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Background
Over the last few decades, shallow geothermal systems (<  400  m depth) have been 
increasingly utilized as renewable energy sources and storage systems for heating and 
cooling for domestic and public use (e.g., Bayer et al. 2012; Blum et al. 2010; Fridleifsson 
et al. 2009; Lund et al. 2011). Aquifer thermal energy storage (ATES) facilities directly 
use aquifers for seasonal storage of thermal energy. In summer, groundwater is produced 
from the storage aquifer, heated up with excess energy, and reinjected into the aquifer. 
In winter, the stored thermal energy is withdrawn from the water by reversing the pro-
cess. That way, storage of cooling energy is possible as well (Hähnlein et al. 2010; Kranz 
and Bartels 2009; Kranz and Frick 2013). The reliability and efficiency of ATES systems 
can be affected by fluid mixing and changes in temperature and pressure in the storage 

Abstract 

Leaching tests with synthetic brines (25 g/L NaCl) between 25 °C and 90 °C were per-
formed under oxic and anoxic conditions over 7 days on two pyrite-bearing siliciclastic 
rocks from the Lower Jurassic Hettangian and Sinemurian stages in the North German 
Basin. The release mechanisms of the mobile elements Al, As, Ba, Ca, Cu, Fe, Mn, Ni, Si, 
and Pb were studied and explained by means of numerical simulations of the leach-
ing tests. The study was performed in the context of aquifer thermal energy storage 
(ATES) to improve the understanding of water–rock interactions during heat storage. 
Results showed that release patterns of Ba, Ca, Cu, Fe, Ni, and Pb were predominantly 
controlled by the dissolution of pyrite under oxic conditions and iron hydroxides under 
anoxic conditions. The mobilizations of Al and Mn could be explained by a combina-
tion of desorption and the dissolution of hydroxides. Si was mainly released from 
amorphous silica. The mobilization of Ca was governed by pH-sensitive desorption and 
calcite dissolution in one of the samples. Arsenic was immobile in both studied rocks. 
In general, elemental release was augmented by the presence of oxygen and the sub-
sequent dissolution of pyrite and reduction of pH, which should therefore be avoided 
in ATES systems.

Keywords: Sandstone, Pyrite oxidation, Aquifer thermal energy storage, Rock 
reactivity, PhreeqC, Numerical simulation, Leaching test

Open Access

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

RESEARCH

Müller and Regenspurg  Geotherm Energy  (2017) 5:25 
DOI 10.1186/s40517‑017‑0080‑1

*Correspondence:  daniel.
mueller@gfz-potsdam.de 
Section 6.2: Geothermal 
Energy Systems, GFZ 
German Research 
Centre for Geosciences, 
Telegrafenberg, 
14473 Potsdam, Germany

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40517-017-0080-1&domain=pdf


Page 2 of 21Müller and Regenspurg  Geotherm Energy  (2017) 5:25 

aquifer during operation, which induces chemical reactions such as desorption and min-
eral dissolution or precipitation. Subsequently, physicochemical water properties like 
pH or redox potential may change, and mobilized elements may precipitate and clog the 
aquifer, block pipes, or form coatings that reduce the efficiency of the heat exchanger. If 
the ATES system is built in an aquifer that serves as drinking water supply as well, the 
release of toxic elements such as heavy metals need to be avoided (Bonte et al. 2013a, 
Possemiers et al. 2014). Altered water properties may promote corrosion or induce sub-
sequent fluid–rock interactions (Allen et al. 1984; Frick et al. 2011; Palmer et al. 1992). 
To avoid aquifer damage by clogging, corrosion or contamination, legal regulations in 
several countries limit the groundwater temperature change to a maximum of 3 to 11 K, 
as the effects of large temperature variations on dissolution, desorption and microbial 
communities are still poorly understood (Hähnlein et  al. 2010). If deeper aquifers are 
used for ATES systems, either to avoid potential contamination of freshwater aquifers 
or to improve the heat recovery factor (Kranz and Bartels 2009), the impact of increased 
salinity needs to be considered as well. Several research projects investigated the fea-
sibility of heat storage systems designed for up to 90  °C. Field monitoring campaigns 
over several years (e.g., Huenges 2011; Wolfgramm and Seibt 2006) were complemented 
by experiments in controlled environments, investigating both abiotic and microbially 
catalyzed hydrogeochemical reactions. Arning et al. (2006) investigated the reactivity of 
siliciclastic shallow aquifer sediments from the North German Basin at up to 50 °C, and 
observed increased solubility of silicates, particularly potassium feldspar. Jesußek et al. 
(2013) reported temperature-dependent redox shifts toward reducing conditions in col-
umn experiments with siliciclastic sediments from the North German Basin between 10 
and 70 °C. Distinct cation release was only observed at 70 °C. Bonte et al. (2013a) per-
formed column experiments with anoxic unconsolidated aquifer sands between 5 and 
60 °C and reported significant increases in element solute concentrations at 60 °C, while 
the sediment remained only slightly reactive at lower temperatures. Consistent element-
release patterns were only partially observed, e.g., for silicium and potassium. Adapta-
tions of the microbial communities to temperature changes in both composition and 
quantity were found in field-monitoring campaigns (Vetter et al. 2012; Würdemann et al. 
2014) and in the laboratory (Bonte et al. 2013b).

While these studies qualitatively interpret the fluid–rock interactions responsible for 
the observed changes in physicochemical water properties and ion release, the differ-
entiation and quantification of the individual release mechanisms, such as mineral dis-
solution and desorption, remain difficult. Since knowledge of the release mechanisms 
is necessary to understand and predict reactions of the aquifer chemistry to changes in 
environmental parameters induced by ATES system operation, such as temperature or 
solute oxygen, this study utilizes extraction experiments and numerical simulations to 
quantify the reactivity of aquifer rocks under these conditions. It focuses on siliciclastic 
rocks at temperatures between 25 and 90  °C and under shifting redox conditions due 
to the introduction of dissolved oxygen into normally oxygen-depleted aquifers. In this 
context, pyrite  (FeS2) is the most important mineral, since it is ubiquitous and occurs 
in many sedimentary rocks used for ATES storage. It has a high sensitivity to changes 
under redox conditions and the potential to acidify the surrounding groundwater upon 
dissolution (Nordstrom 1982). The short-term reactivities of two siliciclastic rocks with 
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synthetic, saline groundwater under controlled laboratory conditions that mimic condi-
tions in a thermal aquifer storage system were investigated to study their dependence on 
temperature. Experimental results were complemented by numerical simulations to help 
explain and quantify the observed release mechanisms.

Methods
Materials

Weakly consolidated rock material was sampled from two Lower Jurassic horizons in 
the North German Basin, which are used for aquifer thermal energy storage. The sam-
ples were collected in the ATES well “Am Reichstag 2/98,” situated in the city of Berlin 
(Germany). Sample I was taken from the Hettangian aquifer in a depth of 310 m (“Het-
tangian sandstone”). It is a fine sandstone containing 95% quartz and 1–2% potassium 
feldspar, muscovite, and kaolinite each with minor and trace phases (< 1%) comprising 
rutile  (TiO2), ilmenite  (FeTiO3), pyrite  (FeS2), iron hydroxides, and 0.1% organic mat-
ter (Müller et al. 2017). Sample II was taken from the hanging Sinemurian aquiclude at 
a depth of 297 m (“Sinemurian siltstone”). It is a fine siltstone comprising 39% quartz, 
37% clay minerals, 12% mica, and 8% potassium feldspar. Minor and trace phases (ca. 
4%) contain the same minerals as sample I and 1.2% organic matter (ibid.). The mobili-
ties and phase associations of several elements were determined by sequential extrac-
tion (ibid.), differentiating between exchangeable, acid-soluble (carbonates), reducible 
(oxides and hydroxides), and oxidizable (organic matter and sulfides) phases. The results 
of the extraction of 1 g rock with 30 mL of solvent are displayed in Fig. 1.

The two rock samples were ground in a mortar to obtain a homogeneous powder with 
the original grains kept intact. After grinding, the material was washed carefully for 1 h 
with ultrapure water purged with nitrogen and dried overnight at 70 °C.

The synthetic saline groundwater utilized in the extraction experiments was prepared 
from ultrapure water and 25  g/L analytic grade sodium chloride (NaCl), which corre-
sponds to the salinity of the Hettangian aquifer. In addition to  Na+ and  Cl−, the natural 
groundwater contains 0.86  g/L of other solute species, mainly  Ca2+ (0.29  g/L),  SO4

2− 
(0.25 g/L), and  Mg2+ (0.24 g/L) (Huenges 2011).

Leaching experiments

Leaching tests were performed at room temperature (25 °C), 50, 70, and 90 °C, over 1, 
2, 4, and 7 days under oxic and anoxic conditions. The experiments were carried out in 
triplicate with 1 g of rock material and 30 ml of synthetic groundwater. Manual shaking 
was applied every 24 h. The redox potential of the synthetic groundwater before leaching 
was 192 mV under oxic conditions and 105 mV after purging with nitrogen under anoxic 
conditions, as determined using a WTW SenTix 940 electrode connected to a WTW 
Multi 3420 multimeter.

For tests under oxic conditions, the rock material and synthetic groundwater were 
filled into 60-ml PP bottles, which were placed in a lab oven and heated up to the desired 
temperature. After leaching, rock material and eluate were separated by filtration using 
filter papers. The pH of the eluates was determined using WTW Sentix 81 electrodes 
connected to a WTW Multi 340i multimeter before acidizing the eluates to pH < 2 using 
65%  HNO3.
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To maintain anoxic conditions, all experiments were performed in an Ar (5% 
 H2)-purged glovebox. The oxygen concentration in the gas phase was maintained at less 
than 10 ppm throughout the experiment. The synthetic groundwater was purged with 
nitrogen to < 0.1 mgl solute oxygen, as determined using a WTW FDO 925 probe with 
a WTW Oxi 3310 acquisition unit. Inside the glovebox, ground rock samples and syn-
thetic groundwater were filled into 50-ml centrifuge tubes, which were placed on heating 
plates equipped with stainless steel fittings to ensure a stable temperature distribution. 
After extraction, rock material and eluates were separated inside the glovebox by filtra-
tion using filter papers, and the eluates were decanted into 60-ml PP bottles, which were 
sealed against the atmosphere with Parafilm. The pH of the eluates was determined out-
side the glovebox by means of WTW Sentix 41 and 81 electrodes connected to a WTW 
Multi340i multimeter. Afterward, the eluates were acidized to pH < 2 with 65%  HNO3.

The solute concentrations of aluminum (Al), arsenic (As), barium (Ba), calcium (Ca), 
copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and silicium (Si) were 

Fig. 1 Mass fractions (mg/g sediment) and phase associations of mobile elements in the sampled rocks, as 
determined by sequential extraction with 1 g of rock and 30 mL of solvent. The phases are X, exchangeable; 
A, acid-soluble; R, reducible; O oxidizable Data taken from Müller et al. (2017)
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determined by inductively coupled plasma optical emission spectrometry (ICP-OES, 
Thermo Scientific iCAP 6300 Duo).

For the results of the leaching experiments, correlation matrices were calculated utiliz-
ing Pearson’s method to help identify possible relationships between the extracted con-
centrations, pH, time, and temperature. Calculations were performed using the library 
“Pandas” (McKinney 2010) for the high-level programming language, Python. The com-
plete matrices are provided as Additional file 1. The correlation between the individual 
parameters was categorized into three groups: “strong correlation” for correlation coeffi-
cients (r) between 0.68 and 1; “modest” or “moderate correlation” for r between 0.36 and 
0.67; and no correlation for r ≤ 0.35 (Taylor 1990).

Numerical simulation

Numerical simulations were performed using the software PhreeqC, version 3.3.7 
(Parkhurst and Appelo 2013), for the release mechanisms of the main mineral-form-
ing elements Al, Ca, Fe, Mn, and Si. For statistical analyses, the IPhreeqC module was 
accessed by Python scripts by means of the PhreeqPy interface (Müller 2013). Statistical 
analyses were performed by means of the Python libraries “Pandas” (McKinney 2010), 
“NumPy,” and “SciPy” (van der Walt et al. 2011). The workflow comprised the following 
steps:

1. Defining the brine composition and the initial mineral content.
2. Compiling relevant thermodynamic and kinetic data and calibrating them with the 

results of the leaching experiments.
3. Conducting a sensitivity analysis to identify the influence of different release mecha-

nisms to the final solute element concentrations.
4. Calculating the goodness-of-fit of the simulation to the experimental results and 

repeating steps 1 to 3 as required.

In the first step, the initial synthetic groundwater was modeled as a 25 g/l (0.44 M) 
NaCl solution with pH 7. The initial pe values obtained from measurements were 3.3 
for the oxic brine, and 1.8 for the anoxic brine. The mineral composition data for both 
rocks were taken from Müller et al. (2017). Minerals considered were quartz, amorphous 
silica, potassium feldspar, kaolinite, muscovite, calcite, pyrite, amorphous ferrihydrite, 
amorphous aluminum hydroxide, and manganese oxohydroxide. Since the mass fraction 
of amorphous aluminum hydroxide had not been calculated before, the amount was esti-
mated from the Al released during the acid-dissolution step of the sequential extraction 
(Müller et al. 2017), based on the assumption that the hydroxides would completely dis-
solve at pH 3.7 (Marion et al. 1976). The mass fraction of amorphous silica was unknown 
as well. The fast initial release of Si observed in the leaching tests (Figs. 2, 3, 4, 5) was 
attributed to amorphous silica dissolution, after calibrations found that crystalline sili-
cate dissolution was too slow to explain it. This effect is common and has been described 
in other studies (e.g., Rimstidt and Barnes 1980). The mass fraction of amorphous silica 
was subsequently fitted to the experimental results using least squares regression. The 
final input mineral composition is shown in Table 1.
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In the second step of the workflow, comprising reaction data compilation and cali-
bration, thermodynamic data were taken primarily from the LLNL database integrated 
in PhreeqC. Amorphous ferrihydrite was modeled using the log K value from the SIT 
database, which is also included in the PhreeqC package, and the standard enthalpy of 
reaction (ΔH) from the LLNL database. Data for amorphous aluminum hydroxide were 
taken from Kittrick (1969). No ΔH values were available for amorphous aluminum 
hydroxide and manganese oxohydroxide, so no direct temperature dependence could be 
calculated for these two phases. The data for all considered reactions are compiled in 
Table 2.

Data for kinetic mineral dissolution were adopted from Palandri and Kharaka (2004). 
The formulation for the kinetic dissolution of minerals given therein is as follows:

Table 1 Minerals and exchangers considered in the model

Phases printed in italics were excluded after sensitivity analysis or initial simulations. Mass fractions were taken from Müller 
et al. (2017), except amorphous aluminum hydroxide, which was calculated from sequential extraction data (ibid.). Reactive 
surfaces were calculated from specific surface values collected in the  RES3T database

Phases printed in italics were excluded after sensitivity analysis or initial simulations

Phase Composition Mass fraction,  % Reactive surface,  m2/g

Sample I Sample II Sample I Sample II

Quartz SiO2 95 39 0.002 0.02

Amorphous silica SiO2 (amorph) 0.0001 0.0009 300 300

Potassium feldspar KAlSi3O8 2 8 0.0023 0.023

Kaolinite Al2Si2O5(OH)4 1 37 3.6 3.6

Muscovite KAl3Si3O10(OH)2 1 12 1.2 1.2

Calcite CaCO3 0 0.2 0 0.0001

Pyrite FeS2 0.005 0.29 0.003 0.001

Ferrihydrite Fe(OH)3 (amorph) 0.007 0.26 n.a. n.a.

Aluminum hydroxide Al(OH)3 (amorph) 0.0013 0.02 n.a. n.a.

Manganese oxohydroxide MnOOH 0.0007 0.0004 n.a. n.a.

Al exchange AlX3 7.3 × 10−5 2.6 × 10−4 n.a. n.a.

Ca exchange CaX2 3.8 × 10−3 0.3 n.a. n.a.

Mn exchange MnX2 8.4 × 10−5 6.4 × 10−4 n.a. n.a.

Table 2 Dissolution reactions considered in the model

Data taken from the LLNL database, except log K of ferrihydrite (SIT database) and amorphous aluminum hydroxide (Kittrick 
1969). Values for the standard enthalpy of formation ΔH for amorphous aluminum hydroxide and manganese oxohydroxide 
are not available in the databases

Phase Reaction Log K ∆H (KJ/mol)

Amorphous silica SiO2(am) ↔ SiO2(aq) − 2.71 20.05

Kaolinite Al2Si2O5(OH)4 + 6H+ ↔ 2Al3+ + 2SiO2(aq) + 5H2O 6.81 − 151.8

Muscovite KAl3Si3O10(OH)2 + 10H+ ↔ 3Al3+ + K+ + 3SiO2(aq) 
+ 6H2O

13.6 − 243.2

Calcite CaCO3 + H+ ↔ Ca2+ + HCO3
− 1.85 − 25.71

Pyrite FeS2 + 3.5O2 + H2O ↔ Fe2+ + 2SO4
2− + 2H+ 217.4 − 1412

FeS2 + 14Fe3+ + 8H2O ↔ 15Fe2+ + 2SO4
2− + 16H+ 98.5 − 50.69

Ferrihydrite Fe(OH)3 + 3H+ ↔ Fe3+ + 3H2O 2.54 − 84.08

Amorphous aluminum hydroxide Al(OH)3 + 3H+ ↔ Al3+ + 3H2O 9.7 –

Manganese oxo-hydroxide MnOOH + 3H+ ↔ Mn3+ + 2H2O − 0.16 –
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In this formula, dm/dt is the mineral mass reduction over time (kg/s), Asurf is the reac-
tive surface area  (m2),  km 298.15 K is a theoretical rate constant at 25 °C and pH 0 for 
a mechanism m; Em is the activation energy for a mechanism m (J/mol); R is the uni-
versal gas constant (J/kg/mol); T is the temperature (K);  aH+ is the activity of  H+; Ω is 
the mineral saturation index; and pi and qi are empirical constants. With the exception 
of the reactive surface area, which is an individual fraction of the specific surface area 
that depends on sample structure and texture (Lasaga 1998), these data were compiled 
from the article by Palandri and Kharaka (2004) for all minerals considered in the pre-
sent study. Kinetically retarded dissolution was assumed for quartz, amorphous silica, 
potassium feldspar, kaolinite, muscovite, calcite, and pyrite. Thermodynamic equilib-
ria were assumed for ferrihydrite, amorphous aluminum hydroxide, and manganese 
oxohydroxide. To obtain the reactive surface areas, first the specific surface areas Aspec 
were determined. For quartz and potassium feldspar, Aspec values were calculated geo-
metrically assuming spheric shape with Aspec =  3/(r·ρm), where r is the average grain 
radius and ρm the grain density. The average grain radius was set to 50 µm for sample 
I (fine sandstone), and to 5 µm (fine siltstone) for sample II. The grain radii had been 
determined by scanning electron microscopy (SEM) utilizing a Carl Zeiss SMT Ultra 55 
Plus machine, coupled with energy-dispersive X-ray spectroscopy (EDX) by means of a 
Thermo Fisher Scientific UltraDry SDD EDX detector for mineral identification. Grain 
density is 2650 kg/m−3 for quartz and 2600 kg/m−3 for potassium feldspar (Deer et al. 
1992). The average grain sizes and grain shapes of the other solid phases contained in 
the rock were unknown, and therefore, the median values of the specific surface values 
collected from numerous literature sources in the  RES3T database (Brendler et al. 2003) 
were used as a reference. The specific surface values for each solid phase were multiplied 
with a factor of 3 to match the measured BET surface values of 0.5 m2/g for sample I, 
and 13.2 m2/g for sample II, as reported by Müller and Regenspurg (2014). The resulting 
specific surface values were within the range of literature values compiled in the  RES3T 
database. To account for the fact that only some of the grain surfaces are involved in dis-
solution reactions (Lasaga 1998), the reactive surfaces were estimated by reducing the 
specific surfaces stepwise to find the best fit to the data from the leaching tests. The spe-
cific surface was consequently reduced by one order of magnitude for all solid phases 
except pyrite and amorphous silica. For amorphous silica, half of the specific surface was 
assumed to be reactive. For pyrite, the reactive surface was fitted to the experimental 
data by matching the solute iron concentrations observed during dissolution under oxic 
conditions, assuming that reprecipitation and re-adsorption were negligible due to small 
solute concentrations (Sulkowski 2002). Fitting was performed with least squares regres-
sion (Table 1).

(1)

dm

dt
= −Asurf
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Exchange reactions were calculated for Al, Ca, and Mn assuming unspecific bulk sorp-
tion, where the exchangeable amount per rock mass was taken from the exchange step of 
the sequential extraction performed by Müller et al. (2017).

In the third step of the workflow, a sensitivity analysis was performed to identify the 
contribution of various release mechanisms to solute Al, Si, and Fe concentrations. Ca 
and Mn have only one mineral contributing to their respective solute concentrations, 
and were thus not analyzed. As input parameters, all minerals and exchangers poten-
tially releasing the investigated solute element were considered, as well as physicochemi-
cal water parameters. The mineral mass fractions and exchangeable amounts were varied 
between 0 and the fitted initial values displayed in Table 1, pe was varied between 1.8 
(anoxic) and 3.3 (oxic), and oxygen was varied between 0 (anoxic) and “abundant supply” 
(oxic). Pyrite was selected as the controlling variable for pH. Temperature and reaction 
time were set to constant values. For Fe, only oxic mobilization was considered. The sen-
sitivity analysis was performed by means of the Python library “SALib” (Herman et al. 
2017). For each input parameter, seven samples within their respective boundaries were 
drawn and analyzed utilizing the quasi-Monte Carlo-type Sobol method (Sobol 2001; 
Saltelli 2002; Saltelli et al. 2010). As outputs, the total-order sensitivity indexes were cal-
culated. They measure a combination of the first-order sensitivity of an input parameter 
and the higher-order sensitivities which quantify synergetic effects between multiple 
input variables (Homma and Saltelli 1996).

In the fourth step of the workflow, the goodness-of-fit of the simulation was measured 
using the normalized root mean square error (NRMSE). The NRMSE was calculated for 
each solute element and temperature using the equation:

where tmin and tmax are the first and last time steps, respectively, cs is the simulated solute 
concentration, cm is the measured solute concentration, and Cm is the arithmetic mean 
of all measured solute concentrations.

Results
Experimental study: leaching test

In both the Hettangian sandstone and the Sinemurian siltstone, the most mobile ele-
ments were Al, Ca, Fe, and Si, followed by Mn. Only traces of Ba, Cu, Ni, and Pb were 
mobilized. Arsenic was generally immobile.

During the leaching of samples of the Hettangian sandstone, the pH decreased over 
time, with the magnitude of the decrease depending on temperature and the presence of 
oxygen. The lowest pH under oxic conditions was 3.7, and 5.0 under anoxic conditions 
(Figs.  2 and 3). The concentrations of Al, Ca, Fe, and Si released from samples of the 
Hettangian sandstone under oxic and anoxic conditions were in the order of magnitude 
of 1 mg/L, and the solute concentrations of all other elements were one or two orders 
of magnitude lower (Figs. 2 and 3). In the oxic leaching tests, modest-to-strong positive 
correlations with temperature (0.48 < r < 0.88) and modest-to-strong negative correla-
tions with pH (−  0.6 < r < −  0.82) were observed for all elements except Ca and Cu. 

(2)NRMSE =

√

∑tmax

tmin
(cs − cm)

2

Cm

,
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Under anoxic conditions, in contrast, strong positive correlations with pH were found 
only for Cu (0.83) and Ni (0.76). Strong positive correlations with temperature were 
observed for Ba (0.82), Fe (0.74), and Mn (0.95), and a moderate correlation for Si (0.52). 
Moderate correlations with extraction time were observed for a few elements under oxic 
conditions (Al, Fe, Si), but not under anoxic conditions. Calcium, Cu, and Pb were only 
released under oxic conditions (Figs. 2 and 3). While the pH reduction induced mod-
erately or strongly positive correlations between many elements under oxic conditions, 
only a few strong correlations were calculated under anoxic conditions: Al and Si (0.73), 
Ba and Mn (0.68), Cu and Ni (0.96), and Fe and Mn (0.86).

During the leaching of the Sinemurian siltstone, the pH decreased over time and 
with increasing temperature under oxic conditions, and remained nearly constant after 
2 days with no temperature effects under anoxic conditions (Figs. 4 and 5). Minimal oxic 
pH was 3.6 after 7 days at 90 °C, and 5.2 under anoxic conditions. The concentrations 
of elements released from the Sinemurian siltstone were usually one or two orders of 
magnitude higher than from the Hettangian sandstone (Figs. 4 and 5). Under oxic con-
ditions, strong negative correlations with pH (−  0.68 < r < −  0.99) were observed for 
all elements but Cu (− 0.28), and strong positive correlations with temperature for Ba 
(0.82), Ca (0.88), Mn (0.82), Ni (0.68), and Si (0.74). The other elements showed modest 

Fig. 2 Extracted elemental concentrations and changes of pH over time observed in the leaching of the Het-
tangian sandstone under oxic conditions



Page 10 of 21Müller and Regenspurg  Geotherm Energy  (2017) 5:25 

temperature correlations, with the exception of Cu, which had none. Similar to the Het-
tangian sandstone, pH dependencies vanished under anoxic conditions, and only Cu 
(0.61) and Ni (0.52) showed modest positive correlations. Moderate or strong positive 
correlations with temperature (0.41 < r < 0.93) were observed for all elements except Al 
(−  0.1), Cu (0.27), and Ni (0.32). The extraction time correlated only moderately with 
a few elements under oxic conditions (Al, Fe, Ni), while solute concentrations under 
anoxic conditions did not have significant time trends. Oxic Fe mobilization started 
only after 2 days at 70 and 90 °C, and almost no Fe was released at lower temperatures 
(Fig. 4). Aluminum was predominantly released under oxic conditions at 70 and 90 °C, 
and remained very low at lower temperatures andunder anoxic conditions (Figs. 4 and 
5). Similar to the observations made in the leaching of the Hettangian sandstone, sol-
ute concentrations of most elements showed moderate or strong positive correlations 
under oxic conditions. Strong correlations under anoxic conditions were calculated for 
the releases of Fe, Mn, and Si (r > 0.85), and all three elements also had strong positive 
correlations with Ca (r > 0.8). The correlation coefficients between the other elements 
were mostly moderate.

Fig. 3 Extracted elemental concentrations and changes of pH over time observed in the leaching of the Het-
tangian sandstone under anoxic conditions
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Numerical simulation

Simulation results

The NRMSE values (Eq. 2), which describe the difference between simulated and meas-
ured ion release, were calculated for Al, Ca, Fe, Mn, and Si. They show that the goodness-
of-fit of the simulation tends to be better for oxic than for anoxic conditions, particularly 
for Fe (Fig. 6). Ca and Mn errors are consistently < 1 for all temperatures. No value was 
calculated for anoxic Ca mobilization from the Hettangian sandstone, because there 
was no release under these conditions, and simple temperature-dependent desorption 
models were not sufficient to explain the observed patterns. However, initial simulations 
showed that Ca would be released from calcite, if it were present, so it could be deduced 
that the Hettangian sandstone was calcite-free. NRMSE values for Al release are mostly 
around 1, although it should be noted that the time trends observed in the leaching 
of the Sinemurian siltstone could not be reproduced (Figs. 4 and 5). It was found that 
increasing the reactive surfaces of kaolinite and muscovite within reasonable magni-
tudes could not explain this issue. The goodness-of-fit of solute Fe and Si concentrations 
varies with temperature, with the best fits at elevated temperatures (70 and 90 °C). The 
Fe release could be modeled with a higher precision for oxic than for anoxic conditions, 
where the observed Fe concentrations were generally strongly underestimated (Fig. 6). 
In contrast, the solute concentrations and time trends of the oxic leaching tests could 

Fig. 4 Extracted elemental concentrations and changes of pH over time observed in the leaching of the 
Sinemurian siltstone under oxic conditions
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be reproduced well for both rocks by modeling only pyrite dissolution (Fig. 7). Due to 
precipitation of iron hydroxides and consequent depletion of solute Fe during the 90 °C 
leaching of the Hettangian sandstone, this data point was excluded from fitting. For the 
Sinemurian siltstone, reproducing the experimental solute Fe trends required setting a 
threshold time point at which pyrite dissolution starts, and allow its reactive surface to 
increase linearly. Time thresholds were set to 50,000  s at 70  °C and 75,000 s at 90  °C. 
Pyrite dissolution at lower temperatures was set to zero, resulting in large error values, 
as very small quantities of Fe were released in the leaching tests nevertheless (Fig. 6). 

Sensitivity analysis

The calculated values of total-order sensitivities for the release of Fe under oxic condi-
tions show that pyrite dissolution is the main source of solute Fe, while the dissolution of 
ferrihydrite and changes in the redox potential (pe) are no important factors (Fig. 8). An 
exception is the 25  °C extraction of the Sinemurian siltstone, where pyrite dissolution 
was manually disabled to match the experimental results (compare Fig. 7). Under these 
conditions, pe is the most important input variable.

The calculated sensitivities for solute Si show that its mobilization depends primar-
ily on the dissolution of amorphous silica. At 25  °C, kaolinite and, to a smaller extent, 

Fig. 5 Extracted elemental concentrations and changes of pH over time observed in the leaching of the 
Sinemurian siltstone under anoxic conditions
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muscovite also contribute significantly (Fig. 9). The dissolution of quartz and potassium 
feldspar within a week is nearly zero. The reduction of pH by pyrite dissolution is insig-
nificant, and direct influences of pe and oxygen availability cannot be observed.

For the mobilization of Al, the sensitivity analysis shows that its main release mecha-
nism at low temperatures is cation exchange, and at elevated temperatures, the dissolu-
tion of amorphous aluminum hydroxides (Fig. 10). The sensitivities to the presence of 
kaolinite and muscovite are minor, and potassium feldspar is insignificant. In contrast, 
the presence of pyrite is a significant parameter, as it affects dissolution and desorption 
mechanics of Al-bearing phases. Oxygen and pe have no direct effect.

Discussion
Iron and manganese mobilizations

The release of Mn from both rock types increased with temperature and decreased with 
pH (Figs.  2, 3, 4, 5). Its mobilization patterns could be modeled precisely under oxic 
and anoxic conditions, taking ion exchange and the equilibrium dissolution of manga-
nese oxohydroxides into account, although oxohydroxide dissolution was calculated with 
no value for the standard enthalpy of reaction (Fig. 6). The release of Fe from both rock 
types under oxic conditions could be explained accurately with the oxidation of pyrite by 
oxygen and ferric iron (Table 2). Ferrihydrite did not contribute significantly to oxic Fe 
release, as indicated by the sensitivity analysis (Fig. 8). It was possible to fit the reactive 
surface of pyrite directly to the solute Fe concentration (Fig. 7), which resulted in plausible 

Fig. 6 The calculated normalized root mean square errors (NRMSE) over all time steps for a specific element 
and temperature showing the goodness-of-fit of the simulations. Anoxic extraction of Ca from the Hettan-
gian sandstone has no NRMSE values, because the extracted amount was zero
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reactive surface values of approximately three orders of magnitude lower than the median 
specific surface values obtained from the  RES3T database of the literature values (Brend-
ler et al. 2003). The observed retardation and temperature dependences of oxic Fe release 
from the Sinemurian siltstone can be explained with amorphous coatings blocking the 
surfaces of the pyrite crystals, which Müller et  al. (2017) identified using SEM–EDX. 
These coatings had to be removed before pyrite dissolution could start. The release of Fe 
under anoxic conditions was fast and occurred almost entirely within the first day (Figs. 3 
and 5). A comparison of the leached concentrations of up to 1 mg/l (ca. 0.03 mg/g rock) 
from the Hettangian sandstone (Fig. 3), and 21 mg/l (ca. 0.6 mg/g rock) from the Sinemu-
rian siltstone (Fig. 5) with the total amount of mobile Fe (Fig. 1) shows that only the mobi-
lization of the reducible fraction can explain the leached Fe concentration. This indicates 
iron (hydr)oxide dissolution. However, it was not possible to simulate the observed iron 
hydroxide dissolution, using ferrihydrite Fe(OH)3 as a simplified representative phase, 
with acceptable precision. The released Fe concentrations were underestimated using 
thermodynamic data from the SIT database (Fig. 6). Thermodynamic data from the LLNL 
database reproduced the observed anoxic Fe release, but overestimated oxic Fe release in 
turn. This result suggests that the simplified ferrihydrite phase is insufficient for a precise 

Fig. 7 Simulated (lines) and measured (dots) Fe concentrations released over time during oxic experiments 
from a Hettangian sandstone and b Sinemurian siltstone. The normalized root mean square errors for each 
temperature are shown in Fig. 6

Fig. 8 Calculated total-order sensitivities for oxic Fe release depending on temperature after 1 and 7 days, 
respectively, from a the Hettangian sandstone and b the Sinemurian siltstone
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simulation of the dissolution of iron (hydr)oxides.. Another possible explanation is that 
the hydroxides of Fe and Mn formed mixed amorphous layers in the investigated rocks 
(e.g., Mustafa et  al. 2002), as suggested by the strong correlation of Fe and Mn release 
under anoxic conditions. In the Sinemurian siltstone, there is also a strong correlation 
of Si with Fe and Mnunder anoxic conditions, suggesting that amorphous silica was also 
incorporated in these layers. It is also possible that microbial reduction of the iron (hydr)
oxides occurred (e.g., Kappler et al. 2004), since biofilms were detected in the filters of the 
ATES well from which the studied rock material was sampled (Huenges 2011). Finally, 
oven-drying of the rock samples after washing during preparation might have dissolved 
some pyrite, leaving Fe loosely adsorbed to the grain surfaces of the rocks.

Aluminum and silicium mobilizations

The release of Si during the leaching experiments was initially too fast to be explained 
with the dissolution of crystalline silicates. In silicate dissolution experiments described 
in other studies (e.g., Rimstidt and Barnes 1980; Tester et al. 1994), the fast initial release 
of Si was explained by the highly reactive disturbed surfaces, such as amorphous coat-
ings, edges, kinks, and micrograins, which dissolve quickly before the slower dissolution 

Fig. 9 Calculated total-order sensitivities for Si release depending on temperature after 1 and 7 days, respec-
tively, from a the Hettangian sandstone and b the Sinemurian siltstone

Fig. 10 Calculated total-order sensitivities for Al release depending on temperature after 1 and 7 days, 
respectively, from a the Hettangian sandstone and b the Sinemurian siltstone
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of the crystalline matrix starts. The sensitivity analysis performed in the present study 
confirmed this assumption, as it showed that Si release during the 7 days of the leach-
ing experiments was mainly due to dissolution of amorphous silica (Fig. 9). Its regularly 
incongruent dissolution might explain the poor goodness-of-fit values calculated for the 
numerical simulation of Si release (Fig. 6). A second possible effect was suggested by the 
strong correlation of Si with Mn and Fe in the anoxic extraction of the Sinemurian silt-
stone, which might be explained by mixed layers of amorphous silica, iron (hydr)oxides 
and manganese hydroxides, potentially altering the dissolution kinetics of amorphous 
silica. The mobilization of Al from the Hettangian sandstone could be explained well 
by combining ion exchange and the equilibrium dissolution of amorphous aluminum 
hydroxide, while the same explanation overestimated the Al release from the Sinemurian 
siltstone, and could not reproduce the observed time trends. A possible explanation is 
that Al hydroxides contained in the siltstone were partially crystalline, while those in 
the sandstone were entirely amorphous. The quantification of amorphous Al hydroxides 
applied in this study relies on Al hydroxide dissolution at pH 3.7 (see item 2.3), which 
will include part of the crystalline Al hydroxides as well (Marion et al. 1975). A second 
explanation could be the dissolution of highly reactive disturbed surface areas of the Al-
bearing minerals kaolinite and muscovite, as already discussed above for Si. The strong 
correlation between anoxic Si and Al releases from the Hettangian sandstone suggests 
the dissolution of a solid phase containing both elements (Fig. 3). However, this correla-
tion was not observed for the Sinemurian siltstone, although it could have been masked 
by other processes such as the dissolution of amorphous silica.

Calcium and barium mobilizations

The release of Ca from the Sinemurian siltstone could be explained well by calcite dis-
solution and ion exchange (Fig. 6). The strong correlation with Fe, Mn, and Si release 
under anoxic conditions suggests that Ca was sorbed to the surfaces of the respective 
hydroxides and amorphous silica. In contrast, Ca release from the Hettangian sandstone 
differed significantly under oxic and anoxic conditions: oxic release was up to 0.95 mg/L 
(0.05 mg/g sediment, Fig. 2), indicating that nearly all available mobile Ca was released 
(Fig. 1), while anoxic release was zero. This was due to sorption reactions, as initial simu-
lations proved that the Hettangian sandstone contains no calcite. The zero release under 
anoxic conditions suggests that no competitive adsorptions of Na and Ca occurred. 
Instead, it is likely that Ca was desorbed under oxic conditions because the pH fell below 
the Ca adsorption edge due to pyrite dissolution (Davis and Kent 1990). Since no Ca 
was released under anoxic conditions despite the dissolution of Fe and Mn hydroxides, 
and no correlations between Ca and Fe or Mn were found, it is likely that Ca was sorbed 
to clay minerals or organic matter rather than to hydroxides. This assumption was not 
tested by numerical simulations, because the sorbing surface was unknown.

Barium release from both rocks occurred mainly under oxic conditions (Figs.  2, 3, 
4, 5). Since the released amounts were higher than the Ba associated with oxidizable 
phases (Fig. 1), it can be assumed that Ba associated with acid-soluble phases, such as 
carbonates (Deer et al. 1992) and easily soluble hydroxides, was additionally mobilized 
by acidification caused by pyrite dissolution.
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Mobilizations of other elements

Arsenic was immobile in both investigated rocks (Figs. 2, 3, 4, 5). The sequential extrac-
tion identified only small mobile quantities (Hettangian sandstone: 0.01  µg/g, Sine-
murian siltstone 2 µg/g, Fig. 1) in oxidizable and reducible phases, and it is likely that 
released As was below detection limit or re-adsorbed quickly. Copper release was minor 
and significantly lower than the mobile fraction identified by the sequential extraction 
(Fig.  1). No strong correlations with mineral-forming elements were found (compare 
Figs. 2, 3, 4, 5), so that the most likely source is native copper, which was identified in 
both rocks by Müller et al. (2017). The slightly higher oxic mobilization from both rocks 
may be explained by the presence of chalcopyrite  (CuFeS2), which is a common acces-
sory in pyrite-bearing rocks (Deer et al. 1992). The mobilization patterns of Ni and Pb 
were comparable for the Sinemurian siltstone. They increased with time and tempera-
ture under oxic conditions, and reached equilibrium within one day under anoxic condi-
tions. In the Hettangian sandstone, Pb was associated with oxidizable phases (Fig. 1), and 
was consequently released only under oxic conditions (Figs. 2 and 3), while Ni showed 
no distinct release patterns. Both elements are commonly associated with reducible and 
oxidizable phases, especially with hydroxides, and with sulfides rather than organic mat-
ter (Cornell and Schwertmann 1996; Deer et al. 1992; Nissenbaum and Swaine 1976). In 
the present study, however, no strong correlations with other elements were found, and 
the exact release mechanisms remain unclear.

Implications for ATES systems

The fluid–rock interactions studied under controlled conditions allow a precise explana-
tion and quantification of the release mechanisms responsible for element mobilization 
from the studied rocks at up to 90 °C. They help predict how the aquifer will react when 
specific parameters, such as solute oxygen, change, and if there are risks for aquifer clog-
ging or contaminant mobilization. However, the chemistry of the aquifer during opera-
tion will be influenced by several other factors, and elemental mobilization by fluid–rock 
interactions occurs alongside water mixing and microbial activity, which are the most 
important contributors to aquifer clogging (e.g., Griebler et al. 2014; Hartog et al. 2013).

The oxic and anoxic cases studied here are boundary cases, and solute oxygen con-
centration and distribution in the aquifer will be mainly close to the anoxic case  (O2(aq) 
0–0.25 mg/l, Huenges 2011). Conditions close to the oxic case may either occur in shal-
low aquifers, or close to the well in deeper aquifers if oxygen leaks into the groundwater 
during ATES operation. However, nitrogen pressurization, which is common in ATES 
systems (e.g., Frick et al. 2011; Seibt et al. 2010), should keep solute oxygen concentra-
tions low. Oxygen leaking into the aquifer would furthermore be consumed by oxidiza-
ble solute species, e.g.,  Fe2+, thus reducing solute oxygen available for pyrite dissolution. 
The issue of groundwater acidification due to pyrite dissolution would be buffered in a 
natural system, reducing the magnitude of the pH-dependent processes observed in this 
study. Nitrogen pressurization, oxygen consumption by solute species and groundwater 
buffering are probably responsible that only minor pH variations between 7.3 and 6.9 
were observed in the ATES system aquifer from which the samples of this study were col-
lected (Huenges 2011). However, precipitated iron copper sulfides were found in the fil-
ters of the warm well of the system, which can be explained by pyrite dissolution. Severe 
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precipitation of iron hydroxides after a phase of operation without nitrogen pressuri-
zation confirmed this assumption. Pyrite oxidation under anoxic conditions was prob-
ably catalyzed by iron-oxidizing microorganisms (Gallionella sp.), which were found in 
groundwater samples (ibid.), and oxidized iron in pH- and solute oxygen ranges in which 
abiotic pyrite oxidation cannot occur (Eggerichs et al. 2014). Other processes observed 
in the experiments will be less severe or nonexistent in the ATES system aquifer because 
of the difference in composition of natural groundwater and synthetic groundwater. 
For example, measured Ca concentrations in the groundwater during ATES operation 
ranged between 100 and 150 mg/l (ibid.). It is likely that sorption reactions are at least 
partially responsible for these shifts, but the exact magnitude is unknown. However, 
the workflow is capable of reliably excluding risk factors, such as contaminant release. 
For example, Bonte et  al. (2013a) and Javed and Siddique (2016) reported the release 
of As from rock samples in experiments with elevated temperatures, and showed that 
the mobilized As had been sorbed to the rock matrix. This could be ruled out for both 
rocks studied in the present work, since they contained only reducible and oxidizable 
As, which remained immobile during leaching tests.

Conclusion
The element-release mechanisms of two pyrite-bearing siliciclastic rocks from oxygen-
depleted aquifers were investigated with respect to ATES systems, varying temperature, 
and solute oxygen. A workflow consisting of time-resolved leaching experiments with 
synthetic groundwater, statistical analyses, and numerical simulations found that

  • Oxygen availability controls Fe release from pyrite and iron hydroxides. Only pyrite 
is dissolved under oxic conditions, and only iron hydroxide is dissolved under anoxic 
conditions.

  • The pH reduction induced by pyrite dissolution governs element mobilization under 
oxic conditions, e.g., Ca desorption. Under anoxic conditions, element mobilization 
depends mainly on hydroxide dissolution. Released concentrations are higher under 
oxic conditions.

  • Temperature augments the dissolution of pyrite and hydroxides, and thus all subse-
quent processes.

  • The mobilizations of Al and Si depend strongly on the dissolution of amorphous 
phases, which dissolve faster at low pH.

The results quantify the sensitivity of an ATES system aquifer to changes in envi-
ronmental parameters, and can help quantify risks such as iron hydroxide clogging or 
contaminant release. In general, it was confirmed that the release of most potentially 
clogging elements and contaminants can be reduced or avoided by preventing oxygen 
from entering the aquifer, even at elevated temperatures.
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