 - - - - - 0.62 0.05 0.92 0.07 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
3797 - - - - - 0.61 0.05 0.91 0.07 
4221 - - - - - 0.72 0.05 1.07 0.07 

2 - - - - - 0.33 0.05 0.49 0.07 
41 - - - - - 0.31 0.05 0.46 0.07 
56 - - - - - 0.25 0.05 0.37 0.07 
92 - - - - - 0.30 0.13 0.45 0.19 

108 - - - - - 0.20 0.13 0.30 0.19 
136 - - - - - -0.01 0.10 -0.01 0.15 
186 - - - - - 0.20 0.12 0.30 0.18 
235 - - - - - 0.40 0.09 0.60 0.13 
285 - - - - - 0.33 0.09 0.49 0.13 
338 - - - - - 0.32 0.10 0.48 0.15 
421 - - - - - 0.49 0.11 0.73 0.16 
512 - - - - - 0.01 0.07 0.01 0.10 
602 - - - - - 0.48 0.07 0.71 0.10 
799 - - - - - 0.39 0.08 0.58 0.12 
965 - - - - - 0.41 0.06 0.61 0.09 

1199 - - - - - 0.54 0.08 0.80 0.12 
1500 - - - - - 0.40 0.06 0.60 0.09 
1650 - - - - - 0.48 0.07 0.71 0.10 
1798 - - - - - 0.45 0.06 0.67 0.09 
1949 - - - - - 0.34 0.05 0.51 0.07 
2099 - - - - - 0.30 0.06 0.45 0.09 
2248 - - - - - 0.31 0.05 0.46 0.07 
2399 - - - - - 0.16 0.05 0.24 0.07 
2698 - - - - - -0.07 0.07 -0.10 0.10 
2698 - - - - - 0.03 0.04 0.04 0.06 
2999 - - - - - -0.10 0.04 -0.15 0.06 
2999 - - - - - -0.16 0.04 -0.24 0.06 
3252 - - - - - -1.01 0.03 -1.50 0.04 
3275 - - - - - -0.92 0.03 -1.37 0.04 
3330 - - - - - -1.13 0.04 -1.68 0.06 
3342 - - - - - -1.35 0.03 -2.01 0.04 
3420 - - - - - -0.94 0.03 -1.40 0.04 
3587 - - - - - 0.02 0.04 0.03 0.06 

2 - - - - - 0.43 0.05 0.64 0.07 
40 - - - - - 0.42 0.05 0.63 0.07 
67 - - - - - 0.42 0.05 0.63 0.07 
76 - - - - - 0.44 0.06 0.65 0.09 

111 - - - - - 0.36 0.12 0.54 0.18 
137 - - - - - 0.43 0.10 0.64 0.15 
186 - - - - - 0.36 0.07 0.54 0.10 
236 - - - - - 0.33 0.07 0.49 0.10 
286 - - - - - 0.46 0.07 0.68 0.10 
352 - - - - - 0.54 0.06 0.80 0.09 
421 - - - - - 0.49 0.07 0.73 0.10 
511 - - - - - 0.20 0.05 0.30 0.07 
601 - - - - - 0.55 0.07 0.82 0.10 
776 - - - - - 0.58 0.06 0.86 0.09 
966 - - - - - 0.57 0.06 0.85 0.09 

1151 - - - - - 0.69 0.05 1.03 0.07 
1325 - - - - - 0.63 0.07 0.94 0.10 
1501 - - - - - 0.54 0.06 0.80 0.09 
1800 - - - - - 0.68 0.06 1.01 0.09 
2098 - - - - - 0.68 0.06 1.01 0.09 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
2550 - - - - - 0.71 0.07 1.06 0.10 
3000 - - - - - 0.69 0.08 1.03 0.12 
3399 - - - - - 0.70 0.06 1.04 0.09 
3799 - - - - - 0.59 0.06 0.88 0.09 
4297 - - - - - 0.76 0.06 1.13 0.09 

41 - - - - - 0.38 0.06 0.57 0.09 
66 - - - - - 0.32 0.10 0.48 0.15 
76 - - - - - 0.25 0.17 0.37 0.25 

106 - - - - - 0.14 0.15 0.21 0.22 
137 - - - - - 0.25 0.11 0.37 0.16 
187 - - - - - 0.35 0.07 0.52 0.10 
236 - - - - - 0.30 0.07 0.45 0.10 
301 - - - - - 0.44 0.08 0.65 0.12 
376 - - - - - 0.49 0.06 0.73 0.09 
441 - - - - - 0.52 0.13 0.77 0.19 
501 - - - - - 0.19 0.07 0.28 0.10 
601 - - - - - 0.38 0.06 0.57 0.09 
700 - - - - - 0.47 0.06 0.70 0.09 
926 - - - - - 0.52 0.06 0.77 0.09 

1500 - - - - - 0.60 0.07 0.89 0.10 
1897 - - - - - 0.67 0.06 1.00 0.09 
3096 - - - - - 0.71 0.06 1.06 0.09 
3496 - - - - - 0.70 0.07 1.04 0.10 
3896 - - - - - 0.69 0.07 1.03 0.10 
4295 - - - - - 0.72 0.07 1.07 0.10 
4696 - - - - - 0.69 0.07 1.03 0.10 
4892 - - - - - 0.76 0.06 1.13 0.09 
5096 - - - - - 0.64 0.07 0.95 0.10 
5243 - - - - - 0.49 0.07 0.73 0.10 
5384 - - - - - 0.73 0.06 1.09 0.09 
5792 - - - - - 0.67 0.05 1.00 0.07 

2 - - - - - 0.47 0.08 0.70 0.12 
51 - - - - - 0.36 0.09 0.54 0.13 
81 - - - - - 0.46 0.15 0.68 0.22 
95 - - - - - 0.25 0.26 0.37 0.39 

125 - - - - - 0.12 0.12 0.18 0.18 
186 - - - - - 0.39 0.08 0.58 0.12 
236 - - - - - 0.37 0.07 0.55 0.10 
286 - - - - - 0.39 0.06 0.58 0.09 
391 - - - - - 0.37 0.06 0.55 0.09 
552 - - - - - 0.35 0.08 0.52 0.12 
665 - - - - - 0.43 0.09 0.64 0.13 
901 - - - - - 0.43 0.06 0.64 0.09 

1200 - - - - - 0.58 0.07 0.86 0.10 
1498 - - - - - 0.69 0.07 1.03 0.10 
1798 - - - - - 0.73 0.08 1.09 0.12 
2098 - - - - - 0.78 0.07 1.16 0.10 
2397 - - - - - 0.71 0.07 1.06 0.10 
2697 - - - - - 0.74 0.07 1.10 0.10 
2997 - - - - - 0.71 0.10 1.06 0.15 
3296 - - - - - 0.74 0.08 1.10 0.12 
3595 - - - - - 0.71 0.09 1.06 0.13 
3895 - - - - - 0.75 0.13 1.12 0.19 
4194 - - - - - 0.71 0.08 1.06 0.12 
4595 - - - - - 0.67 0.09 1.00 0.13 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
4979 - - - - - 0.76 0.09 1.13 0.13 

2 - - - - - 0.63 0.08 0.94 0.12 
40 - - - - - 0.60 0.09 0.89 0.13 
51 - - - - - 0.60 0.09 0.89 0.13 
71 - - - - - 0.21 0.14 0.31 0.21 
91 - - - - - -0.01 0.10 -0.01 0.15 

136 - - - - - 0.23 0.07 0.34 0.10 
186 - - - - - 0.30 0.06 0.45 0.09 
236 - - - - - 0.17 0.04 0.25 0.06 
286 - - - - - 0.15 0.04 0.22 0.06 
351 - - - - - 0.20 0.04 0.30 0.06 
451 - - - - - 0.19 0.05 0.28 0.07 
600 - - - - - 0.25 0.05 0.37 0.07 
801 - - - - - 0.33 0.05 0.49 0.07 
964 - - - - - 0.33 0.07 0.49 0.10 

1099 - - - - - 0.25 0.05 0.37 0.07 
1256 - - - - - 0.39 0.07 0.58 0.10 
1500 - - - - - 0.49 0.05 0.73 0.07 
1749 - - - - - 0.50 0.07 0.74 0.10 
1999 - - - - - 0.51 0.06 0.76 0.09 
2249 - - - - - 0.55 0.08 0.82 0.12 
2499 - - - - - 0.61 0.07 0.91 0.10 
2748 - - - - - 0.71 0.06 1.06 0.09 
2998 - - - - - 0.72 0.06 1.07 0.09 
3198 - - - - - 0.61 0.07 0.91 0.10 
3517 - - - - - 0.61 0.06 0.91 0.09 

Conway and John 2014 10 36.68 - - - - 0.37 0.09 0.7 - 
North Atlantic 10 - - - - 0.28 0.09 0.28 - 

75 36.68 - - - - 0.52 0.11 0.67 - 
75 - - - - 0.3 0.11 0.5 - 
75 - - - - 0.48 0.11 0.88 - 
75 - - - - 0.35 0.11 0.57 - 

125 36.68 - - - - 0.34 0.14 0.36 - 
125 - - - - 0.14 0.14 0.32 - 
125 - - - - 0.36 0.14 0.69 - 
125 - - - - 0.36 0.14 0.7 - 
125 - - - - 0.29 0.14 0.55 - 
250 36.65 - - - - 0.4 0.14 0.66 - 
250 - - - - 0.41 0.08 0.59 - 
250 - - - - 0.5 0.08 0.88 - 
500 36.28 - - - - 0.37 0.08 0.31 - 
500 - - - - 0.31 0.08 0.45 - 

1000 35.11 - - - - 0.36 0.07 0.47 - 
1000 - - - - 0.34 0.07 0.53 - 
1500 35.01 - - - - 0.35 0.07 0.52 - 
1500 - - - - 0.36 0.07 0.54 - 
2000 34.95 - - - - 0.58 0.07 0.82 - 
2000 - - - - 0.64 0.07 0.93 - 
2000 - - - - 0.51 0.07 0.72 - 
2000 - - - - 0.53 0.07 0.73 - 
2500 34.95 - - - - 0.69 0.07 1.14 - 
2500 - - - - 0.74 0.07 1.05 - 
4200 34.88 - - - - 0.35 0.07 0.69 - 

Pacific  
Labatut et al. 2014 920 34.52 -0.05 0.09 -0.07 0.13 0.34 0.07 0.51 0.10 
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Particulate Fe Dissolved Fe 
Depths Salinity δ56Fe 2𝛔 δ57Fe 2𝛔 δ56Fe 2𝛔 δ57Fe 2𝛔 

m psu ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
Equatorial Pacific 0.04 0.07 0.06 0.10 - - - - 

370 34.78 -0.05 0.12 -0.07 0.18 0.24 0.07 0.36 0.10 
-0.01 0.07 -0.01 0.10 0.30 0.07 0.45 0.10 

180 35.57 -0.48 0.1 -0.71 0.15 -0.03 0.07 -0.04 0.10 
-0.49 0.07 -0.73 0.10 - - - - 

65 34.74 0.03 0.16 0.04 0.24 0.20 0.07 0.30 0.10 
-0.01 0.07 -0.01 0.10 - - - - 

40 34.56 0.18 0.13 0.27 0.19 -0.03 0.07 -0.04 0.10 
0.08 0.07 0.12 0.10 - - - - 

799 34.5 -0.02 0.09 -0.03 0.13 0.06 0.07 0.09 0.10 
-0.03 0.07 -0.04 0.10 0.08 0.08 0.12 0.12 

- - - - 0.02 0.07 0.03 0.10 
- - - - 0.07 0.08 0.10 0.12 

321 35.09 0.04 0.07 0.06 0.10 0.29 0.07 0.43 0.10 
191 35.45 0.29 0.07 0.43 0.10 0.45 0.08 0.67 0.12 

- - - - 0.42 0.08 0.63 0.12 
- - - - 0.36 0.07 0.54 0.10 

94 34.85 0.01 0.07 0.01 0.10 0.44 0.08 0.65 0.12 
0.02 0.07 0.03 0.10 0.53 0.07 0.79 0.10 

40 34.7 0.06 0.07 0.09 0.10 - - - - 
0.04 0.07 0.06 0.10 - - - - 

916 34.51 -0.03 0.07 -0.04 0.10 - - - - 
-0.03 0.07 -0.04 0.10 - - - - 
-0.05 0.07 -0.07 0.10 - - - - 

730 34.48 0.01 0.07 0.01 0.10 0.43 0.12 0.64 0.18 
- - - - 0.44 0.07 0.65 0.10 

350 34.92 0.2 0.07 0.30 0.10 0.31 0.07 0.46 0.10 
0.2 0.07 0.30 0.10 - - - - 

200 35.53 - - - - 0.44 0.1 0.65 0.15 
0.15 - 0.22 - - - - - 

25 34.76 0.34 - 0.51 - - - - - 
0.27 - 0.40 - - - - - 
0.28 - 0.42 - - - - - 

Radic et al. 2011 14 34.66 0.26 0.07 0.39 - - - - - 
99 35.39 0.46 0.07 0.68 0.10 0.58 0.07 0.86 0.10 

140 35.54 0.14 0.08 0.21 0.12 0.31 0.08 0.46 0.12 
198 34.83 0.14 0.07 0.21 0.10 0.39 0.1 0.58 0.15 

- - - - 0.4 0.06 0.60 0.09 
400 34.68 0.15 0.08 0.22 0.12 0.01 0.06 0.01 0.09 
849 34.54 0.27 0.09 0.40 0.13 0.22 0.04 0.33 0.06 

- - - 0.22 0.05 0.33 0.07 
*numbers displayed in italic are calculated using equation
3
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