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A – Sample information 

  
Figure A1: Lake Terra Nova in the Netherlands with lake property information and the three coring sites (A-C). 
(Adapted from (Münch et al., 2023)). 

The criteria for sampling site selection, the sediment samples and their chemical analysis used in this 
study are described in detail in (Münch et al., 2023). For all the depth-resolved sediment analysis, one 
core from stations A, B and C each were used. Total elemental content, sequential extraction and 
porewater analysis were performed on cores A, B and C. Depth profiles displaying averages represent 
the averaged data from the three cores A, B and C. Correlations of data from chemical analysis were 
calculated using data from all three cores.  

As illustrated in Figure 1 of the main paper, the three sediment cores are comparable when it comes to 
total elemental content. Due to availability of sample material, sediment from two different cores were 
used for the XAS measurements. Cores from sites A and B were selected for XAS measurements since 
the sedimentation regime at these two sites is comparable to each other, as opposed to site C (Münch 
et al., 2023). Depth-resolved bulk-XAS measurements were performed on core B, the focused-beam 
XAS measurements were performed on core A. Correlations of data gained by chemical analysis and 
XAS were calculated using only data from the core the XAS measurements were done on.   
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B – Fe K-edge XAS 
B1 – Fe K-edge reference spectra 

 
Figure B1-1: Reference spectra used for linear combination fitting of the collected Fe K-edge µ-XANES spectra. 
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B2 – Fe K-edge bulk XAS spectra 

 
Figure B2-1: Depth-resolved bulk Fe K-edge EXAFS (A) and XANES (B) spectra (grey) and linear combination 
fits (black). EXAFS (C) and XANES (D) spectra of the references used for linear combination fits. Details on the 
references are available in ESI Table B1-1. The LCF data is available in ESI Tables B3-1 and -2.  
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B3 – Fe K-edge bulk XAS LCF data 

Table B3-1: LCF results from the analysis of the bulk XANES and EXAFS spectra of sediment samples from a core from station B. Fitted fractions normalized to unity are listed 
together with the effective sum of the fitted fractions. The r-factor indicates the normalized sum of the squared residuals of the fits. 

 XANES LCF EXAFS LCF 
Depth 
(cm) 

fitted 
sum 

r-factor Fe(III)-HA Fe(II)aq CaFeP Smectite Biotite Pyrite fitted 
sum 

r-factor Fe(III)-HA Fe(II)aq CaFeP Smectite Biotite Pyrite 

1 1.00 5 E-5 0.11 0.06 0.26 0.24 0.10 0.22 0.96 4 E-3 0.16 0.04 0.32 0.15 0.12 0.20 
2 1.00 6 E-5 0.14 0.06 0.25 0.24 0.10 0.21 0.96 4 E-3 0.14 0.04 0.34 0.16 0.13 0.19 
3 1.00 7 E-5 0.11 0.07 0.24 0.24 0.10 0.24 0.95 4 E-3 0.16 0.04 0.29 0.17 0.13 0.20 
5 1.00 9 E-5 0.09 0.07 0.21 0.25 0.10 0.28 0.96 4 E-3 0.05 0.06 0.35 0.19 0.12 0.23 
6 1.00 1 E-4 0.07 0.07 0.23 0.26 0.09 0.28 0.96 5 E-3 0.01 0.06 0.39 0.19 0.12 0.23 
7 1.00 1 E-4 0.10 0.06 0.19 0.26 0.10 0.28 0.96 5 E-3 — 0.05 0.39 0.20 0.12 0.24 
9 1.00 1 E-4 0.05 0.06 0.17 0.26 0.11 0.36 0.95 4 E-3 — 0.05 0.32 0.20 0.12 0.30 
12 1.00 1 E-4 0.01 0.06 0.15 0.26 0.11 0.41 0.96 5 E-3 — 0.06 0.29 0.19 0.12 0.35 
14 1.00 1 E-4 — 0.05 0.13 0.27 0.12 0.44 0.97 6 E-3 0.04 0.05 0.20 0.20 0.13 0.39 
16 1.00 1 E-4 — 0.04 0.12 0.26 0.11 0.46 0.98 5 E-3 — 0.05 0.23 0.19 0.11 0.41 
20 1.00 1 E-4 — 0.04 0.10 0.25 0.13 0.49 0.98 3 E-3 — 0.06 0.19 0.20 0.11 0.44 
24 1.00 9 E-5 — 0.04 0.10 0.30 0.16 0.41 1.00 7 E-3 — 0.07 0.21 0.22 0.14 0.37 
28 1.00 9 E-5 — 0.04 0.10 0.31 0.15 0.41 1.00 4 E-3 — 0.06 0.22 0.20 0.13 0.38 
32 1.00 8 E-5 — 0.06 0.13 0.32 0.15 0.34 0.98 5 E-3 0.04 0.07 0.24 0.21 0.14 0.30 
36 1.00 8 E-5 — 0.07 0.13 0.32 0.15 0.33 0.98 5 E-3 0.01 0.09 0.26 0.22 0.13 0.29 

Table B3-2: Averages and standard deviations of the XANES and normalized EXAFS LCFs in fractions of total Fe.  

 Average of XANES & EXAFS LCFs Standard deviation 
Depth 
(cm) 

Fe(III)-HA Fe(II)aq CaFeP Smectite Biotite Pyrite Fe(III)-HA Fe(II)aq CaFeP Smectite Biotite Pyrite 

1 0.14 0.052 0.29 0.20 0.11 0.21 0.02 0.009 0.03 0.04 0.01 0.01 
2 0.14 0.05 0.29 0.20 0.11 0.20 0.001 0.01 0.04 0.04 0.02 0.01 
3 0.14 0.06 0.27 0.21 0.11 0.22 0.03 0.01 0.02 0.04 0.02 0.02 
5 0.07 0.069 0.28 0.22 0.11 0.25 0.02 0.005 0.07 0.03 0.01 0.02 
6 0.04 0.065 0.31 0.23 0.11 0.25 0.03 0.006 0.08 0.04 0.01 0.02 
7 0.05 0.057 0.3 0.23 0.11 0.26 0.05 0.003 0.1 0.03 0.01 0.02 
9 0.03 0.053 0.25 0.23 0.115 0.33 0.03 0.004 0.08 0.03 0.009 0.03 
12 0.01 0.058 0.22 0.22 0.114 0.38 0.01 0.001 0.07 0.04 0.002 0.03 
14 0.02 0.047 0.16 0.23 0.120 0.41 0.02 0.001 0.03 0.03 0.005 0.03 
16 — 0.048 0.18 0.23 0.113 0.44 — 0.006 0.05 0.03 0.002 0.02 
20 — 0.05 0.15 0.22 0.120 0.46 — 0.01 0.05 0.03 0.007 0.02 
24 — 0.05 0.15 0.26 0.15 0.39 — 0.02 0.06 0.04 0.01 0.02 
28 — 0.05 0.16 0.25 0.141 0.40 — 0.01 0.06 0.05 0.006 0.02 
32 0.02 0.064 0.19 0.27 0.141 0.32 0.04 0.07 0.24 0.21 0.14 0.30 
36 0.005 0.08 0.20 0.27 0.139 0.31 0.01 0.09 0.26 0.22 0.13 0.29 
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B4 – Fe K-edge µ-XANES LCF data 

Table B4-1: LCF results for the average Fe µ-XANES spectra collected on two sediment samples from 2 and 40 cm depth in fractions of total Fe. The results are shown 
normalized to a sum of unity, together with the effective sum of the fitted fractions. 

  XANES LCF 
Depth 
(cm) 

Average spectrum fitted sum r-factor Fe(III)-HA Fe(II)aq CaFeP Smectite Biotite Pyrite Greigite Mackinawite Hematite Vivianite 

2 Type 1 t-T1-Fe 1.01 9 E-4 — 0.20 0.14 0.25 0.15 0.26 — — — — 
 Type 2 t-T2-Fe 1.00 1 E-3 — 0.06 0.00 — 0.05 0.88 — — — — 
 Type 3 t-T3-Fe 1.01 7 E-4 — 0.13 0.07 0.18 0.13 0.50 — — — — 
 Region 1 t-R1-Fe 1.02 2 E-2 — 0.20 — — 0.36 — 0.44 — — — 
 Region 2 t-R2-Fe 1.01 2 E-3 — 0.09 — 0.06 — 0.46 0.39 — — — 
 Region 3 t-R3-Fe 1.01 4 E-3 — — — 0.11 0.17 — 0.51 — — 0.21 
 Region 4 t-R4-Fe 1.01 2 E-3 — — 0.10 — — 0.26 — 0.41 — 0.23 
40 Type 1 b-T1-Fe 1.01 8 E-4 — 0.14 0.07 0.32 0.26 0.21 — — — — 
 Type 2 b-T2-Fe 1.01 7 E-4 — 0.12 — 0.22 — 0.43 0.23 — — — 
 Type 3 b-T3-Fe 1.01 9 E-4 — 0.13 0.05 0.22 0.18 0.41 — — — — 
 Type 4 b-T4-Fe 1.01 9 E-4 — 0.04 — 0.02 0.09 0.85 — — — — 
 Region 1 b-R1-Fe 1.01 2 E-3 — — — 0.33 0.33 — 0.15 — — 0.19 
 Region 2 b-R2-Fe 1.01 1 E-3 — 0.11 — 0.28 0.51 0.10 — — — — 
 Region 3 b-R3-Fe 1.00 3 E-3 0.13 — — — — — 0.65 0.19 — 0.03 
 Region 4 b-R4-Fe 1.00  -  — — — — — 1 — — — — 
 Region 5 b-R5-Fe 1.01 3 E-3 — 0.11 — — — 0.09 — — 0.81 — 
 Region 6 b-R6-Fe 1.01 1 E-3 — 0.13 — 0.44 — — 0.27 — 0.17 — 
 Region 7 b-R7-Fe 1.01 2 E-3 — 0.20 0.18 0.10 0.06 0.47 — — — — 
 Region 8 b-R8-Fe 1.01 2 E-3 — 0.15 0.06 0.14 0.26 0.39 — — — — 
 Spot 1 b-S1-Fe 1.00  -  — — — — — — — 1 — — 
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C – P K-edge XAS 
C1 – P K-edge reference spectra 

 
Figure C1-1: Reference P K-edge XANES spectra (details in ESI Table C1-1). 

C2 – P K-edge bulk XANES spectra 

 

Figure C2-1: Depth-resolved bulk P K-edge XANES spectra (grey) and linear combination fits (black) with 
contribution of P references according to LCF annotated for each spectrum. 
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C3 – P K-edge bulk XANES LCF data 

Table C3-1: LCF results of the bulk XANES spectra of samples from specific depth in fractions of total P. The 
results are shown normalized to sum one with the initial sum indicated in the respective column. 

 XANES LCF 
Depth 
(cm) 

fitted sum r-factor DNA Mg-IP6 Fe-IP6 Apatite 

2 1.00 1 E-3 0.42 0.58 — — 
8 1.00 3 E-3 0.48 0.53 — — 
38 1.00 2 E-3 0.15 0.85 — — 
40 1.00 8 E-4 0.29 0.71 — — 

C4 – P K-edge µ-XANES LCF data 

Table C4-1: LCF results of the average P µ-XANES spectra collected on two samples from 2 and 40 cm depth in 
fractions of total P. The results are shown normalized to sum one with the initial sum indicated in the respective 
column. 

  XANES LCF 
Depth 
(cm) 

Average spectrum fitted sum r-factor DNA Mg-IP6 Fe-IP6 Apatite 

2 Type 1 t-T1-P 1.00 6 E-4 0.40 0.53 — 0.06 
 Spot 1 t-S1-P 1.00 2 E-3 0.15 0.10 0.53 0.23 
 Spot 2 t-S2-P 1.00 2 E-3 — — — 1.00 
40 Type 1 b-T1-P 1.00 1 E-3 0.32 0.66 0.02 — 
 Type 2 b-T2-P 1.00 5 E-3 — — — 1.00 
 Region 1 b-R1-P 1.00 2 E-3 0.12 0.39 0.14 0.35 

D – spatially resolved micro-focused X-ray fluorescence (XRF) and XAS analysis 
D1 – Photon flux induced beam damage 
The first µ-XANES spectra that were collected using the focused beam at ID21 at ESRF were collected 
as 4 repeats to test for beam damage. Indeed, the 4 spectra collected on point of interest (poi) 31198 
(dwell time 0.1s) show clear alteration of the sample material due to the irradiation, in this case the 
oxidation of Fe(II) in pyrite to Fe(III) (Figure D1-1). The beam damage starts with the second scan, but 
only becomes pronounced with the third scan. Due to this observation, the measurement strategy was 
changed to single spectra at many points instead of repeats.  

  
Figure D1-1: Repeat µ-XANES spectra measured on poi 31189 indicating beam damage in form or oxidation of 
Fe(II) in pyrite to Fe(III) . Beam damage is most pronounced beginning with the 3rd scan. 

Nevertheless, the sequence of first mapping the sample surface and then measuring point spectra 
probably caused some alteration to the sample material, most notably to the highly amorphous, low 
density Fe(III) phases associated to organic matter. Photoreduction of Fe(III) to Fe(II) coupled to 
oxidation of organic ligands is a well-known phenomenon (Abrahamson et al., 1994; Krizek et al., 1982; 
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Terzano et al., 2013) and its likelihood increases with increasing brilliance of synchrotron radiation 
beamlines (Bras et al., 2021).  

In our samples, LCF of the XAS spectra systematically indicated more Fe(III) in the bulk phase than 
when measured spatially resolved with the focused beam as µ-XANES. To exclude beamline effects, 
the results of the different XAS measurements of the sediment sample from 2 cm depths were 
compared. The bulk XANES spectra measured at SUL-X (measured in transmission mode) and at ID21 
(measured in fluorescence mode) were identical, once the ID21 measurement was self-absorption 
corrected (self-absorption of Fe(OH)3(H2O)160 with water content optimized to obtain a good pre-edge) 
(Figure D1-2A). According to LCF the bulk sediment consists of ca. 50% amorphous Fe(III) (Fe(III)-HA 
and CaFeP) (Figure D1-2B). As an approximation to a bulk phase measured by µ-XAS using the 
focused beam, the merged µ-XANES spectrum Type 1 (t-T1-Fe) was used, which represents the most 
abundant phase at 2 cm depth, with its individual spectra collected across the entire sample. The µ-
XANES spectrum of Type 1 is similar in shape to the two bulk spectra, but with the edge-step slightly 
shifted to lower energies, indicating higher abundance of Fe(II) (Figure D1-2A). This is reflected in the 
LCF, which needed Fe(II)aq, considerably less CaFeP and no Fe(III)-HA for a good fit (Figure D1-2B).  

 
Figure D1-2: Comparison of XANES spectra collected on a bulk sample from 2 cm depth of core B at the SUL-X 
beamline at KIT (bulk SUL-X), a sample from 2 cm depth of core A collected at the ID21 beamline at ESRF in 
unfocused mode (bulk ID21) and in focused mode (µ-XAS Type 1) (A). The µ-XAS spectrum represents the most 
abundant phase based on comparison of all the µ-XAS spectra collected on this sample. Results of linear 
combination fitting of all three spectra show an overall shift towards Fe(II) in the spectra recorded in focused mode 
(B). 



Münch et al., Environ. Sci.: Processes Impacts, 2024, DOI: 10.1039/D4EM00402G 
Electronic supplementary information 

9 

 

D2 – Identity of the µ-XANES spectra and µ-XRF maps 

Table D2-1: Identity of the µ-XANES spectra (points of interest, poi). Spectra recorded at 2400 eV were collected in triplicates. 

  top : 2 cm depth bottom : 40 cm depth 

Element Energy (eV) Average spectrum spectra ID (poi) Found on µXRF map (roi) Average spectrum spectra ID (poi) Found on µXRF map (roi) 

Fe 7200 t-T1-Fe 31282, -84-90 
31303-04, -06-13 
31316-26 
31353, 31356-61 
31362-68 

31280 
31302 
31314 
31340 
31189 

b-T1-Fe 31425-29 
31444 
31471-75 
31457-31501, -03, -06 

31419 
31375 
31455 
31370 

  t-T2-Fe 31197 
31213-14, -16 
31198 
31233-42 
31341-50 

31220 
 
31189 
31232 
31339 

b-T2-Fe 31401-06 
31446-47,- 51-53 
31456-57, -63-65, -68-70 

31396 
31375 
31455 

  t-T3-Fe 31209-10, -12 
31305 
31354-55 
31364 

31220 
31302 
31340 
31189 

b-T3-Fe 31445, -48-49 
31461-62, -66-67 

31375 
31455 

  t-R1-Fe 31292-95, -97-31301 31291 b-T4-Fe 31397-31400 
31450 
31504 

31396 
31375 
31370 

  t-R2-Fe 31329-32, 35-37 31328 b-R1-Fe 31433-38, -40-42 31432 
  t-R3-Fe 31351-52 31340 b-R2-Fe 31409-11, -14-18 31408 
  t-R4-Fe 31333-34, -38 31328 b-R3-Fe 31486, 88-90, 92, 94 31376 
     b-R4-Fe 31385-90 31381 
     b-R5-Fe 31420-24 31419 
     b-R6-Fe 31458-60 31455 
     b-R7-Fe 31491, -93, -95 31376 
     b-R8-Fe 31412-13 31408 
     b-S1-Fe 31487 31376 
P 2400 t-T1-P 31621-22 

31625-26 
31627-30 
31632, 34-35 

31620 
31624 
31221 
31223 

t-T1-P 31539-42 
31559-60 
31565-66 

31534 
31556 
31372 

  t-S1-P 31631 31221 t-T2-P 31523-24 
31552-53 
31557-58 

31512 
31513 
31556 

  t-S2-P 31617 31189 t-R1-P 31531-33 31529 



Münch et al., Environ. Sci.: Processes Impacts, 2024, DOI: 10.1039/D4EM00402G 
Electronic supplementary information 

10 

 

Table D2-2: Identity of the µ-XRF maps (region of interest, roi). 

  top : 2 cm depth bottom : 40 cm depth 

Element Energy (eV) Figure µXRF map ID (roi) Resolution (µm) Figure µXRF map ID (roi) Resolution (µm) 

Fe 7200 4A 31173_37784 10 4E 31369_37945 10 
  4B, 4C 31223_37823 2 4F, 4G 31372_37955 2 
  5A 31302_37874 0.5 5F.1 31376_37958 2 
  5B 31340_37925 0.5 5G.1 31375_37956 2 
  5C 31189_37796 0.5 5H 31370_37952 2 
  5D 31328_37901 0.5 5I 31419_37996 0.5 
  F-1B 31221_37818 2 5K 31396_37974 0.5 
     5L 31381_37965 2 
     5M 31408_37985 0.5 
     5N 31432_38007 0.5 
P 2400 4D 31223_38146 2 4H 31372_38095 2 
  5E 31221_38152 2 5F.2 31376_38090 2 
     5G.2 31375_38097 2 
     5J 31556_38124 0.5 

E – porewater composition 

 
Figure E-1: Porewater composition of the cores form stations A, B and C, the same cores as were used for 
sequential extractions and XAS measurements. Please not the different units of the x-axes.   
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F – Mn distribution in the sediment solid phase 

Mn and Fe are collocated in the large aggregates with comparatively low elemental densities with 
relative higher Mn contents at 2 cm depth (Figure F-1A) than at 40 cm depth (Figure F1-B), Correlation 
of the fluorescence intensities of Fe and Mn on selected areas on µ-XRF maps from each depth, further 
support that Fe and Mn are probably present in the same co-precipitate (Figure F-1, Figure F-2). At 
2 cm depth this co-precipitate contains approximately twice as much Mn than at 40 cm depth, as is 
reflected in the slope of the linear fit when plotting fluorescence intensities of Fe against those of Mn 
(Figure F-2). 

To reduce the effect of an interference of the K-α emission of Fe with the K-β emission of Mn, the µ-
XRF maps shown in Figure F-1 were fitted without fixing non-linear parameters such as peak position 
and width (Solé et al., 2007). 

For the correlation of Fe and Mn relative intensities (Figure F-2), areas on the µ-XRF maps of large 
aggregates were selected with low abundance of Fe hotspots reflecting iron-sulfide particles. The Fe 
and Mn fluorescence intensities were plotted against each other and fitted using linear regression forced 
though the origin. 

 
Figure F-1: µ-XRF maps showing Fe, Mn and Ca distribution collected at 7200 eV on samples from 2 cm depth (A 
) and 40 cm depth (B). Both maps correspond to maps shown in the main manuscript: (A) Figure 5E (measured at 
Fe K-edge energy) and (B) Figure 5H, and (F) Figure 5M. The identities of the maps are listed in ESI Table D1-1. 
The white rectangles designate the part of the map that was used for correlation of Fe and Mn shown in Figure F-
2. 

  
Figure F-2: Correlation of the relative intensities of the fluorescence of Fe and Mn on selected areas of two µ-XRF 
maps collected on samples from 2 cm (blue circles, Figure F-1 A) and 40 cm (red triangles, Figure F1-B), 
respectively. Linear regression fits forced through the origin are shown as lines of the respective color with the 
slope annotated next to the respective data points.  
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