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1. Location, morphology, and hydrological regime of the study site  

The sampling site was in the Heuckenlock wildlife reserve in the limnic part of the Elbe Estuary upstream of 
Hamburg harbor in northern Germany. The 100 ha reserve is strongly influenced by meso-tidal dynamics, and 
the average tidal range is 3.0 m. The site has two riverbank ridges parallel to the river and separated by a 
mudflat bank. There is a distinct creek bank crest along the boundary of the tidal channel and a relatively flat 
bank platform, both adjacent to the second riverbank ridge (Figure S1). When the samples were collected (in 
1985 and 1988), the subtidal bank platform was covered by water for an average of ∼3 h and exposed to air 
for ∼9 h each tidal cycle. During the inundation period, the mean rate at which aerated river water percolated 
through the mudflat soil was 0.25 µL s−1 cm−2, meaning that ∼67 % of the pore water was completely replaced 
in one tidal cycle (Kerner et al., 1990). The sampling site was densely overgrown with stands of common 
reeds (Phragmites australis (Cav.) Trin. Ex Steud). The reed stands acted as sediment traps, causing the level 
of the creek bank at the sampling site to increase at a net rate of 4.0 cm a−1 (Bigalke et al., 2012). Sedimentation 
in the creek bank area was dominated by allochthonous fine particles (>80% silt and clay with grain size <63 
µm) and OM, forming a fine silty mixed Aquic Udifluvent with a water content of 70% w/w and a cation 
exchange capacity  of 300–500 meq kg−1 (Miehlich and Melchior, 1985). The strong intertidal sedimentation 
regime (4 cm a−1; Bigalke et al., 2012) was only slightly modulated by seasonal growth and dieback of 
macrophytes, most of the macrophyte biomass being flushed away by tides in winter.  

 

Fig. S1. Profile of the Heuckenlock natural wildlife reserve with the sampling site labelled “S” a little more 
than 100 m from the dyke (from Bigalke et al., 2012). 
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2. Hydraulic properties of the soil 

The mudflat was inundated semi-diurnally by flood tides 58 times each month to 0.1 to 1 m deep, 
depending on the spring/neap tide cycle. The inundation cycle triggered advective flow of river water through 
the soil, but not for long enough to saturate the soil fully to the top because the bank was inundated for a 
maximum of a few hours (3 h on average). The solely downward flow with net infiltration of river water 
through the mudflat soil and net discharge of pore water across the bank edge was attributed to the topography 
of the sampling site. The tidal channels, being ∼2 m deeper, continued to allow pore water to be discharged 
from the soil during ebb tides. The top 20 cm of soil was therefore characterized as an asynchronous recharge 
zone that de-saturated during ebb tides, allowing air to enter the pore spaces. Water infiltration during the 
following flood tide partly re-saturated the soil but also to trapped air bubbles. The wet conditions would have 
strongly impaired oxygen diffusion into the soil. However, the tidally forced advective downward water flow 
would have allowed oxygen to penetrate deeper into the soil for longer than would otherwise be the case. This 
could have slowed down the use of alternative electron acceptors during OM decomposition. Diurnal pore 
water exchange would clearly have been an important mechanism for nutrient and trace element mass transfer. 
Pore water residence times and discharge volumes at the bank edge would have been controlled by the 
hydraulic properties of the soil (Kerner et al., 1986). The mean hydraulic conductivity, 2.6 × 10−6 m s-1 (15 
cm d−1 at a porosity of 70 %) (Kerner and Wallmann, 1992), was at the lower end of the range of values 
previously found for marshes, 1.7·10−6 to 1.2·10−5 m s−1 (Harvey et al., 1987). Up to 10 L m−2 of river water 
was found to drain through the permeable soil during one tidal cycle. Over a number of tidal cycles, water 
infiltrating the soil would percolate towards the bank edge during successive ebb tides until it was eventually 
discharged back into the river with a then increased load of solutes. The water table at the sampling site 
approximately 2 m from the bank edge fluctuated diurnally between a minimum of 22 cm during ebb tide and 
a maximum of 8 cm depth during flood tide determined by water depth gauges near the sampling site. Semi-
diurnal water table fluctuation of up to 14 cm triggered strong biogeochemical dynamics and mass transfer 
with a maximum at ∼12 cm. 

3. Sequential extraction method 

Sequential extraction procedures were developed to evaluate the binding forms and mobility of trace metals 
in contaminated soil and sediments (Kersten and Förstner, 1989). The chemical extractants used in the 
extraction procedures clearly lack specificity in terms of element speciation as defined by IUPAC. 
Nonetheless, sequential extraction remains one of the few readily available tools for investigating the forms 
in which metals are bound to natural particulate matter. It is important to stress that the sequential extraction 
procedure was not performed using dried subsamples, although it is easier than using wet subsamples and 
therefore has until recently been used in many studies (e.g., Izquierdo et al., 2017). This is because drying 
changes the fractionation patterns and therefore gives incorrect results (Kersten and Förstner, 1986; Wallmann 
et al., 1993; Vodyanitskii and Minkina, 2020). Two portions of the subsample were obtained in the glove box 
from each fresh 2 cm slice of soil core. The glove box was purged of oxygen using flow by Ar because it is 
heavier than air and thus effectively clears air from bottles (unlike the lighter N2 gas). One portion was 
removed from the glove box, dried in an oven and then weighed to allow for the solid content to be determined 
and therefore the metal concentrations to be calculated on a dry matter basis. The second portion of ∼1 g wet-
weight was placed in a centrifuge tube.  
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Fig. S2. Sequential extraction results for Mn and Fe for the mudflat soil samples collected in 1988.  

 
Five fractions (F1–F5) were extracted in sequence according to the following procedure:  

(F1) The easily extractable fraction comprising mainly exchangeable cations. The sample was shaken 
with 10 mL of 1 M NH4OAc at pH 7 for 2 h.  
(F2) Mainly soluble carbonates and more strongly bound cations. The residue from F1 extraction step 
was shaken with 20 mL of HOAc buffered to pH 5 using 1 M NaOAc for 5 h.  
(F3) Mainly metals bound to poorly crystalline Fe oxyhydroxides. The residue from the F2 extraction 
step was shaken with 50 mL of 0.1 M aqueous oxalate buffer at pH 3 for 24 h in the dark.  
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(F4) Oxidizable phases, e.g., sulphides and metals bound by OM. The residue from the F3 extraction 
step was digested twice in 10 mL of 30% H2O2 at pH 2, evaporated almost to dryness, and then shaken 
with 50 mL of 1 M NH4OAc in 6% HNO3 for 12 h at room temperature. 
(F5) Residual metal fraction. The residue from the F4 extraction step was digested with boiling aqua 
regia.  

 
The F1–F3 extractions were performed at room temperature inside an Ar-filled glove box and the solutions 
used had been Ar-purged to remove any dissolved oxygen. The supernatant was separated after extraction by 
centrifuging and passing through membrane filter, then the residue was washed once with deionized water, 
which was discarded. The chemical extraction methods are not mineral selective, but the F1 and F2 extractions 
have been found to extract Mn and Fe carbonates, while the F3 extraction is the most common procedure for 
extracting so-called “reactive” Fe oxyhydroxides. This oxalate-extractable Feo represents short-range-ordered 
oxyhydroxides such as ferrihydrite and nano-crystalline goethite. The last “residual” fraction F5 is not 
important in terms of early-diagenetic transformations but was considered useful for comparing the sum of 
the Cd concentrations in all of the fractions with the total metal concentration in the HNO3/HF digest 
concentrations used for the Cd isotope analysis, being a maximum of 25 % lower. The reliability of the 
sequential extraction method was assessed by analysing the reference materials BCR CRM 601 and 701. The 
results for Fe and Mn are shown in Fig. S2, while those for Cd are shown in main text (Fig. 1).  
 

4. Cadmium isotope analyses 

The results for the quality control samples summarized in Table S1 indicate that the Cd isotope ratio 
measurements were robust. The reference material - Montana Soil II - generally fitted the matrix and the Cd 
concentrations in the Heuckenlock soil samples well but the Sn concentrations found in the purified samples 
were different. The Cd:Sn concentration ratios for the purified samples were lower for the Montana Soil II 
sample (< 700) than the Heuckenlock soil samples (27−213). This indicates that the Heuckenlock soil samples 
were strongly enriched in Sn and that the sample purification method did not fully removed Sn. Therefore, 
doping tests by adding Sn to Cd isotope standard were performed to determine the extent to which Sn 
interfered with the Cd isotope ratios. It can be seen from Figure S3 that Sn in a sample caused a non-linear 
decrease in the isotope ratio (i.e., the Cd isotope ratios shifted towards lighter values as the Sn concentration 
increased). A Sn doping experiment performed when the analytical method was established (Sieber et al., 
2019) indicates that isobaric interferences induced by Sn on 112Cd, 114Cd, and 116Cd can be corrected up to a 
Cd:Sn mass ratio of 20 (Table S2). The results of the doping experiment also indicate that the correction was 
more effective at higher Cd concentrations (e.g., 10 µg L−1) than lower Cd concentrations (e.g., 1 µg L−1). The 
method used for the Sn doping experiment was almost the same as the method used to analyse the Sn-rich 
Heuckenlock soil samples except that we measured 117Sn instead of 118Sn and at 100 µg L−1 instead of 10 µg 
L−1. Note that 117Sn is about three times less abundant than 118Sn but the high Cd concentrations in the 
Heuckenlock samples caused the average 114Cd signal strength to be 5V, which was three to four times higher 
than the signal strength found in the Sn doping experiment at 10 µg L−1. The analytical conditions for the 
doping experiment were therefore quite comparable to the analytical conditions for the Heuckenlock soil 
samples. Similar Sn doping experiments performed in other laboratories have also shown that a Cd:Sn ratio 
of 20 can be robustly corrected under similar analytical conditions such as analytical instrumentation, sample 
acidity, Cd concentration, and double spike technique (Li et al., 2019; Liu et al., 2018; Tan et al., 2019).  
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When performing the Sn correction procedure in the Sn doping experiment and on the Heuckenlock samples, 
it was assumed that the Sn isotope abundances did not change during the sample purification procedure. 
Therefore, sensitivity analyses were calculated by simulating different Sn isotope fractionation scenarios to 
determine to what extent Sn isotope fractionation could affect the mass interference correction of the Cd 
isotope ratios (Figure S4). The sensitivity analyses indicate that a large amount of Sn isotope fractionation 
would be required to markedly change the Cd isotope ratio (> 4‰/amu). When the Sn isotope fractionation 
found for δ122/118Sn is ∼0.5‰ (Creech et al. 2017), it is very unlikely that Sn isotope fractionation in the column 
changes and induces a bias by the Cd interference corrections. Together, the Sn doping experiments and 
sensitivity analysis results indicated that the Sn correction of the Heuckenlock soil sample results was robust.  

 

Table S1 Summary of the Cd isotope ratio quality control results. 

 

 

Table S2 Sn doping experimental results. 

 

 

sample ID reference Cd 
concentration

recovery 
digestion

[mg (kg dry weight)-1] %b

mean mean mean ±sdf nc mean mean ±2sdf mean ±2sdf nc

Muenster Cd Münster Cd NA NA NA NA NA 4.49d 0.05 4.49 0.08 5

BAM BAM IO12 NA NA NA NA NA -1.33d 0.04 -1.32 0.06 5

Montana Soil II NIST SRM 2711a 54.1 51.8 0.97 6 96 0.57e 0.02 0.55 0.04 6
ameasured in unpurfied samples wtith  single collector  Q-ICPMS
bequal to [reference concentration] / [measured concentration] *100
cnumber of processing replicates (individually digested, purified for isotope analysis, and measured for concentrations and/or isotope ratios for teh Montana Soil II) or analytical 
replicates for Muenster Cd and BAM.
dvalues taken from interlaboratory coparison published in Abouchami et al. (2013)
esvalues taken from Borovička et al. 2021, Liu et al. 2019, Tan et al. 2020, and Li et al. 2018 
fvalues represent one or two times the standard deviation of the mean of n = x processing or analytical replicates. 

measured Cd 
concentrationa

reference 
Cd isotope 

ratio

measured 
Cd isotope 

ratio

[mg (kg dry weight)-1] [g (kg soil)-1] [g (kg soil)-1]

Sample Cd (ppb) Sn (ppb) Cd:Sn (ng/ng) δ114/110Cd 2SD
NIST 3108 + double spike (1:1) + Sn 1 0.1 10 -0.34 0.36
NIST 3108 + double spike (1:1) + Sn 1 0.2 5 -0.04 0.38
NIST 3108 + double spike (1:1) + Sn 1 0.5 2 -0.88 0.33
NIST 3108 + double spike (1:1) + Sn 1 1.0 1 -1.89 0.29

NIST 3108 + double spike (1:1) + Sn 10 0.1 100 0.03 0.09
NIST 3108 + double spike (1:1) + Sn 10 0.2 50 -0.08 0.09
NIST 3108 + double spike (1:1) + Sn 10 0.5 20 -0.06 0.10
NIST 3108 + double spike (1:1) + Sn 10 1.0 10 -0.27 0.12
NIST 3108 + double spike (1:1) + Sn 100 1.0 100 -0.01 0.03
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Fig. S3. Effect of Sn correction on the Cd isotope ratio. 

 

 

Fig. S4. Results of the sensitivity analyses performed to determine the potential effect of Sn isotope 
fractionation during sample purification on the Cd isotope ratio using two samples with comparable high 
impurities of Sn (Cd:Sn mass ratios 27 and 51). Sn isotope fractionation is expressed in ‰ per atomic mass 
unit. 
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