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ARTICLE INFO ABSTRACT

Editorial handling by Elisa Sacchi Chemo-lithotrophic denitrification is a crucial process that mitigates high nitrate fluxes in suboxic aquifers;

however, it bears the risk of increasing sulfate and trace metal concentrations, which are generally attributed to

Keywords: the pyrite oxidation involved. To assess trace metal release induced by this reaction, we link mineralogical-
Pyrite geochemical analyses to hydrochemical data. As an example, we investigate an area in the Lower Rhine
;ri::;emetals Embayment, a Cenozoic sedimentary basin that hosts important groundwater resources in Western Germany.
Denitrification Geochemical analysis reveals that pyrite in the sediments contains arsenic, cobalt, copper, nickel, and zinc. The

trace metals show a highly heterogeneous distribution between pyrite grains but also within individual pyrites.
Analysis of groundwater samples indicates that chemo-lithotrophic denitrification results in the release of the
aforementioned elements, except for copper. Subsequent oxidation and precipitation of a large proportion of the
released iron produces protons, which are partly buffered by carbonate dissolution. Carbonate dissolution may
be an additional trace metals source, especially for zinc. At the same time, precipitated iron(oxyhydr)oxides act
as a sink for trace metals, particularly arsenic. The study demonstrates that trace metal release induced by
chemo-lithotrophic denitrification depends on the trace metal content of pyrites, the extent of pyrite oxidation,
the abundance and composition of additional mineral phases (e.g., carbonates), and the sorption and cation
exchange capacity of the aquifer sediment.

1. Introduction

Groundwater pollution with nitrate is a common problem worldwide
(Abascal et al., 2022). High nitrate concentrations in groundwater
mainly originate from the excessive use of nitrogen-containing fertilizers
and manure, applied to maximize agricultural yields (Bohlke, 2002).
Consequently, a vast body of scientific literature addresses nitrate
attenuation in groundwater systems, for example, reviewed by Rivett
et al. (2008). One of the main processes that decreases nitrate concen-
trations in groundwater systems is denitrification. It is a microbially
mediated process in which nitrate is reduced stepwise to elemental ni-
trogen (NO; -»NO; -NO —N;0 —N5) (Jorgensen et al., 2009; Knowles,
1982; Korom, 1992; Rivett et al., 2008). These reduction steps require
electrons, provided by a suitable electron donor. In natural aquifers,
electron donors for denitrification include organic carbon and reduced
sulfur compounds such as pyrite (FeSy) (Appelo and Postma, 2005;
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Korom, 1992; Rivett et al., 2008). In the latter case, nitrate is reduced by
denitrifying microorganisms, while dissolutive pyrite oxidation supplies
the electrons required for nitrate reduction and produces sulfate and
ferrous iron. Kolle et al. (1983, 1985) first identified nitrate reduction
coupled to pyrite oxidation in the Fuhrberg Feld aquifer (Germany). The
stoichiometry of this so-called chemo-lithotrophic denitrification is
described by (Appelo and Postma, 2005; Korom, 1992; Rivett et al.,
2008):

5FeS, +14 NO; +4 H" -7 Ny +5 Fe?* 410 SO?™ + 2 H,0 )

The process of nitrate reduction coupled to pyrite oxidation was
studied in different aquifers e.g., in the Netherlands (van Beek et al.,
1989; Zhang et al., 2009, 2012), Denmark (Jessen et al., 2017; Jgrgensen
et al., 2009; Postma et al., 1991), Germany (Bottcher et al., 1990;
Houben et al., 2021; Kolle et al., 1983, 1985), and North America
(Bohlke et al., 2002; Tesoriero et al., 2000). It was found to be a key
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process for naturally lowering high nitrate concentrations in ground-
water systems affected by intensive agriculture.

Most of the past studies focused on major groundwater hydro-
chemistry, isotopic signatures, and reaction pathways; only a few
included trace metals in their analysis (e.g., Cremer, 2002; Cremer et al.,
2003; van Beek et al., 1989; Zhang et al., 2009). On the other hand, a
vast body of literature documents that natural pyrite is a sink for trace
metals such as arsenic, cadmium, cobalt, nickel, and zinc (Abraitis et al.,
2004; Huerta-Diaz et al., 1998; Huerta-Diaz and Morse, 1992). Trace
elements in pyrite can occur in several forms. They may be incorporated
into the pyrite crystal lattice through substitution for Fe or S, may be
adsorbed onto mineral surfaces, or be present as nano-to micro-scale
inclusions of other sulfide minerals (e.g., ZnS) or native elements (e.g.,
Au) (e.g., Atienza et al., 2023; Deditius et al., 2011; Gregory et al., 2019,
2022; Large et al., 2009). During oxidative dissolution of pyrite, these
trace elements can be mobilized as the mineral structure breaks down
and mineral surfaces are progressively destroyed. In addition, sulfide
inclusions may themselves undergo oxidation and thereby contribute to
the release of associated trace metals. Consequently, nitrate-induced
pyrite oxidation may effectively attenuate nitrate but bears the risk of
releasing iron, sulfate, and pyrite-bound trace metals, eventually
exceeding guideline values and recommended thresholds (Filter et al.,
2024; Houben et al., 2017; Larsen and Postma, 1997; Riedel et al., 2022;
Stuyfzand and Bonte, 2023; van Beek et al., 1989; Zhang et al., 2009).
The European Union Drinking Water Directive currently specifies the
following parametric values for the indicator parameters iron, and sul-
fate, as well as arsenic, cadmium, copper, and nickel, respectively:
0.2 mg/L, 250 mg/L, 10 pg/L, 5 pg/L, 2000 pg/L, and 20 pg/L. For
example, van Beek et al. (1989) and Zhang et al. (2009), who both
studied chemo-lithotrophic denitrification in sandy aquifers of the
Netherlands, found nickel concentrations up to 600 pg/L (van Beek
et al., 1989) and 200 pg/L (Zhang et al., 2009), respectively. Addition-
ally, van Beek et al. (1989) reported a maximum arsenic concentration
of 100 pg/L, while Zhang et al. (2009) observed zinc and cobalt con-
centrations up to 800 pg/L and 300 pg/L, respectively. Both examples
highlight the potential role of chemo-lithotrophic denitrification for
high trace metal concentrations in groundwater.

The fate of trace metals in groundwater systems strongly depends on
geochemical and hydrochemical conditions such as redox state and pH.
The pH-dependence of trace metal mobility is mainly attributed to the
adsorption of trace metals on mineral surfaces, which restricts their
mobility (Fest et al., 2005; Kjgller et al., 2004). Sorption of trace metals
is known to be highly pH-dependent as variable-charged mineral sur-
faces become increasingly protonated at low pH, being feasible for anion
adsorption, and deprotonate at higher pH, which favors the adsorption
of cations (Appelo and Postma, 2005). The nitrate-induced oxidation of
pyrite consumes protons, increasing pH and consequently increasing
cationic trace metal adsorption. However, if pyrite oxidation does not
consume the entire available nitrate, the released ferrous iron may also
act as an electron donor for further nitrate reduction. In the pH range of
natural groundwater, the resulting ferric iron undergoes hydrolysis and
subsequently precipitates e.g., as iron(oxyhydr)oxides. This reaction can
be expressed as (Appelo and Postma, 2005; Korom, 1992; Rivett et al.,
2008):

1
5Fe*" +NO; +7 H,0 — 5 FeOOH + 5 N, + 9H* @)

Hydrolysis associated with this reaction releases protons, thereby
decreasing pH. Combing equations (1) and (2) yields the following net
reaction, which releases five protons:

5FeS; +15NO; +5 H,0 - 7.5 N, 410 SO3~ +5 FeOOH + 5 H* 3

While a decreasing pH favors the unspecific adsorption of anionic
trace metal species such as arsenate, adsorption of cationic trace metal
species such as C02+, N12+, or Zn?* is lowered. On the other hand,
precipitation of iron(oxyhydr)oxides creates new adsorption sites,
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which further restrict the mobility of anionic trace metals such as
arsenate but may also counter the decrease in adsorption of cationic
trace metals.

A pH decrease may be buffered by the dissolution of carbonate
minerals, if present. Such a buffering is beneficial for the adsorption of
cationic trace metals. For example, 20 % of total zinc is adsorbed onto
ferrihydrite at pH 6, whereas rising the pH to 7 increases adsorption to
about 80 % (Appelo and Postma, 2005). However, carbonate dissolution
may also release trace metals that are adsorbed onto or incorporated
within carbonate minerals (Cremer, 2002; Cremer et al., 2003).

If groundwater in a closed system is in equilibrium with respect to
calcite, re-equilibration after acid addition will generally result in a pH
lower than the initial value, causing a net release of cationic trace
metals, either by desorption, as a direct release from trace metal con-
taining carbonates, or both. In contrast, if groundwater is undersatu-
rated with respect to calcite, carbonate dissolution occurs even without
additional proton input, and increases alkalinity and pH until equilib-
rium is approached, potentially enhancing sorption of trace metals
released during dissolution. Additional proton input to such calcite-
undersaturated groundwater will intensify carbonate dissolution; how-
ever, the resulting change in pH and the net effect on trace metal
mobility depends on groundwater composition as well as on the abun-
dance, reactivity, and trace metal content of carbonate minerals. A
quantitative assessment of these coupled processes is beyond the scope
of this study.

All of these considerations highlight that assessing trace metal
release from nitrate-induced pyrite oxidation, and the effects of poten-
tial secondary reactions, requires both an estimation of the potentially
releasable trace metal inventory of pyrite and measurements of the trace
metal concentrations actually occurring in groundwater. However, only
a few studies have directly linked the trace metal inventory of pyrite-
bearing sediments with trace metal concentrations observed in
groundwater (e.g., Cremer, 2002; Cremer et al., 2003; Houben et al.,
2017). Consequently, the extent to which pyrite oxidation associated
with chemo-lithotrophic denitrification contributes to trace metal
mobilization in groundwater systems, and the importance of subsequent
reactions remain insufficiently constrained. To address this gap, we
combine sediment geochemistry, trace metal analyses of individual
pyrite crystals, and groundwater hydrochemistry to evaluate the po-
tential for trace metal release during nitrate-driven pyrite oxidation and
its manifestation in groundwater. The study focuses on a deeper aquifer
within a multi-layer aquifer system affected by high nitrate influx,
where nitrate reduction is coupled to oxidative pyrite dissolution (che-
mo-lithotrophic denitrification), potentially releasing pyrite-bound
trace metals.

We hypothesize that nitrate-driven pyrite oxidation represents a
relevant source of trace metals to groundwater in this aquifer. Specif-
ically, we expect that (i) pyrite occurring in the aquifer sediments con-
tains measurable contents of trace metals that can be mobilized during
oxidation, and (ii) groundwater affected by nitrate reduction shows
trace metal concentrations that are consistent with the trace metal in-
ventory of pyrite.

To test this hypothesis, we (i) quantify sulfur and trace metal con-
tents in aquifer sediments from two stratigraphic units using aqua regia
digestion, (ii) determine trace metal contents in individual pyrite crys-
tals by electron microprobe analysis to assess the trace metal inventory,
(iii) analyze trace metal concentrations in groundwater from the
affected aquifer, and (iv) compare the trace metal inventory of sedi-
ments and pyrite with groundwater concentrations to identify the
geochemical processes controlling trace metal release and mobility
following nitrate reduction.
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2. Materials and methods
2.1. Study area

We investigated an area in the German federal state of North Rhine-
Westphalia. Fig. 1a and b show the location of the study area. The area is
part of the Lower Rhine Embayment (LRE), a Cenozoic rift basin. Its
subsidence has begun during the Oligocene and has occurred along
large, predominantly NW-SE-striking faults that divide the basin into
tectonic blocks (Schéafer et al., 2004, 2005; Schafer and Siehl, 2002). The
study area is located on the Venlo Block.

The LRE is mainly filled with unconsolidated Cenozoic sediments.
Marine conditions dominated during the Oligocene and Miocene,
resulting in the deposition of marine sands and peats, which turned into
lignite with burial. Regression of the North Sea since the Miocene-
Pliocene transition shifted sedimentation towards predominantly
fluvial and lacustrine environments (Klett et al., 2002; Prinz et al., 2017;
Schafer et al., 2004, 2005; Schafer and Siehl, 2002; Schafer and
Utescher, 2014). Fig. 1c shows the hydrostratigraphic column relevant
to this study based on DIN 21919-3 (2001).

This study focuses on two sedimentary units that represent con-
trasting depositional environments. The Miocene Neurath Sand (Hori-
zon 6D, hereafter Hz. 6D) consists of marine sediments, whereas the
Miocene/Pliocene Hauptkies Formation (Horizon 8, hereafter Hz. 8)
comprises sands and gravels deposited in a fluvial system (Prinz et al.,
2017; Schafer et al., 2004, 2005; Schafer and Utescher, 2014). Both units
represent important aquifers in the Lower Rhine Embayment.

The sandy to gravelly sediments of the Hauptkies Formation (Hz. 8)
exhibit a relatively high permeability. Because the clay layers of the
Rotton Formation (Hz. 9) are only partly developed in the study area,
the Hauptkies Formation is largely hydraulically connected to the
overlying Middle and Lower Reuver Sands (Hz. 11B/10), together
forming the local third aquifer (Hz. 11B-8). In contrast, the Neurath
Sand (Hz. 6D) has a distinctly lower permeability and is therefore
considered a separate aquifer. Fig. 1d and e show the subsurface struc-
ture of the study area along two cross sections.

Agricultural land use dominates within the study area and results in
nitrate concentrations up to 200-300 mg/L in the first two aquifers,
which are in an oxic state. Because deeper aquifers are under reducing
conditions and are known to contain pyrite, which can provide electrons
for denitrification, local water supply companies use deeper aquifers to
extract nitrate-free groundwater. In the study area, the local third
aquifer (Hz. 11B-8) is the most important one for groundwater extrac-
tion. Influx of nitrate into deeper aquifers happens through areas where
confining units are missing, e.g., through river erosion, so-called hy-
draulic windows (Cremer, 2015; Cremer et al., 2003; Greven et al.,
2019; Maurer and Wisotzky, 2008; Meyer et al., 2018).

2.2. Sediment sampling and analysis

In this study, we analyzed sediment samples from three boreholes.
From the first borehole, we obtained samples from the fluvial Hauptkies
Formation (Hz. 8). From boreholes two and three, we collected samples
from the marine Neurath Sand (Hz. 6D). Seven samples were taken from
different depths from each borehole.

The location of borehole one is indicated in Fig. 1b. Drilling was
performed in 2016 to 75 m below surface ordered by the public water
supplier NEW NiederrheinWasser GmbH. During drilling, cored samples
were obtained at different depths using the cone penetration technique.
Using this technique, undisturbed sediment cores (1 m in length,
100 mm in diameter) were retrieved in transparent liners. To prevent
pyrite oxidation, the liners were quickly capped in the field; liners that
were not completely filled with sediment were purged with nitrogen
before capping. The closed liners were then stored in gas-tight foil bags
filled with nitrogen and frozen at —12 °C to prevent further reactions.
For this study, we selected samples from 68.3 to 74.6 m depth below
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surface.

Boreholes two and three are horizontal boreholes, drilled by the
mining company RWE Power at the open-pit mine Garzweiler II, located
approximately 20 km south-east of the study area (see Fig. 1b). The
boreholes were drilled horizontally 10 m deep into the mine slope sec-
tion which was at the level of the Neurath Sand (Hz. 6D). Samples from
every 0.2 m section were collected in small plastic round containers. The
samples were also frozen at —12 °C. For this study, we selected samples
from the 7-10 m section of each of the two boreholes.

To prevent pyrite oxidation, we prepared the sediment samples for
further analysis in a glove box filled with argon 5.0. First, the frozen
sediment samples were thawed and dried. Then, the sediment was
sieved through a 500 pm mesh.

From the sieved material, approximately 150 g aliquots were taken
for aqua regia digestion. This digestion, involving a 1:3 ratio of
concentrated nitric (9-10 M) and hydrochloric (11-12 M) acids, is a
partial digestion method that dissolves metal sulfides, most sulfates,
carbonates, phosphates, organically bound metals, gold, platinum,
palladium, tellurides, selenides, and arsenides, while silicate minerals
remain mostly untouched. The solution obtained from aqua regia
digestion is analyzed for trace metal concentrations by inductively
coupled plasma atomic emission spectroscopy (ICP-OES) and/or mass
spectrometry (ICP-MS). For this study, aqua regia digestions and sub-
sequent ICP-OES and ICP-MS analyses (Agilent ICP-OES 5110, Agilent
ICP-MS 7900) were performed at the ALS Geochemistry geochemical
laboratory (Ireland). At the laboratory, the 150 g aliquots were pul-
verized (85 % passing 75 pm). For aqua regia digestion, 0.5 g of the
pulverized samples was used. The laboratory inserted its own geological
quality control sample MRGeo08 for overall quality control as well as an
aliquot of the certified reference material OREAS-46.

To gain deeper insights into minor to trace metal contents of indi-
vidual pyrite grains, we applied electron microprobe analysis using a
JEOL JXA-iSP100. Before analysis, five samples (two from Hz. 8 and
three from Hz. 6D) were further separated with a magnetic separator
(Frantz Isodynamic Separator). Pyrite was thereby accumulated in the
diamagnetic fractions. These fractions were used to create polished thin
sections for electron microprobe analysis at the ABC A Head thin section
laboratory (Poland). After carbon coating, the samples were examined
using backscattered electron (BSE) images. Element concentrations were
determined applying an acceleration voltage of 15 kV, a probe current of
2.5 x 1078 A, and using signals of S (Ka), Fe (Ka), Co (Ka), Ni (Ka), Cu
(La), Zn (Lo, As (La), Cd (L), and Pb (Ma). Quantification was based on
calibration with certified reference materials of pyrite (S, Fe), metal
cobalt (Co), nickeline (Ni), chalcopyrite (Cu), sphalerite (Zn), arseno-
pyrite (As), metal cadmium (Cd), and galena (Pb). Peak and background
counting times were 60 and 30 s, respectively, for Co, Ni, Cu, Zn, As, Cd,
Pb, and 20 and 10 s for S and Fe.

2.3. Groundwater sampling and analysis

We sampled a total of 29 observation wells, all screened within the
third aquifer, composed of fluvial sediments from the Middle/Lower
Reuver Sands and the Hauptkies Formation (Hz. 11B-8). The locations
are shown in Fig. 1b. Before groundwater sampling, each well was
purged until the volume of the stagnant water column had been replaced
three times, and on-site parameters (especially electrical conductivity,
pH, and temperature) stabilized. These parameters, along with the dis-
solved oxygen concentration and the redox potential Eh (calculated
from field oxidation-reduction potential), were measured using elec-
trodes (WTW-Xylem) installed in a closed flow-through cell. Observa-
tion wells with a diameter of 2" were purged using a Grundfos MP1
pump (Q ~15 L/min); wells larger than 2" in diameter were purged with
a Grundfos SQ 3-65 pump (Q ~60 L/min). For groundwater sampling,
we used a Grundfos MP1 pump along with PVC riser pipes in all
observation wells.

For sampling, approximately 1 L of fresh groundwater was collected
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through a bypass mounted to the riser pipes. The bypass included a flow-
regulating valve, allowing groundwater sampling at a flow rate of 1-2 L/
min. Aliquots for cation and dissolved trace metal analysis were filtered
(0.45 pm) into 100 mL HDPE bottles in the field. The 100 mL. HDPE
bottles were prepared with 1 mL of 65 % nitric acid (suprapur) to ensure
that the sample pH was <2. For anion analyses, unfiltered aliquots were
collected in 500 mL HDPE bottles. For transportation, all samples were
stored in a portable cooling box and then kept in a refrigerator at
approximately 6 °C until further laboratory analysis at the Federal
Institute for Geosciences and Natural Resources (BGR).

Major cation concentrations were measured using inductively
coupled plasma - optical emission spectroscopy (ICP-OES; Spectro Arcos
MV). Chloride, nitrate, and sulfate concentrations were determined
through ion chromatography (Thermo Scientific Dionex ICS-5000+,
Dionex IonPac AS19 column). Bicarbonate concentrations were
analyzed via alkalinity titration (Mettler Toledo Titration Excellence
T9). Dissolved trace metal concentrations were determined by induc-
tively coupled plasma — mass spectrometry (quadrupole ICP-MS; Agilent
7900). Drift correction and quality control were maintained by using
rhodium and bismuth as internal standards for every sample and by
measuring an external standard (TMDA 62.2) every tenth to fifteenth
sample.

The plausibility of the hydrochemical analyses was verified by
calculating the ion balance. The relative errors for all samples are within
+2 %.

2.4. Hydrochemical calculations

To assess whether the ferrous iron released by chemo-lithotrophic
denitrification is further oxidized by nitrate and precipitates according
to equation (2), we calculated theoretical iron release concentrations.
This calculation requires to distinguish excess sulfate, which is the sul-
fate resulting from pyrite oxidation, from other sulfate source such as
fertilizer inputs or gypsum dissolution. In the LRE, under agricultural
areas, sulfate and chloride typically leach into the groundwater at a
fixed ratio. Analysis of time-series data from near-surface groundwater
in the study area yields an average molar sulfate to chloride ratio of
0.74 £ 0.05 (n = 56, @ = 0.05). In a regional context, Cremer (2015)
reports — from approximately 1000 pumping and observation wells —
that this ratio is approximately 0.7 in the LRE, consistent with the locally
derived value. Sulfate to chloride ratios exceeding 0.74 serve as an in-
dicator of sulfate mobilization from the sediment due to the oxidation of
pyrite. Pyrite oxidation can occur by either oxygen or nitrate reduction.
Because we study deeper aquifers, where nitrate influx happens through
hydraulic windows, oxygen concentrations are low compared to the
inflowing nitrate concentrations, and pyrite oxidation by oxygen can be
neglected. Furthermore, no gypsum is present in the studied sediments,
eliminating the need to account for gypsum dissolution. Sulfate reduc-
tion following pyrite oxidation might reduce sulfate concentrations,
which would lead to underestimates of excess sulfate. However, our
hydrochemical data (e.g., Eh 120-484 mV) do not indicate sulfate
reduction.

The molar concentration of iron released by chemo-lithotrophic
denitrification [Fereeqseq] is calculated using molar sulfate [SO?{} and
chloride [CI"] concentrations as follows:

[Fereleu.sed} = 0'5( [Soi—] - 074[C17D (4)

The term in brackets indicates the amount of sulfate released during
chemo-lithotrophic denitrification (excess sulfate). To verify this
method for calculating excess sulfate, we compared it with a mass bal-
ance approach, using two groundwater samples located along a
groundwater flow line. For the calculations the reader is referred to the
Supplementary Material (SM1). Both methods yield similar results,
confirming the validity of the chosen calculation approach.

The quantities of released iron are only determined for samples in
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which the sulfate to chloride ratio suggests ongoing chemo-lithotrophic
denitrification (SO3~/Cl~ > 0.74). The amount of precipitated iron can
be calculated by subtracting the observed iron from the released iron.
This calculation is carried out only for samples where the released iron
exceeds the observed iron.

We used the hydrogeochemical code PHREEQC (Version 3.7.3; Par-
khurst and Appelo, 2013) to calculate total inorganic carbon (TIC),
calcite saturation, and trace metal speciation in the groundwater sam-
ples. The “minteq.v4” thermodynamic database was employed for these
calculations.

2.5. Statistical methods

We applied standard statistical measures (minimum, maximum,
mean, median, etc.) to describe the distributions of the geochemical and
hydrochemical data obtained. The data are presented using standard
graphical methods (scatter plots, box-whisker plots). To assess correla-
tions between two variables, we used the non-parametric Spearman's
rank correlation coefficient; to compare two groups, we used the non-
parametric Wilcoxon rank-sum test. Rank-based methods are usually
more robust than their parametric alternatives (Helsel et al., 2020).

3. Results and discussion
3.1. Sediment geochemistry

3.1.1. Aqua regia digestion

Fig. 2 shows the measured total sulfur and iron contents for both
geological formations — the fluvial Hauptkies Formation (Hz. 8) and the
marine Neurath Sand (Hz. 6D). In both, total sulfur content strongly
correlates with iron content. The data points lie parallel to the pyrite
reference line, which is defined by the Fe:S; mass ratio of pure, stoi-
chiometric pyrite (FeSy), i.e. 55.85 g/mol Fe to 64.12 g/mol S,. For Hz.
8, total sulfur content ranges from 0.26 wt-% to 3.0 wt-%, with a mean of
1.23 wt-% and a median of 0.71 wt-%. For Hz. 6D, contents range from
0.53 wt-% to 1.08 wt-%, with a mean and a median of 0.79 wt-%. Using
pyrite stoichiometry, these values suggest iron contents between

5
© Hz 6D; n=14
¢ Hz. 8;n=7 1
41|-=- FeS, ref. line ,,/
2 //
- 4
£ 37 ad
‘é ¥ |[rs=0.86; p=0.01
= <> vi
(0] P = //
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e
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1+ @ ,’/
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d
' d
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0 1 2 3 4 5
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Fig. 2. Correlation between total sulfur and iron together against the pyrite
reference line. rs: Spearman's rank correlation coefficient, p: p-value for rank
correlation.
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0.23 wt-% and 2.61 wt-% for Hz. 8, and between 0.46 wt-% and 0.94 wt-
% for Hz. 6D. The actual iron contents exceed these ranges, with mini-
mum, mean, median, and maximum values of 1.07 wt-%, 1.91 wt-%,
1.4 wt-%, and 3.53 wt-%, respectively, for Hz. 8, and 0.95 wt-%,
1.38 wt-%, 1.40 wt-%, and 1.86 wt-%, respectively, for Hz. 6D.

The strong, significant correlation between total sulfur and iron
contents, together with the fact that the data plot parallel to the pyrite
reference line, indicates that iron(di)sulfides, such as pyrite, are the
primary sulfur source. Both formations are known to contain pyrite. For
example, Cremer (2002) and Meyer et al. (2018) determined a mean
pyrite content of 0.14 wt-% and 0.2 wt-% as FeS,-S, respectively, for the
Hauptkies Formation (Hz. 8). The sediments of the Neurath Sand (Hz.
6D) have pyrite contents between 0.01 and 0.9 wt-% (Schulte et al.,
1997), 0.01-1.1 wt-% (Friedrich et al., 1999), and 0.6-0.9 wt-% as
FeS»-S (Cremer, 2002). Previous studies found that sulfur-free sediments
of the LRE were also pyrite-free, and that, overall, total sulfur contents
are in good agreement with pyritic sulfur contents (Cremer, 2002; Meyer
et al., 2018; Schulte et al., 1997). Therefore, total sulfur is a suitable
indicator for pyrite content in the studied sediments.

The samples from Hz. 8 exhibit a wider range of total sulfur and iron
contents than the samples from Hz. 6D. Bulk geochemical analyses of
sediment samples from the same borehole, carried out by Meyer et al.
(2018), yielded considerably lower total sulfur and iron contents, with
values ranging from 0.14 to 1.20 wt-% S and from 0.17 to 1.51 wt-% Fe,
respectively (see Supplementary Material, Table S1). Cremer (2002) also
reported conspicuously high sulfur values up to 2.2 wt-% in sediments
from the Hauptkies Formation (Hz. 8) and attributed them to
finer-grained sediment fractions. We therefore infer that the conspicu-
ously high values do not represent the typical chemical composition of
the Hauptkies Formation, but rather reflect a highly heterogeneous
sediment composition. The difference between the two investigated
formations may be attributed to their different depositional environ-
ments. While a high-energy, dynamic braided-river system deposited the
sediments of the Hauptkies Formation (Hz. 8), the sediments of the
Neurath Sand (Hz. 6D) represent shallow-marine deposits (Klett et al.,
2002; Prinz et al., 2017; Utescher et al., 2002). Braided-river systems
typically deposit sediments with highly variable and heterogeneous
characteristics, whereas marine sediments generally show less compo-
sitional variation and are more homogeneous (e.g., Boggs, 2013).

Iron contents are higher than expected from the pyrite stoichiometry,
indicating additional iron sources. In Hz. 8, excess iron accounts for
26-82 % of the total iron; in Hz. 6D, it contributes 41-61 %. In both
formations, the mean contribution is about 50 %. Possible additional
iron sources include iron(oxyhydr)oxides, e.g., as coatings on sand
grains, and iron-containing carbonates, e.g., siderite or ferrous dolomite.
The presence of both phases in the investigated aquifers was described
by Cremer (2002) and Cremer et al. (2003). Especially iron(oxyhydr)
oxides are known to be an additional source of trace metals.

Fig. 3 shows correlations between total sulfur and trace metal con-
tents, grouped by geological unit. For the fluvial Hauptkies Formation
(Hz. 8), no statistically significant correlation is found at a significance
level of 0.05. However, Spearman's rank correlation coefficients for the
correlations between total sulfur and nickel, and between total sulfur
and arsenic, are relatively high, with corresponding p-values close to
0.05. For the marine Neurath Sand (Hz. 6D), total sulfur significantly
correlates with all the trace metals considered.

Given that total sulfur is derived from pyrite, the significant corre-
lations between total sulfur and trace metal contents, together with the
small intercepts, indicate that trace metals in Hz. 6D are primarily bound
to pyrite. In contrast, for Hz. 8, the non-significant correlations, together
with large intercepts, suggest that a considerable proportion of trace
metals are not pyrite-bound. Therefore, electron microprobe analyses
were performed on individual pyrite grains to quantify the amount of
trace metals potentially released by chemo-lithotrophic denitrification.

The results will be discussed in the following.
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3.1.2. Electron microprobe analysis

Backscattered electron (BSE) images were used for a preliminary
visual screening of pyrite grains. Those images show that in the fluvial
Hauptkies Formation (Hz. 8), pyrite occurs in a variety of textures. We
observed framboids as well as framboidal structures within individual,
non-framboidal pyrite grains (see Fig. 4a and b). The latter represents a
typical intermediate stage in the formation of euhedral pyrite recrys-
tallizing from initially formed framboids. A framboidal core surrounded
by an overgrowth of pyrite characterizes a so-called sunflower texture
(Chang et al., 2022; Merinero et al., 2008, 2017; Sawlowicz, 1993;
Schoonen, 2004). In our case, these overgrowths exhibit a layered
texture and slight changes in the BSE grey scale that may reflect
impurities.

In the marine Neurath Sand (Hz. 6D), pyrite grains are considerably
smaller than those in Hz. 8. We also observed pyrite framboids and
framboidal structures within individual pyrites (see Fig. 4c and d).
However, the small grain size impedes textural analysis. Pyrites were
frequently found attached to (see Fig. 4c) or embedded in silicates.
Furthermore, we observed pyrite associated with titanium-containing
domains (see Supplementary Material, Fig. S1). In these domains, tita-
nium, iron, sulfur, and oxygen were detected. Friedrich et al. (1999) also
observed these structures and described them as ilmenite exsolution
lamellae that had been replaced by rutile. Within these structures, the
magnetite proportion is fully or partially replaced by pyrite.

Based on the visual screening, pyrite grains were chosen for point
measurements of elemental contents. The grains were selected to cover
the full range of observed textures, grain sizes, and crystal morphol-
ogies. Within each category, individual pyrite grains were picked
randomly. Overall, we analyzed 31 individual pyrite grains by electron
microprobe, 15 from the fluvial Hauptkies Formation (Hz. 8) and 16
from the marine Neurath Sand (Hz. 6D). The small grain size of pyrite
observed in Hz. 6D influences electron microprobe analysis because sub-
crystals might be smaller than the electron beam's interaction volume.
The existence of “empty” pore space between the sub-crystals thus
negatively affects the yield of fluorescence radiation. In four cases, this
resulted in total masses below 90 % (minimum 69.7 %).
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Fig. 5 summarizes the trace metal contents of the pyrites measured.
Statistical measures are provided in Tables S2 and S3 for Hz. 8 and Hz.
6D, respectively. Fig. 5, and Tables S2 and S3 are based only on values
above the respective limit of quantification. As this approach leads to a
bias to higher values, this study looks at a “worst-case” scenario.

Among the elements determined in pyrite, cadmium and lead are not
further discussed as they fall almost entirely below the limits of quan-
tification of the electron microprobe analysis.

The results of the aqua regia digestions indicate that the fluvial de-
posits of the Hauptkies Formation (Hz. 8) are more heterogeneous than
the marine sediments of the Neurath Sand (Hz. 6D) in terms of total
sulfur and iron, as well as trace metal content and the trace metal
bounding forms. It therefore stands to reason that the pyrites in both
formations also differ in their trace metal contents. Comparing the trace
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Fig. 5. Box-whisker plots of trace metal contents of pyrite measured by elec-
tron microprobe analysis. Only values above the respective limit of quantifi-
cation are shown. The boxes extend from the 25th to the 75th percentiles; the
whiskers extend from the box edges to 1.5 times the interquartile range. All
data points outside the whiskers are considered outliers (shown as closed cir-
cles). The solid lines within the boxes indicate medians, whereas diamonds
indicate means. n. total number of point measurements, n - ,o: number of
point measurements above the limit of quantification.

Pyrite

Fig. 4. Backscattered electron (BSE) images obtained from electron microprobe analysis. a) Pyrite with framboid structures, sunflower texture — sample from Hz. 8.
b) Pyrite framboid and pyrite with framboid structures — sample from Hz. 8. ¢) Pyrite framboid attached to muscovite — sample from Hz. 6D. d) Framboidal structures
within pyrite — sample from Hz. 6D. In panels a) and b), the results of point measurements are shown for arsenic (As) and nickel (Ni). DL: detection limit, LoQ: limit of

quantification.
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metal contents of both units reveals both similarities and differences. For
arsenic, the median contents are similar; however, in Hz. 8, we observed
a much greater spread, particularly toward higher values. The same
holds for cobalt. The nickel and copper contents are of the same order of
magnitude and show a similar spread in both formations; for both
metals, the contents in Hz. 6D are only slightly lower than Hz. 8. The
zinc contents of pyrite differ between the two formations with Hz. 6D
showing higher contents. Overall, the depositional environment may
influence pyrite formation and trace metal incorporation; however, our
data indicate that such differences are less pronounced between the
investigated marine and fluvial units than expected from the aqua regia
digestions.

The observed nickel contents are in good agreement with the results
published by Friedrich et al. (1999), who also studied trace metal con-
tents of pyrite in the Neurath Sand (Hz. 6D). They reported arsenic
values ranging from 0.1 wt-% to 0.38 wt-%, which are considerably
higher than those found in the present study. However, the arsenic
contents reported in the present study fall within the same range as those
observed by Houben et al. (2017) for sedimentary pyrite from the
Emsland (northern Germany). Friedrich et al. (1999) observed that co-
balt, copper, and zinc contents were below the detection limits of
0.01 wt-%, 0.01 wt-%, and 0.06 wt-%, respectively. Houben et al. (2017)
also conclude that cobalt, copper, and zinc are only minor constituents
within the investigated pyrite. In contrast, Cremer (2002) and Cremer
et al. (2003) found considerable amounts of cobalt and zinc incorpo-
rated in sulfide minerals, with cobalt contents sometimes even
exceeding nickel contents. Their results are based on a sequential
extraction technique applied to sediment columns, rather than on
electron microprobe analysis of individual pyrite grains. For cobalt, our
results are in good agreement with those reported by Cremer (2002) and
Cremer et al. (2003), while the zinc contents observed by the afore-
mentioned authors are higher than those found in our study. The zinc
contents observed in the present study are mostly below the detection
limit given by Friedrich et al. (1999). As far as we know, copper was not
reported as a considerable trace metal incorporated in the pyrite of the
Hauptkies Formation (Hz. 8) and Neurath Sand (Hz. 6D) so far. In our
analysis, copper was almost consistently above the limit of quantifica-
tion. Literature values for the copper content in pyrite, reviewed by
Abraitis et al. (2004), range from 0.00025 wt-% to 4.52 wt-%.

Comparing the results of the aqua regia digestion with those from the
electron microprobe is beneficial to assess if pyrite is the primary source
of trace metals and to identify heterogeneity in the trace metal distri-
bution in pyrite. However, a direct comparison is not possible due to the
methodological differences of both methods. Therefore, the median
trace metals contents of individual pyrites (electron microprobe) were
used to calculate theoretical, pyrite-bound trace metal contents corre-
sponding to the sulfur contents obtained with the aqua regia digestion.
This calculation is based on the assumption that all sulfur is present in
form of pyrite-sulfur. The reader is referred to the Supplementary Ma-
terial (SM2) for details about the calculation. A graphical comparison is
shown in Fig. S2. If the trace metal contents resulting from aqua regia
digestion are in good agreement with those calculated from pyrite
composition, pyrite is likely the primary trace metal source. This is
approximately true for the arsenic contents found in the marine sedi-
ments (Hz. 6D) and the nickel contents found in the fluvial sediments
(Hz. 8). If the aqua regia digestion results systematically exceed the
values calculated from pyrite composition, further trace metal sources
are likely to exist in the samples. This kind of deviation can be seen for
arsenic (Hz. 8), nickel (Hz. 6D), and Zn (Hz. 8 and Hz. 6D). In both units,
the calculated values for cobalt and copper exceed those resulting from
aqua regia digestions. This indicates that the trace metals distribution in
pyrite is highly heterogeneous, because besides the pyrites measured
with the electron microprobe, which contain relatively high cobalt and
copper contents, pyrites with low trace metal contents have to exists to
explain the results of the aqua regia digestions.

In samples from the fluvial Hauptkies Formation (Hz. 8), we
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observed a spatial zonation in the trace metal content. While arsenic and
nickel were detectable near the framboidal cores, they were below
detection limits at the edges of these pyrite grains (see Fig. 4a and b).
This suggests that arsenic and nickel might be excluded from the pyrite
crystal lattice during recrystallization or that geochemical conditions
changed after the formation of the initial framboids. Gregory et al.
(2022) also observed this kind of trace metal zonation. They found that
the initially, quickly formed framboids are surrounded by a rim of pyrite
that had formed during early diageneses and is enriched in trace metals.
During early diageneses trace metal desorption from organic matter
and/or further minerals such as iron oxides releases trace metals into the
pore water solution. This metals are then included in pyrite surrounding
the framboidal core. This observation has substantial implications
because, in this case, trace metal release from pyrite oxidation depends
on the extent of oxidation. Only small amounts would be released during
the early stages of pyrite oxidation, whereas higher amounts would be
released once the oxidation front within individual crystals reaches the
framboidal cores. Oxidation may then be intensified because the fram-
boidal structures have a higher specific surface area and are therefore
more prone to oxidation.

3.2. Groundwater chemistry

Fig. 6 illustrates the relationships between excess sulfate and trace
metal concentrations in groundwater samples of the third aquifer,
composed of fluvial sediments from the Middle/Lower Reuver Sands and
the Hauptkies Formation (Hz. 11B-8). The figure also shows the trace
metal concentrations expected for pyrite oxidation, assuming a pyrite
composition defined by the median trace metal contents of Hz. 8.
Table S4 provides relevant statistical measures. Since trace metal
mobility depends on pH, Fig. 7 shows the correlations between pH and
trace metal concentrations. Table S4, Fig. 6 and Fig. 7 are based only on
values above the respective limit of quantification. This approach in-
troduces a bias toward higher values, which may influence correlation
results.

For all trace metals except zinc the correlations between excess
sulfate and trace metal concentrations are not statistically significant.
However, for nickel, cobalt, arsenic, and zinc a tendency towards higher
trace metal concentrations with increasing excess sulfate can be infer-
red. Arsenic, cobalt and cupper concentrations are mostly below the
concentrations expected from pyrite composition. For nickel the data
points distribute above and below the expected concentrations, with a
slight tendency towards values above the expected concentrations. The
observed zinc concentrations are clearly above the concentrations ex-
pected from pyrite composition.

The calculation results of trace metal speciation are shown in the
Supplementary Material (see Fig. S3-S8). Arsenic dominantly appears in
its anionic oxidized state as HoAsOz and HAsO7 ™ in all samples, except
one where the neutral reduced H3AsO3 species is dominant. The other
trace metals are primarily present in their divalent cationic forms (M21).
In some samples, the CuCO3-complex has to be considered.

The wide range of observed excess sulfate indicates that a variety of
groundwater compositions were sampled, from samples showing no
evidence of pyrite oxidation to those with strong indications of it. Based
on previous studies (Cremer et al., 2003; Greven et al., 2019; Maurer and
Wisotzky, 2008; Meyer et al., 2018), pyrite oxidation primarily results
from chemo-lithotrophic denitrification in the studied area. Conse-
quently, an increase in trace metal concentrations accompanied with an
increase of excess sulfate, as it can be inferred for arsenic, nickel, cobalt,
and zinc, indicate that chemo-lithotrophic denitrification releases these
metals into groundwater. This observation is consistent with the find-
ings of the sediment analysis, which showed that pyrites contain the
aforementioned trace metals. We also found that copper is consistently
present in the pyrite. In contrast, the hydrochemical data do not indicate
a significant release of copper through chemo-lithotrophic denitrifica-
tion. Consistent with the low cadmium contents measured in the
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investigated pyrite, no relationship between excess sulfate and cadmium
concentrations is present.

For all trace metals there is negative correlation between pH and
trace metal concentration, which is statistically significant at a confi-
dence level of 0.05, expect for cadmium. Because excess sulfate also
shows a significant negative correlation with pH (see Supplementary
Material, Fig. S9), we infer that chemo-lithotrophic denitrification
lowers pH. While the nitrate-induced oxidation of pyrite consumes
protons (see eqn. (1)), the subsequent oxidation, hydrolysis, and pre-
cipitation of the released ferrous iron releases protons (see eqn. (2)),
resulting in a net production of one proton per mole pyrite oxidized or
0.33 mol per mole nitrate reduced (see eqn. (3)), if most of the released
ferrous iron is oxidized. In Fig. 8, the observed iron concentrations are
shown against the theoretical iron concentrations released by chemo-
lithotrophic denitrification (according to eqn. (4)). For most samples,
the calculated released iron concentration is higher than the observed
concentrations, indicating a large portion of the released iron pre-
cipitates. Four samples are in good agreement with the 1:1 line, whereas
in one sample the observed iron concentration exceeds the calculated
released concentration. On average, 90 % of the released iron must have
precipitated. These data indicate that chemo-lithotrophic denitrification
leads to the release of protons.

Freshly precipitated iron(oxyhydr)oxides might form a sink for the
released trace metals. However, the sorption of trace metals is highly
pH-dependent. Because all trace metals, except arsenic, dominantly
appear in their cationic form, sorption of these metals is expected to
decrease with decreasing pH, as the variable-charged mineral surface

become more protonated, and the positively charged surfaces repel
cations. This behavior is reflected in the negative correlations between
pH and concentrations of the cationic trace metals (Ni, Co, Zn, Cu, Cd).
For arsenic, dominantly appearing as oxyanion (HyAsOz or HAsO‘zf), an
opposite pattern would be expected, because when mineral surfaces
become more protonated, a higher attraction of the oxyanions will
occur. The observed negative correlation between pH and arsenic con-
centrations does not match this behavior. However, the correlation is
strongly influenced by the samples at the distribution tails, while a
plateau with relatively low arsenic concentrations (approximately
0.01-1 pg/L) for the pH range from 5.1 to 7 can be inferred. Most
samples fall within this range. The correlation between excess sulfate
and pH, suggest an increasing pyrite oxidation, and consequently an
increasing trace metal release in this range. Because arsenic concen-
trations remain relatively stable in this range, we infer that sorption on
iron(oxyhydr)oxides generally limits arsenic to concentrations approx-
imately between 0.1 and 1 pg/L. Because pyrite samples from Hz. 8 show
a wide range of arsenic contents, the high arsenic concentrations in
groundwater samples might be linked to areas where pyrite with high
arsenic contents predominates.

Because the observed pH values do not drop below 5, carbonate
dissolution likely provides partial buffering, while all samples remain
undersaturated with respect to calcite. Yet, the calcite content of the
sediments is low. Schulte et al. (1997) reported a typical content of
0.04 wt-% total inorganic carbon (TIC) for Hz. 6 sediments, and
Wisotzky and Obermann (2001) discussed a mean of 0.01 wt-% TIC for
tertiary sediments in the LRE. Fig. 9 shows calculated precipitated iron
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10

concentrations against pH, calcium corrected for alkalinity, and alka-
linity concentrations. While the correlation between precipitated iron
and corrected calcium shows a strong and significant positive relation-
ship, alkalinity remains approximately constant. This behavior is related
to the pH range of the samples (~5-6), in which dissolved inorganic
carbon is dominated by HoCO3* (COx2(aq) + H2CO3). Under these acidic
conditions, bicarbonate produced during carbonate buffering is readily
protonated to HoCOs*, so that alkalinity does not accumulate despite
ongoing carbonate dissolution. The total inorganic carbon (TIC) show a
general trend towards higher values with increasing iron precipitation,
however, TIC is not solely influenced by carbonate dissolution. There-
fore, the increase in corrected calcium concentrations is a better proxy
for carbonate dissolution. Using an exemplary sample pair, which is well
aligned on a groundwater flow line and shows little dispersive in-
fluences, the proton production from denitrification was compared with
the proton consumption of carbonate dissolution (see Supplementary
Material, SM3). Because proton production and consumption approxi-
mately balance, carbonate buffering triggered by iron precipitation is
very likely. Cremer et al. (2003) observed the same effect within the
Hauptkies Formation (Hz. 8) and Neurath Sand (Hz. 6D).

3.3. Comparison of sediment and groundwater chemistry

If pyrite is the sole source of trace metals and sulfur, and both would
not be affected by subsequent reactions such as sorption or precipitation
after their release, trace metal to sulfur ratios in groundwater should
mimic those of pyrite. In natural systems, however, additional sulfur
sources commonly contribute to groundwater sulfate, and subsequent
reduction of sulfate released during pyrite oxidation might occur. To
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enable a meaningful comparison between pyrite and groundwater, we
calculated trace metal to sulfur ratios for the groundwater samples using
only the excess sulfate fraction (as defined by the term in brackets in
eqn. (3)). Because our groundwater samples do not show any indications
of sulfate reduction, the calculated excess sulfate equals the sulfate
released from pyrite oxidation. In cases where sulfate reduction occurs
and parts of the released sulfate are reduced, the sum of excess sulfate
and other dissolved sulfur components such as HyS or HS™ could be a
good estimator for sulfate released from pyrite oxidation. If these “cor-
rected” trace metal to sulfur ratios of groundwater samples are
compared with the ratios of pyrite crystals, any differences between the
ratios, may indicate that the assumption that pyrite is the sole trace
metal source and no subsequent reactions occur is not valid. Fig. 10
compares the trace metal to sulfur ratios in individual pyrites from the
fluvial Hauptkies Formation (Hz. 8) with those in groundwater samples.

For arsenic, cobalt, and copper, the trace metal to sulfur ratios in the
groundwater samples are significantly lower than those in the sediment
samples (p < 0.05). This indicates that subsequent processes, such as
sorption or co-precipitation, may lower trace metal concentrations in
groundwater. Precipitation of iron(oxyhydr)oxides is evident from the
groundwater samples, and also from the aqua regia digestions.
Furthermore, iron(oxyhydr)oxides precipitation might encapsulate
partially oxidized pyrite grains, preventing further oxidation before the
oxidation front reaches zones of higher trace metal contents within in-
dividual grains.
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Fig. 10. Box-whisker plots of trace metal to sulfur ratios of sediment (Hz. 8)
and groundwater samples (Hz. 11B-8). For the groundwater samples, only
excess sulfate, released by pyrite oxidation, is used. Only values above the
respective limit of quantification are shown. The boxes extend from the 25th to
the 75th percentiles; the whiskers extend from the box ends to a distance of 1.5
times the interquartile range. All data points outside the whiskers are consid-
ered outliers (closed circles). The medians are shown as solid lines within the
boxes; the diamonds indicate the means. W: test statistic from the Wilcox test, p:
p-value from the Wilcox test.
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Arsenic primarily occurs in its oxidized, negatively charged species,
which sorb strongly on iron(oxyhydr)oxides under the observed pH
conditions. Consequently, arsenic transport after release is likely
affected by subsequent sorption processes, explaining the lower arsenic
to sulfur ratios observed in groundwater samples. In contrast, cobalt and
copper appear in their cationic forms. In particular, cobalt is less sorp-
tive under the observed pH conditions, which may be reflected in the
large spread of cobalt to sulfur ratios in the groundwater samples and
the outliers toward higher ratios. This large spread might also be the
result of a heterogeneous distribution of cobalt between and within
pyrite grains, as indicated by the deviation of sediment cobalt contents
calculated from pyrite composition and those actually observed by the
aqua regia digestions (see section 3.1.2, and Fig. S2).

For nickel, the differences in ratios between groundwater samples
and pyrite grains are not statistically significant (p > 0.05), indicating
that pyrite could be the primary source of nickel, and that after its
release the transport of nickel is not affected by subsequent process such
as sorption. This interpretation is consistent with the observed pH
values. Most samples fall in a pH range from 5 to 6; according to the
ferrihydrite database established by Dzombak and Morel (1990),
adsorption of nickel on ferrihyrite is <20 % in this pH range. However,
the spread of nickel to sulfur ratios in groundwater samples is larger than
the ratios found in pyrite. This might be linked to a variable nickel
distribution in pyrites or other secondary nickel sources, as indicated by
the aqua regia digestions for Hz. 8.

The significantly (p < 0.05) elevated zinc to sulfur ratios in the
groundwater samples compared to pyrite grains indicate an additional
source of zinc besides pyrite. The findings of the aqua regia digestions
also support this interpretation because no relationship between zinc
and total sulfur was found for Hz. 8. Furthermore, the zinc contents from
the aqua regia digestion exceed those predicted from pyrite composi-
tions. As discussed above, carbonate dissolution buffers pH. Several
authors have shown that carbonate minerals can incorporate zinc into
their crystal lattice (Lamble et al., 1997; Reeder et al., 1999; Temmam
et al., 2000). Therefore, carbonate minerals may be a source of zinc
because their dissolution directly releases zinc that is adsorbed onto or
incorporated within the mineral, while simultaneously buffering the pH
decrease caused by proton release during iron precipitation after
chemo-lithotrophic denitrification, which is beneficial for cationic trace
metal sorption.

Cremer (2002) and Cremer et al. (2003) found that the carbonates
present within the Hauptkies Formation (Hz. 8) and Neurath Sand (Hz.
6D) contain considerable amounts of nickel, cobalt, and zinc. Through
geochemical modeling for Hz. 6D, they concluded that pyrite oxidation
explains 50 % of the observed nickel concentrations (up to 200 pg/L),
and 60-90 % of the observed cobalt concentrations (up to 170 pg/L),
while the remaining percentages originate from the dissolution of trace
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metal-containing carbonate phases. In contrast, our data suggest that
nickel and cobalt concentrations in Hz. 8 may entirely result from pyrite
oxidation. Combining the zinc content in carbonates from Hz. 8, pro-
vided by Cremer (2002), which is approximately 0.03 mol zinc per mol
carbonate, with an estimated amount of carbonate required to buffer pH
allows an estimation of the amount of zinc released through the buff-
ering reaction. Following this approach, the resulting zinc concentra-
tions are much greater than those observed in the groundwater samples.
Consequently, we infer that some of the released zinc is also adsorbed.

4. Conclusions

Identifying, understanding, and quantifying relevant geochemical
reactions and their effects on the groundwater quality of aquifers used
for water supply is highly relevant. In this study, we evaluated whether
nitrate-driven pyrite oxidation represents a relevant source of trace
metals to groundwater by linking the trace metal inventory of pyrite-
bearing sediments with groundwater hydrochemistry.

Pyrite in the investigated aquifer sediments contains measurable
concentrations of the following trace metals: Co (0.08 wt-%), Cu
(0.04-0.06 wt-%), As (0.02-0.03 wt-%), Ni (0.03 wt-%), and Zn
(0.01-0.03 wt-%), supporting the hypothesis that nitrate-induced pyrite
oxidation could result in the release of trace metals. However, the fate of
released trace metals in groundwater was found to be governed by
coupled processes: (i) pyrite oxidation and its extent, (ii) subsequent
reactions such as iron(oxyhydr)oxide precipitation — on average 90 % of
the iron released by pyrite oxidation precipitates — and carbonate
dissolution buffering pH decrease, triggered by the release of protons
during the hydrolysis involved in iron precipitation, to a minimal pH of
5, and (iii) sorption capacity of mineral phases. Specifically, subse-
quently formed iron(oxyhydr)oxides provide sorption sites, especially
for arsenic, while cobalt and copper are only partially retained via
sorption or co-precipitation. In contrast, nickel is poorly retained, with
groundwater concentrations reflecting the heterogeneous distribution of
nickel in pyrite or additional sources. Carbonate dissolution is likely an
additional zinc source, because zinc concentrations in groundwater
exceed those predicted by pyrite composition.

While our groundwater samples cover a large part of the study area,
the sediment samples only represent punctual parts of the studied
aquifer. Integrating these punctual information about sediment and
pyrite composition into analyses on an aquifer-scale is challenging,
because sediment and pyrite composition typically show a large spatial
variability. This problem should be addressed in future research, e.g., by
numerical, reactive transport modeling. Such modeling studies would
also be beneficial to assess the future, long-term impacts of nitrate-
induced pyrite oxidation if nitrate inputs remain high.

Overall, this study found that trace metal mobilization during
nitrate-driven pyrite oxidation is controlled by the interplay of pyrite
composition, the extent of pyrite oxidation and subsequent reactions,
and the aquifer's sorption capacity.

Funding information

Open Access funding is enabled and organized by Project DEAL. A
scholarship for doctoral candidates supported Felix Fahrenbach's work
in accordance with the guidelines for financing early-career researchers
at RWTH Aachen University.

CRediT authorship contribution statement

Felix Fahrenbach: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology, Software, Visualization, Writing —
original draft. Thomas R. Riide: Conceptualization, Data curation,
Funding acquisition, Project administration, Resources, Supervision,
Writing — review & editing. Leonard Stoeckl: Conceptualization, Data
curation, Investigation, Writing — review & editing. Georg J. Houben:

12

Applied Geochemistry 205 (2026) 106886

Conceptualization, Funding acquisition, Project administration, Super-
vision, Writing — review & editing. Sarah E. Wiinsch: Data curation,
Formal analysis, Investigation. Sven Sindern: Conceptualization, Data
curation, Investigation, Methodology, Project administration, Supervi-
sion, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank RWE Power for providing sediment samples from two
boreholes. We also appreciate the assistance of the NEW Nieder-
rheinwasser GmbH, particularly Katharina Greven, and the Kommunale
Partner Wasser GmbH, particularly Christian Plapmann. Both gave their
permission to collect groundwater samples from their observation wells.
Furthermore, we thank the Erftverband, particularly Nils Cremer, for
providing the molar sulfate to chloride ratio for near-surface ground-
water in the Lower Rhine Embayment. Valuable support by Roman
Klinghardt during electron microprobe analyses is gratefully acknowl-
edged. We thank the associated editor and the three anonymous re-
viewers for their valuable ideas and comments, which further improved
the manuscript's quality.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apgeochem.2026.106886.

Data availability

The datasets, and Python and R scripts used for data analysis are
available on HydroShare (Fahrenbach et al., 2026). The Python scripts
depend on the following packages: numpy (Harris et al., 2020), pandas
(McKinney, 2010), matplotlib (Hunter, 2007), and scipy (Virtanen et al.,
2020). The R script depends on the readxl library (Wickham and Bryan,
2025).

References

Abascal, E., Gémez-Coma, L., Ortiz, L., Ortiz, A., 2022. Global diagnosis of nitrate
pollution in groundwater and review of removal technologies. Sci. Total Environ.
810, 152233. https://doi.org/10.1016/j.scitotenv.2021.152233.

Abraitis, P.K., Pattrick, R.A.D., Vaughan, D.J., 2004. Variations in the compositional,
textural and electrical properties of natural pyrite: a review. Int. J. Miner. Process.
74, 41-59. https://doi.org/10.1016/j.minpro.2003.09.002.

Appelo, C.A.J., Postma, D., 2005. Geochemistry, Groundwater and Pollution, ed. A.A.
Balkema Publishers, Leiden. https://doi.org/10.1201/9781439833544.

Atienza, N.M.M., Gregory, D.D., Taylor, S.D., Swing, M., Perea, D.E., Owens, J.D.,
Lyons, T.W., 2023. Refined views of ancient ocean chemistry: tracking trace element
incorporation in pyrite framboids using atom probe tomography. Geochem.
Cosmochim. Acta 357, 1-12. https://doi.org/10.1016/j.gca.2023.07.013.

Bohlke, J.-K., 2002. Groundwater recharge and agricultural contamination. Hydrogeol.
J. 10, 153-179. https://doi.org/10.1007/s10040-001-0183-3.

Bohlke, J.K., Wanty, R., Tuttle, M., Delin, G., Landon, M., 2002. Denitrification in the
recharge area and discharge area of a transient agricultural nitrate plume in a glacial
outwash sand aquifer, Minnesota. Water Resour. Res. 38. https://doi.org/10.1029/
2001WR000663, 10-1-10-26.

Boggs, S., 2013. Principles of Sedimentology and Stratigraphy, fifth edition (Person New
International Edition). Pearson Education Limited, Harlow.

Bottcher, J., Strebel, O., Voerkelius, S., Schmidt, H.-L., 1990. Using isotope fractionation
of nitrate-nitrogen and nitrate-oxygen for evaluation of microbial denitrification in a
sandy aquifer. J. Hydrol. 114, 413-424. https://doi.org/10.1016/0022-1694(90)
90068-9.

Chang, J., Li, Y., Lu, H., 2022. The morphological characteristics of authigenic pyrite
formed in marine sediments. J. Mar. Sci. Eng. 10, 1533. https://doi.org/10.3390/
jmsel0101533.

Cremer, N., 2002. Schwermetalle im Grundwasser Nordrhein-Westfalens unter
besonderer Beriicksichtigung des Nickels in tieferen Grundwasserleitern der
Niederrheinischen Bucht [Heavy metals in the groundwater of North Rhine-


https://doi.org/10.1016/j.apgeochem.2026.106886
https://doi.org/10.1016/j.apgeochem.2026.106886
https://doi.org/10.1016/j.scitotenv.2021.152233
https://doi.org/10.1016/j.minpro.2003.09.002
https://doi.org/10.1201/9781439833544
https://doi.org/10.1016/j.gca.2023.07.013
https://doi.org/10.1007/s10040-001-0183-3
https://doi.org/10.1029/2001WR000663
https://doi.org/10.1029/2001WR000663
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref5
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref5
https://doi.org/10.1016/0022-1694(90)90068-9
https://doi.org/10.1016/0022-1694(90)90068-9
https://doi.org/10.3390/jmse10101533
https://doi.org/10.3390/jmse10101533
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref10
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref10
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref10

F. Fahrenbach et al.

Westphalia, with particular emphasis on nickel in deeper aquifers of the Lower Rhine
Embayment]. Besondere Mitteilungen Zum Deutschen Gewasserkundlichen
Jahrbuch. Landesumweltamt Nordrhein-Westfalen, Essen.

Cremer, N., 2015. Nitrat im Grundwasser - Konzentrationsniveau, Abbauprozesse und
Abbaupotential im Tatigkeitsbereich des Erftverbands [Nitrate in Groundwater —
concentration levels, Degradation Processes, and Potential within the working area
of the Erftverband]. Erftverband, Bergheim.

Cremer, N., Obermann, P., Wisotzky, F., 2003. Mobilization of nickel, cobalt and arsenic
in a multi-aquifer formation of the lower rhine valley: identification and modeling of
the processes controlling metal mobility. In: Schulz, H.D., Hadeler, A. (Eds.),
Geochemical Processes in Soil and Groundwater: Measurement, Modelling,
Upscaling. Presented at the GeoProc 2002. Wiley, Deutsche
Forschungsgemeinschaft, Weinheim, pp. 3-18.

Deditius, A.P., Utsunomiya, S., Reich, M., Kesler, S.E., Ewing, R.C., Hough, R., Walshe, J.,
2011. Trace metal nanoparticles in pyrite. Ore Geol. Rev. Nanogeosci. Ore Syst. Res.:
PrinciplesMethods Appl. 42, 32-46. https://doi.org/10.1016/].
oregeorev.2011.03.003.

DIN 21919-3, 2001. Bergménnisches Risswerk - Stratigraphie - Teil 3: regionale und
lokale Gliederungen; Braunkohle [Mine plans — stratigraphy — part 3: regional and
local subdivisions; lignite]. https://doi.org/10.31030/9179933.

Dzombak, D.A., Morel, F.M.M., 1990. Surface Complexation Modeling: Hydrous Ferric
Oxide. Wiley, New York.

Fahrenbach, F., Riide, T.R., Stoeckl, L., Houben, G.J., Wiinsch, S.E., Sindern, S., 2026.
Trace Metal Release Induced by chemo-lithotrophic Denitrification in Deeper
Aquifers of the Lower Rhine Embayment, Germany [Dataset], HydroShare. https://
doi.org/10.4211/hs.9817cal8b4d74e438d5aaldcObbc3a27.

Fest, E.P.M.J., Temminghoff, E.J.M., Griffioen, J., Van Riemsdijk, W.H., 2005. Proton
buffering and metal leaching in sandy soils. Environ. Sci. Technol. 39, 7901-7908.
https://doi.org/10.1021/es0505806.

Filter, J., Schroder, C., El-Athman, F., Dippon-Deissler, U., Houben, G.J., Mahringer, D.,
2024. Nitrate-induced mobilization of trace elements in reduced groundwater
environments. Sci. Total Environ. 927, 171961. https://doi.org/10.1016/j.
scitotenv.2024.171961.

Friedrich, G., Dohrmann, R., Jochum, J., Echle, W., Wiechowski, A., Lang, R., Ribeiro-
Rodrigues, L.C., 1999. Mineralinhalt und Spurenelementverteilung im Neurather
Sand - Thre Bedeutung fiir die Freisetzung umweltrelevanter Metalle beim
Braunkohleabbau im Niederrheinischen Revier [Mineralogy and trace element
distribution in the Neurath Sand and the release of potentially hazardous metals
during lignite mining in the Lower Rhine district]. Z. Angew. Geol. 45, 37-48.

GD, N.R.W., 2025. Excerpt from the Geological Subsurface Model of the Lower Rhine
Embayment, Submodel Venlo Block 2019. Geological Survey of North Rhine-
Westfalia (GD), Krefeld.

Gregory, D., Mukherjee, 1., Olson, S.L., Large, R.R., Danyushevsky, L.V., Stepanov, A.S.,
Avila, J.N., Cliff, J., Ireland, T.R., Raiswell, R., Olin, P.H., Maslennikov, V.V.,
Lyons, T.W., 2019. The formation mechanisms of sedimentary pyrite nodules
determined by trace element and sulfur isotope microanalysis. Geochem.
Cosmochim. Acta 259, 53-68. https://doi.org/10.1016/j.gca.2019.05.035.

Gregory, D.D., Lyons, T.W., Large, R.R., Stepanov, A.S., 2022. Ground-truthing the pyrite
trace element proxy in modern euxinic settings. Am. Mineral. 107, 848-859. https://
doi.org/10.2138/am-2022-8024.

Greven, K., Schindler, R., Riide, T.R., 2019. Nitratabbaupotential ein einem tertiaren
Aquifer der Wassergewinnung Amern der NEW NiederrheinWasser GmbH - teil 2:
in-situ Bestimmung des Nitratabbaus [Nitrate degradation potential in a tertiary
aquifer at the water wining site Amern of the NEW NiederrheinWasser GmbH - part
2: in-situ determination of nitrate degradation]. Korresp. Wasserwirtsch. 12, 32-37.

Harris, C.R., Millman, K.J., van der Walt, S.J., Gommers, R., Virtanen, P.,

Cournapeau, D., Wieser, E., Taylor, J., Berg, S., Smith, N.J., Kern, R., Picus, M.,
Hoyer, S., van Kerkwijk, M.H., Brett, M., Haldane, A., del Rio, J.F., Wiebe, M.,
Peterson, P., Gérard-Marchant, P., Sheppard, K., Reddy, T., Weckesser, W.,
Abbasi, H., Gohlke, C., Oliphant, T.E., 2020. Array programming with NumPy.
Nature 585, 357-362. https://doi.org/10.1038/541586-020-2649-2.

Helsel, D.R., Hirsch, R.M., Ryberg, K.R., Archfield, S.A., Gilroy, E.J., 2020. Statistical
methods in water resources. In: Techniques and Methods (No. 4-A3). U.S. Geological
Survey, Reston, VA. https://doi.org/10.3133/tm4A3.

Houben, G.J., Post, V.E.A., Groger-Trampe, J., Pesci, M.H., Siiltenfu8, J., 2021. On the
propagation of reaction fronts in a sandy aquifer over 20+ years: lessons from a Test
site in Northwestern Germany. Water Resour. Res. 57, €2020WR028706. https://
doi.org/10.1029/2020WR028706.

Houben, G.J., Sitnikova, M.A., Post, V.E.A., 2017. Terrestrial sedimentary pyrites as a
potential source of trace metal release to groundwater — a case study from the
Emsland, Germany. Appl. Geochem. 76, 99-111. https://doi.org/10.1016/j.
apgeochem.2016.11.019.

Huerta-Diaz, M.A., Tessier, A., Carignan, R., 1998. Geochemistry of trace metals
associated with reduced sulfur in freshwater sediments. Appl. Geochem. 13,
213-233. https://doi.org/10.1016/50883-2927(97)00060-7.

Huerta-Diaz, M.A., Morse, J.W., 1992. Pyritization of trace metals in anoxic marine
sediments. Geochem. Cosmochim. Acta 56, 2681-2702. https://doi.org/10.1016/
0016-7037(92)90353-K.

Hunter, J.D., 2007. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9, 90-95.
https://doi.org/10.1109/MCSE.2007.55.

Jessen, S., Postma, D., Thorling, L., Miiller, S., Leskeld, J., Engesgaard, P., 2017. Decadal
variations in groundwater quality: a legacy from nitrate leaching and denitrification
by pyrite in a sandy aquifer. Water Resour. Res. 53, 184-198. https://doi.org/
10.1002/2016WR018995.

13

Applied Geochemistry 205 (2026) 106886

Jorgensen, C.J., Jacobsen, O.S., Elberling, B., Aamand, J., 2009. Microbial oxidation of
pyrite coupled to nitrate reduction in Anoxic groundwater sediment. Environ. Sci.
Technol. 43, 4851-4857. https://doi.org/10.1021/es803417s.

Kjgller, C., Postma, D., Larsen, F., 2004. Groundwater acidification and the mobilization
of trace metals in a sandy aquifer. Environ. Sci. Technol. 38, 2829-2835. https://doi.
org/10.1021/es030133v.

Klett, M., Eichhorst, F., Schéfer, A., 2002. Facies interpretation from well logs applied to
the Tertiary lower Rhine basin fill. Neth. J. Geosci. 81, 167-176. https://doi.org/
10.1017/5001677460002240X.

Kolle, W., Strebel, O., Bottcher, J., 1985. Formation of sulfate by microbial
denitrification in a reducing aquifer. Water Supply 3, 35-40.

Kolle, W., Werner, P., Strebel, O., Bottcher, J., 1983. Denitrifikation in einem
reduzierenden Grundwasserleiter [Denitrification by pyrite in a reducing aquifer].
Vom Wasser 61, 125-147.

Knowles, R., 1982. Denitrification. Microbiol. Rev. 46, 43-70. https://doi.org/10.1128/
mr.46.1.43-70.1982.

Korom, S.F., 1992. Natural denitrification in the saturated zone: a review. Water Resour.
Res. 28, 1657-1668. https://doi.org/10.1029/92WR00252.

Lamble, G.M., Reeder, R.J., Northrup, P.A., 1997. Characterization of heavy metal
incorporation in calcite by XAFS spectroscopy. J. Phys. IV France 7. https://doi.org/
10.1051/jp4:1997238. C2-793-C2-797.

Large, R.R., Danyushevsky, L., Hollit, C., Maslennikov, V., Meffre, S., Gilbert, S., Bull, S.,
Scott, R., Emsbo, P., Thomas, H., Singh, B., Foster, J., 2009. Gold and trace element
zonation in pyrite using a laser imaging technique: implications for the timing of
gold in orogenic and carlin-style sediment-hosted deposits. Econ. Geol. 104,
635-668. https://doi.org/10.2113/gsecongeo.104.5.635.

Larsen, F., Postma, D., 1997. Nickel mobilization in a groundwater well field: release by
pyrite oxidation and desorption from manganese oxides. Environ. Sci. Technol. 31,
2589-2595. https://doi.org/10.1021/es9610794.

McKinney, W., 2010. Data structures for statistical computing in python. In: van der
Walt, S., Millman, J. (Eds.), Proceedings of the 9th Python in Science Conference,
pp. 56-61. https://doi.org/10.25080/Majora-92bf1922-00a.

Merinero, R., Cardenes, V., Lunar, R., Boone, M.N., Cnudde, V., 2017. Representative size
distributions of framboidal, euhedral, and sunflower pyrite from high-resolution X-
ray tomography and scanning electron microscopy analyses. Am. Mineral. 102,
620-631. https://doi.org/10.2138/am-2017-5851.

Merinero, R., Lunar, R., Martinez-Frias, J., Somoza, L., Diaz-del-Rio, V., 2008. Iron
oxyhydroxide and sulphide mineralization in hydrocarbon seep-related carbonate
submarine chimneys, Gulf of Cadiz (SW Iberian Peninsula). Mar. Petrol. Geol. 25,
706-713. https://doi.org/10.1016/j.marpetgeo.2008.03.005.

Meyer, B., Schindler, R., Riide, T.R., 2018. Nitratabbaupotential ein einem tertiaren
Aquifer der Wassergewinnung Amern der NEW NiederrheinWasser GmbH - teil 1:
auswertung von hydrochemischen Daten und Sedimentanalysen [Nitrate
degradation potential in a tertiary aquifer at the water wining site Amern of the NEW
NiederrheinWasser GmbH - part 1: evaluation of hydrochemical data and sediment
analyses]. Korresp. Wasserwirtsch. 11, 27-33.

Maurer, D., Wisotzky, F., 2008. Prognose zur Entwicklung der Nitrat- und
Sulfatkonzentration in einem tiefen Grundwasserleiter durch hydrogeochemische
Untersuchungen [Hydrogeochemical investigations and prediction of nitrate and
sulphate concentrations in a deep aquifer]. Grundwasser 13, 208-219. https://doi.
org/10.1007/s00767-008-0087-4.

Parkhurst, D.L., Appelo, C.A.J., 2013. Description of input and examples for PHREEQC
version 3: a computer program for speciation, batch-reaction, one-dimensional
transport, and inverse geochemical calculations. Techniques and Methods (No. 6-
A43). U.S. Geological Survey, Reston, VA. https://doi.org/10.3133/tm6A43.

Postma, D., Boesen, C., Kristiansen, H., Larsen, F., 1991. Nitrate reduction in an
unconfined sandy aquifer: water chemistry, reduction processes, and geochemical
modeling. Water Resour. Res. 27, 2027-2045. https://doi.org/10.1029/
91WRO00989.

Prinz, L., Schafer, A., McCann, T., Utescher, T., Lokay, P., Asmus, S., 2017. Facies
analysis and depositional model of the serravallian-age Neurath Sand, Lower Rhine
Basin (W Germany). Neth. J. Geosci. 96, 211-231. https://doi.org/10.1017/
njg.2016.51.

Reeder, R.J., Lamble, G.M., Northrup, P.A., 1999. XAFS study of the coordination and
local relaxation around Co?*, Zn?*, Pb%*, and Ba>" trace elements in calcite. Am.
Mineral. 84, 1049-1060. https://doi.org/10.2138/am-1999-7-807.

Riedel, T., Kiibeck, C., Quirin, M., 2022. Legacy nitrate and trace metal (Mn, Ni, As, Cd,
U) pollution in anaerobic groundwater: quantifying potential health risk from “the
other nitrate problem.”. Appl. Geochem. 139, 105254. https://doi.org/10.1016/j.
apgeochem.2022.105254.

Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W.N., Bemment, C.D., 2008. Nitrate
attenuation in groundwater: a review of biogeochemical controlling processes.
Water Res. 42, 4215-4232. https://doi.org/10.1016/j.watres.2008.07.020.

Sawlowicz, Z., 1993. Pyrite framboids and their development: a new conceptual
mechanism. Geol. Rundsch. 82, 148-156. https://doi.org/10.1007/BF00563277.

Schiéfer, A., Utescher, T., Klett, M., Valdivia-Manchego, M., 2005. The Cenozoic Lower
Rhine Basin - rifting, sedimentation, and cyclic stratigraphy. Int. J. Earth Sci. 94,
621-639. https://doi.org/10.1007/s00531-005-0499-7.

Schifer, A., Utescher, T., Mors, T., 2004. Stratigraphy of the Cenozoic lower rhine Basin,
northwestern Germany. Newsl. Stratigr. 40, 73-110. https://doi.org/10.1127/0078-
0421/2004,/0040-0073.

Schéfer, A., Siehl, A., 2002. Rift tectonics and syngenetic sedimentation - the Cenozoic
Lower Rhine Basin and related structures. Neth. J. Geosci. 81, 145-147. https://doi.
0rg/10.1017/5S001677460002237X.


http://refhub.elsevier.com/S0883-2927(26)00210-6/sref10
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref10
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref10
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref11
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref11
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref11
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref11
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref12
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref12
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref12
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref12
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref12
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref12
https://doi.org/10.1016/j.oregeorev.2011.03.003
https://doi.org/10.1016/j.oregeorev.2011.03.003
https://doi.org/10.31030/9179933
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref15
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref15
https://doi.org/10.4211/hs.9817ca18b4d74e438d5aa1dc0bbc3a27
https://doi.org/10.4211/hs.9817ca18b4d74e438d5aa1dc0bbc3a27
https://doi.org/10.1021/es0505806
https://doi.org/10.1016/j.scitotenv.2024.171961
https://doi.org/10.1016/j.scitotenv.2024.171961
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref19
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref19
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref19
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref19
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref19
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref19
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref20
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref20
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref20
https://doi.org/10.1016/j.gca.2019.05.035
https://doi.org/10.2138/am-2022-8024
https://doi.org/10.2138/am-2022-8024
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref23
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref23
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref23
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref23
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref23
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.3133/tm4A3
https://doi.org/10.1029/2020WR028706
https://doi.org/10.1029/2020WR028706
https://doi.org/10.1016/j.apgeochem.2016.11.019
https://doi.org/10.1016/j.apgeochem.2016.11.019
https://doi.org/10.1016/S0883-2927(97)00060-7
https://doi.org/10.1016/0016-7037(92)90353-K
https://doi.org/10.1016/0016-7037(92)90353-K
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1002/2016WR018995
https://doi.org/10.1002/2016WR018995
https://doi.org/10.1021/es803417s
https://doi.org/10.1021/es030133v
https://doi.org/10.1021/es030133v
https://doi.org/10.1017/S001677460002240X
https://doi.org/10.1017/S001677460002240X
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref38
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref38
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref37
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref37
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref37
https://doi.org/10.1128/mr.46.1.43-70.1982
https://doi.org/10.1128/mr.46.1.43-70.1982
https://doi.org/10.1029/92WR00252
https://doi.org/10.1051/jp4:1997238
https://doi.org/10.1051/jp4:1997238
https://doi.org/10.2113/gsecongeo.104.5.635
https://doi.org/10.1021/es9610794
https://doi.org/10.25080/Majora-92bf1922-00a
https://doi.org/10.2138/am-2017-5851
https://doi.org/10.1016/j.marpetgeo.2008.03.005
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref47
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref47
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref47
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref47
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref47
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref47
https://doi.org/10.1007/s00767-008-0087-4
https://doi.org/10.1007/s00767-008-0087-4
https://doi.org/10.3133/tm6A43
https://doi.org/10.1029/91WR00989
https://doi.org/10.1029/91WR00989
https://doi.org/10.1017/njg.2016.51
https://doi.org/10.1017/njg.2016.51
https://doi.org/10.2138/am-1999-7-807
https://doi.org/10.1016/j.apgeochem.2022.105254
https://doi.org/10.1016/j.apgeochem.2022.105254
https://doi.org/10.1016/j.watres.2008.07.020
https://doi.org/10.1007/BF00563277
https://doi.org/10.1007/s00531-005-0499-7
https://doi.org/10.1127/0078-0421/2004/0040-0073
https://doi.org/10.1127/0078-0421/2004/0040-0073
https://doi.org/10.1017/S001677460002237X
https://doi.org/10.1017/S001677460002237X

F. Fahrenbach et al.

Schafer, A., Utescher, T., 2014. Origin, sediment fill, and sequence stratigraphy of the
Cenozoic Lower Rhine Basin (Germany) interpreted from well logs. Z. Dtsch. Ges.
Fiir Geowiss. 165, 287-314. https://doi.org/10.1127/1860-1804/2014/0062.

Schneider, H., Thiele, S., 1965. Geohydrologie des Erftgebiets [Geohydrology of the Erft
area]. Minist. Ernahr. Landwirtsch. u. Forsten Nordrhein-Westf., Diisseldorf.

Schoonen, M.A.A., 2004. Mechanisms of sedimentary pyrite formation. In: Sulfur
Biogeochemistry - past and Present. Geological Society of America. https://doi.org/
10.1130/0-8137-2379-5.117.

Schulte, U., StrauB, H., Bergmann, A., Obermann, P., 1997. Isotopenverhaltnisse der
Schwefel- und Kohlenstoffspezies aus Sedimenten und tiefen Grundwéssern der
Niederrheinischen Bucht [Isotope ratios of sulfur and carbon species from sediments
and deep groundwater in the Lower Rhine Embayment]. Grundwasser 2, 103-110.
https://doi.org/10.1007/5767-1997-8531-4.

Stuyfzand, P.J., Bonte, M., 2023. A critical review of arsenic occurrence, fate and
transport in natural and modified groundwater systems in the Netherlands. Appl.
Geochem. 150, 105596. https://doi.org/10.1016/j.apgeochem.2023.105596.

Temmam, M., Paquette, J., Vali, H., 2000. Mn and Zn incorporation into calcite as a
function of chloride aqueous concentration. Geochem. Cosmochim. Acta 64,
2417-2430. https://doi.org/10.1016/50016-7037(00)00375-6.

Tesoriero, A.J., Liebscher, H., Cox, S.E., 2000. Mechanism and rate of denitrification in
an agricultural watershed: Electron and mass balance along groundwater flow paths.
Water Resour. Res. 36, 1545-1559. https://doi.org/10.1029/2000WR900035.

Utescher, T., Mosbrugger, V., Ashraf, A.R., 2002. Facies and paleogeography of the
Tertiary of the Lower Rhine Basin - sedimentary versus climatic control. Neth. J.
Geosci. 81, 185-191. https://doi.org/10.1017/50016774600022423.

14

Applied Geochemistry 205 (2026) 106886

van Beek, C.G.E.M., Hettinga, F.A.M., Straatman, R., 1989. The effects of manure
spreading and acid deposition upon groundwater quality at Vierlingsbeek, the
Netherlands. In: Proceedings of the Symposium Held During the Third IAHS
Scientific Assembly. Presented at the IAHS Scientific Assembly. IAHS Publ.,
Baltimore, pp. 155-162.

Virtanen, P., Gommers, R., Oliphant, T.E., Haberland, M., Reddy, T., Cournapeau, D.,
Burovski, E., Peterson, P., Weckesser, W., Bright, J., van der Walt, S.J., Brett, M.,
Wilson, J., Millman, K.J., Mayorov, N., Nelson, A.R.J., Jones, E., Kern, R., Larson, E.,
Carey, C.J., Polat, 1., Feng, Y., Moore, E.W., VanderPlas, J., Laxalde, D., Perktold, J.,
Cimrman, R., Henriksen, 1., Quintero, E.A., Harris, C.R., Archibald, A.M., Ribeiro, A.
H., Pedregosa, F., van Mulbregt, P., SciPy 1.0 Contributors, 2020. SciPy 1.0:
fundamental algorithms for scientific computing in python. Nat. Methods 17,
261-272. https://doi.org/10.1038/s41592-019-0686-2.

Wickham, H., Bryan, J., 2025. Readxl: read excel files. R package version 1.4.5. https
://doi.org/10.32614/CRAN.package.readxl.

Wisotzky, F., Obermann, P., 2001. Acid mine groundwater in lignite overburden dumps
and its prevention — the Rhineland lignite mining area (Germany). Ecol. Eng. 17,
115-123. https://doi.org/10.1016,/50925-8574(00)00152-X.

Zhang, Y.-C., Slomp, C.P., Broers, H.P., Bostick, B., Passier, H.F., Bottcher, M.E.,
Omoregie, E.O., Lloyd, J.R., Polya, D.A., Van Cappellen, P., 2012. Isotopic and
microbiological signatures of pyrite-driven denitrification in a sandy aquifer. Chem.
Geol. 300-301, 123-132. https://doi.org/10.1016/j.chemge0.2012.01.024.

Zhang, Y.-C., Slomp, C.P., Broers, H.P., Passier, H.F., Cappellen, P.V., 2009.
Denitrification coupled to pyrite oxidation and changes in groundwater quality in a
shallow sandy aquifer. Geochem. Cosmochim. Acta 73, 6716-6726. https://doi.org/
10.1016/j.gca.2009.08.026.


https://doi.org/10.1127/1860-1804/2014/0062
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref61
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref61
https://doi.org/10.1130/0-8137-2379-5.117
https://doi.org/10.1130/0-8137-2379-5.117
https://doi.org/10.1007/s767-1997-8531-4
https://doi.org/10.1016/j.apgeochem.2023.105596
https://doi.org/10.1016/S0016-7037(00)00375-6
https://doi.org/10.1029/2000WR900035
https://doi.org/10.1017/S0016774600022423
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref69
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref69
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref69
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref69
http://refhub.elsevier.com/S0883-2927(26)00210-6/sref69
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.32614/CRAN.package.readxl
https://doi.org/10.32614/CRAN.package.readxl
https://doi.org/10.1016/S0925-8574(00)00152-X
https://doi.org/10.1016/j.chemgeo.2012.01.024
https://doi.org/10.1016/j.gca.2009.08.026
https://doi.org/10.1016/j.gca.2009.08.026

	Trace metal release induced by chemo-lithotrophic denitrification in deeper aquifers of the Lower Rhine Embayment, Germany
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sediment sampling and analysis
	2.3 Groundwater sampling and analysis
	2.4 Hydrochemical calculations
	2.5 Statistical methods

	3 Results and discussion
	3.1 Sediment geochemistry
	3.1.1 Aqua regia digestion
	3.1.2 Electron microprobe analysis

	3.2 Groundwater chemistry
	3.3 Comparison of sediment and groundwater chemistry

	4 Conclusions
	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


