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SUMMARY
The core of GECO project is the application of an innovative technology which can limit the emissions
from geothermal plants by condensing and re-injecting gases. To generalise this approach, it will be
applied by GECO in four distinct geothermal systems of four different European countries.
This report D4.3 Report on precipitation/dissolution effects of CO2/Brine on rocks and materials at
different T-P conditions is part of WP4 Feasibility for re-injection technologies, aiming to define the
optimal conditions for NCG injection into the geothermal reservoirs. This deliverable is directly related
to Task4.2 Modellling of NCG mineralisation kinetics, which grouped experiments to study and monitor
the effects of CO2-enriched brines on core samples at different P-T conditions. The goal of this activity
was to identify and to quantify the thermo-hydro-geochemical processes induced by a) increasing
temperatures and b) injection of dissolved CO2 into the siliciclastic reservoir of Carboniferous age.
Sandstone dissolution/precipitation is a common water - rock reaction that occurs in the Earth’s crust
and affects important physicochemical reactions such as porosity, permeability, buffering and
sorption. Understanding the water-rock interactions, especially as a function of the CO2 dissolved in
the water, is of great importance to enhance our understanding of the distribution and migration
processes as well as changes of the hydraulic reservoir properties.
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1. INTRODUCTION
The goal of this GECO project is to advance greatly our ability to provide cleaner, and cost-effective
non-carbon emitting geothermal energy. The main idea is the application of recently developed
technologies for CO2 storage proven successful at pilot plant scale in 2012 in Iceland, followed by a
scale-up to industrial scale in 2014. The method can limit the production of emissions from geothermal
plants by capturing CO2 and other sour gases from emission sources and permanently store it via
mineralisation in the subsurface. To increase the public acceptance and to generalise this approach
four distinct geothermal systems in four different European countries serve as a field laboratory. While
Iceland, Italy and Turkey represent high temperature reservoirs, the German test site at Bochum is
characterised low temperatures. The objective of the reported activity was to identify and to quantify
the thermo-hydro-geochemical processes induced by a) increasing temperatures and b) injection of
dissolved CO2 into the siliciclastic reservoir of Carboniferous age.
The underlying sand- and mudstones of the low temperature sedimentary reservoir are characterised
by measuring basic geophysical properties such as P- and S-wave velocities or porosity. Samples are
characterised petrographically by using standard thin section analysis. Afterwards selected samples
are reacted with fluids to simulate long-term changes in the chemical and physical properties of the
rocks. These laboratory measurements are prerequisite for any secure operation at a storage site.
Two different sets of experiments were performed to examine the precipitation and dissolution of CO2
and brine with rock samples. Preliminary experiments were performed with sample powder at
atmospheric pressures in PTFE (Polytetrafluoroethylene) containers at 60°C to estimate the maximum
solubility of ions in distilled water and the local groundwater. These experiments were also used to
calibrate the inductively coupled plasma optical emission spectrometer (ICP-OES) and ion-exchange
chromatograph (IC) for further experiments. Second, experiments on cylindrical drilled rock samples
were performed using a batch-reactor at elevated (in-situ) pressures of 1MPa and temperatures of
45°C including CO2. Preliminary results from these experiments will be presented with relevance for
the Bochum site.
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2. MATERIALS AND SETUP
Table 2-1: Experimental setup

Device

Company

Device

Distilled Water
(DW)

Siemens

Ione changer

Ultrapure Water
(VE-Water)

Thermo
Scientific
Barnstead

Micro Pure (Art.Nr.
50122367)

Diluter

Hamilton

Microlab ML 625DIL

IC Standards

Carl Roth

1.000ppm Single
Element Standards

Ion
chromatography
system

Metrohm

Eco IC

Accessories

Cl, NO2, SO4, NO3

Column

Metrosep A Supp 17-150 (4,0mm)

Guard Column

Metrosep A Supp 17 Guard

Eluent

2 L VE-Water; 1060 g sodium
carbonate; 33,6 g sodium
hydrogen carbonate; water
degassed for 20 min.

Reagent

0,1 molar H2SO4
Accessories

Material

Company

Device

ICP-OES

Perkin Elmer

Optima 8300
Torch

Quartz, 1 slot

Tubes

PVC Black-Black 0,76 mm
PVC Red-Red 1,14mm

ICP Standards

Carl Roth

Nebulizer

Miramist

Spray chamber

Zyklon (non-baffled)

Injector

Alumina Injector 2,0mm

1.000ppm single
Element Standards

Na, K, Mg, Ca

Syringe filter
8
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HNO3
Powder
Preparation

GZB

Jaw Crusher

Retsch

Sandstones from
the Well R1 at the
GZB site

Ball Mill
Sieve machine

Grain size < 0,25mm

PTFE Container

VWR

Dry oven

WiseVen

Groundwater

GZB

60 ml

well O4

Batch reactor

Parr

Nitrogen gasbottle
Carbon dioxide
gas bottle

Air-Liquide

Filtered with vacuum filter 0,45µm
thermocouple, heating jacket,
stirring plate, valves, sampling
tube

Air-Liquide

2.1 Sample material
Sandstone samples of two different origins were used for the experiments; Bentheim (GBS) and Ruhr
(R1) sandstone:
The Ruhr sandstone originates from the well FEcampus_R1 (R1) located at the International
Geothermal Centre in Bochum, Germany. The sampled area is located in a syncline structure (Variscan
foredeep) known as the Ruhr-area, which is comprised of up to 5km thick Upper-Carboniferous series
with interlayered coalbeds (Jorand et al., 2015). The Variscan basement is characterised by large WSW
to ENE striking synclines and anticlines, which are overprinted by axes undulations orientated in a
north–south direction (Figure 2-1). The intensive folding is generally asymmetric with a north-ward
decreasing intensity of folding (Franke et al., 1990).
The lithology of well FEcampus_R1 is comprised of siliciclastic deposited in a fluvio-deltaic
environment during the Upper Carboniferous. The rocks are composed of silt‐ and mudstones, which
frequently include sandstone horizons. Several hard coal seams with a thickness of a few centimetres
up to several decimetres exist. The rocks are highly fractured, but due to the mudstones the
permeability is mainly limited to the sandstone layers. The sandstone itself is characterised by
abundant clay minerals, which are a product of sericitisation. The clay minerals can make up to 30 %
of the samples.
The Bentheim sandstone is a homogeneous, well sorted, usually yellow coloured quartz arenite from
the Romberg quarry next to Bad Bentheim (Germany). The sandstone was deposited during the lower
Cretaceous in a shallow marine environment (Kemper, 1976). The sandstone consists mainly of quartz
(around 90%), minor K-feldspar or microcline and rare clay minerals. Siliceous cement occurs between
the quartz grains.
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Figure 2-1: Profile of the northern part of DEKORP 2-N seismic line from the Ruhr area to the Münsterland basin and its
geological interpretation (after Franke, 1990).

2.2 Sample preparation
Two hand specimens from a depth of 121 and 127m as well as drill cuttings from a depth of about
475 m were used to produce the powder (Table 2-2). For the batch-reactor experiments cylindrical
rock samples were drilled with a diameter of 40 mm and a length of 100 mm. There are no drill cores
available from the target horizon at a depth of about 450 to 500m in well R1. Therefore, comparable
sandstones at a depth of about 127 m were extracted from the well R1. The samples of Bentheim
sandstone originate from the Romberg quarry next to Bad Bentheim (Germany).
Table 2-2: Sample description for experiments performed with powder and cylindrical rock samples
Sample
Lithology
Well/quarry
Country
Depth
Initial material

Product

R1_sst_478-482m

sandstone

R1

Germany

478 - 482 m

cuttings

powder

1_sst_470-474m

sandstone

R1

Germany

470-474 m

cuttings

powder

R1_sst_121m

sandstone

R1

Germany

121 m

hand specimen

powder

R1_sst_127m

sandstone

R1

Germany

127 m

hand specimen

powder

Sst_R1_N

sandstone

R1

Germany

core (Ø 80 mm)

core (Ø 40 mm)

Sst_R1_CO2

sandstone

R1

Germany

core (Ø 80 mm)

core (Ø 40 mm)

Sst_Be_CO2

sandstone

Bentheim

Germany

rock sample

core (Ø 40 mm)
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The hand specimens and cuttings were washed initially with distilled water for subsequent powder
production. Hand specimens and cuttings were dried for at least 48 hours in a drying oven at 60°C.
Larger samples were initially crushed with a jaw crusher, and afterwards, the smaller pieces were
crushed using a ball mill. A sieving machine was used to extract the powder with a grain size smaller
than 0.25mm.
Cylindrical cores with a diameter of 40 mm were diamond-drilled from each of the sandstones. The
samples were cut and precision ground to a length-to-diameter ratio of about 2.5. The existing drill
cores of well R1 with a diameter of about 80mm were used to prepare smaller cores with a diameter
of 40mm. Larger blocks of Bentheim sandstone (GBS) were used to drill the cores with a diameter of
40mm.

2.3 Fluid samples
The groundwater used in the experiments was collected in groundwater well O4 at the coordinates
51°26'48.46"N; 7°16'27.91"E at the drill site of the Geothermal Centre Bochum, Germany. Samples
were taken by pumping the water after rinsing the borehole for a few hours. Sampling rate was
between 5 and 6L/min. The open section of the borehole is located at 180-200m depth in a sandstone
layer. The pumped water filled a flow cell to measure directly the oxygen level, pH-value, electrical
conductivity and redox potential at the drill site. Afterwards the fluid is stored in 5 L containers.

11
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3. METHODS
This chapter outlines the performed experiments. After initial geophysical measurements to
determine the p- and s-wave velocity, the performed unstirred and stirred batch-experiments are
described in detail. Furthermore, the measurements of fluids are described.

3.1 Measurement of ultrasonic wave velocities
The ultrasonic wave velocities for compression 𝑣𝑝 and shear waves 𝑣𝑠 were measured nondestructively on the cylindrical rock samples. The results provided information on the density and
variation of composition between the individual samples. In addition, conclusions could be made
about permeability and porosity (Ahrens et al., 2018; Han et al., 1986)
The experimental setup consisted of an oscilloscope Pico Scope 5000 from Pico Technology, a
waveform generator NDT/Epoch 650 produced by Olympus and two identical piezo transducers
(V103/1066543, V153/1072279) with a diameter of 12.7 mm each. Sample cores were fixed in
between the two piezo transducers using a laboratory lifting platform and screws to attach the
transducers firmly to the sample. The waveform generator was used to create a rectangular sinusoidal
signal with a controlled central frequency of 1MHz. The piezoelectric transducer transmitted and
received the mechanical pulses. The electrical signals were visualized using an oscilloscope. The first
𝑣𝑝 and 𝑣𝑠 arrival times were picked within the seismogram. Velocities were calculated by the ratio
between sample length and travel time accounting for the intrinsic delay time of the setup according
to
𝑣𝑝,𝑠 =

𝑙𝑠𝑎𝑚𝑝𝑙𝑒
(𝑡𝑠𝑦𝑠+𝑠𝑎𝑚𝑝𝑙𝑒 −𝑡𝑠𝑦𝑠 )

,

(1)

where 𝑙𝑠𝑎𝑚𝑝𝑙𝑒 , 𝑡𝑠𝑦𝑠 and 𝑡𝑠𝑦𝑠+𝑠𝑎𝑚𝑝𝑙𝑒 denote the sample length, the travel time through the measuring
instrument including the sample and without the sample, respectively. Uncertainties of the ultrasonic
velocities were constrained by Gaussian error propagation.

3.2 Dissolution of sandstone powders using batch-experiments
Typical batch-experiments were performed in PTFE containers of with volume of 35ml at 60°C using
fine grained sample powder. A sample mass of 3g was filled into the PTFE containers. Either 30 ml of
distilled water (DW) or 30ml of sampled groundwater (GW) was added for the experiments. The
resulting solution was stirred with a spatula. The closed containers were placed in the drying oven at
60°C for different time periods. The containers were cooled down to room temperature, when the
experiments were finished. The filled containers were weighted before and after heating to document
fluid losses, due to leaks or imperfect sealing. After experiments most of the powder had settled to
the bottom of the containers. The fluid was removed with a syringe and filtered through a syringe
attachment filter with 0.45µm size.
The produced fluid was separated into two approximately equal parts of between 10 and 12ml.
One half was acidified with nitric acid (HNO3) to pH of 2 for subsequent cation analysis by ICP-OES,
while the other half was not acidified for subsequent anion analysis by IC. All samples were kept in the
refrigerator until they were measured. The batch-experiments were started simultaneously and
terminated after 1, 3, 5 and 10 days, respectively. Results show the time dependent charge of major
12
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cations such as Na+, K+, Ca2+ and Mg2+ at the experimental conditions for the distilled water and the
groundwater. Experiments show release rates of dissolved elements and the expected maximum
number of dissolved cations and anions, which are in equilibrium with the fluids. These experiments
were used to calibrate the ICP-OES and IC accordingly.

3.3 Experimental mineral dissolution in the Bentheim and Ruhr sandstone
under reservoir conditions
A stirred pressure vessel of approximately 1.1L volume from Parr (series 4626) was used for long-term
dissolution/precipitation experiments under reservoir conditions. While the pressure vessel is
designed for pressures up to 35 MPa and temperatures up to 350°C, it was used with a maximum
pressure of 1MPa. Temperatures are induced with a heating jacket. All wetted parts are made of
Hastelloy C-276 enabling the usage of distilled water or highly saline brines due to the high corrosion
resistance of the material.
The drilled sandstone cores with diameters of 40 mm and a lengths of 100mm were placed inside the
pressure vessel for the experiments. The gas bottles of CO2 and N2 were connected to a valve for gas
feeding. The regularly sampling of the produced fluids was possible with a pressure tube of 12 ml
volume separated by another valve. The tube was filled twice when fluid sampling was carried out to
acidify around 10 ml of the sampled fluid with HNO3 to pH 2 for cation analysis by ICP-OES, while
another 10 ml were left untreated for anion analysis by IC. Samples were stored in the refrigerator
afterwards.

Figure 3-1: Schematic drawing of the pressure vessel used for long-term dissolution/precipitation experiments.
13
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3.3.1 Reaction with nitrogen at 45°C
The sandstone cores were placed inside the pressure vessel and the remaining volume of the pressure
vessel was filled up by groundwater. The pressure vessel was then closed and filled with nitrogen (N2)
until a pressure of 1MPa had built up. A temperature of 45°C was applied by the heating jacket and
measured constantly using a K-type thermocouple. The experiments lasted for two weeks. During this
time period the pressure of 1MPa and the temperature of 45°C was kept constant. Fluid samples were
taken after 24h, 48h, 72h, 7d, 11d and 14d, respectively. After each sampling, the pressure was
restored by opening the valve to the gas tank of N2 until a pressure of 1MPa was regained. Each fluid
sample was filtered using a syringe attachment filter of 0.45µm.

3.3.2 Reaction with carbon dioxide at 45°C
Experiments with carbon dioxide (CO2) were carried out in the same manner as experiments with
nitrogen described above. However, using CO2 in a laboratory experiments required a risk assessment
including the calculation of the maximum volume of CO2 due to gas leakage and the setup of gas
detectors. The maximum concentration of CO2 within the room was calculated to be lower than
40.000ppm. This excludes a danger for the working personal, since the concentration must exceed
100.000ppm to lead to potential unconsciousness.

3.4 Measurement of fluids
The produced fluids were measured with two devices. Dissolved cations were measured using ICPOE), while anions were measured using IC. For both techniques new methods needed to be developed
in dependency of the concentration for the different species.

3.4.1 Analysis of cations using ICP-OES
We used an ICP–OES Optima 8300 for chemical of the produced fluid. Technical information and
reviews regarding the ICP-OES device are given amongst other in Ohls et al. (1977), Boss, C. B.,
Fredeen, K. J. (1997) and Donati et al. (2017). A plasma is generated to excite the component elements
(atoms) in a solution introduced with an auto sampler. The excited atoms return to low energy position
and release emission rays (spectrum rays) that correspond to a typical photon wavelength. The plasma
is generated using argon gas supplied to the torch coil, while a high frequency electric current is
applied to the work coil at the tip of the torch tube. The argon gas is ionised, and a plasma of 6000 to
7000 K is generated. The fluid samples are introduced into the plasma through a narrow tube in the
centre of the torch tube. The elements are determined by the position of the photon rays, while the
intensity of the energy emitted at the chosen wavelength is proportional to the concentration of that
element in the analysed sample.
The accuracy and precision of the analysis is limited by several factors, such as sensitivity drift,
elemental/isotopic fractionation, matrix effects, interferences and the lack of sufficiently matrixmatched reference materials (Lin et al., 2016). Therefore, to provide the analysis with appropriate
calibration and correction, the fluctuations of the measurements must be normalised (Ridder et al.,
2002). The necessary calibration data was generated with standards of 1ppm, 2ppm, 4ppm, 5ppm and
10ppm for the elements Na+, K+, Mg2+ and Ca2+ by a series of measurements. The optimal
normalisation factor was determined via the software program WinLab 32 (Perkin-Elmer, 2010).
14
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Mixing was achieved via an auto-machine to avoid contamination. Measurement and calibration
results are compared with initial species concentrations of the pure distilled water and the
groundwater. In case of Na+ a dilution of 1:20 was used for the groundwater and a dilution of 1:5 was
used for the distilled water. Otherwise, the high concentration of Na+ would exceed the calibration
range. The used wavelength for measuring the elements are stated in Table 3-1.
Table 3-1: Used wavelength for measuring the elements Na+, K+, Mg2+ and Ca2+
element

wavelengths

sodium

589.585

potassium

766.483

magnesium

285.213

calcium

317.993

3.4.2 Analysis of anions using IC
Ion-exchange chromatography is designed specifically for the separation of differently charged or
ionisable compounds, such as anions, cations, transition metals or organic acids. Here, the IC was used
to determine anion concentrations (for reviews Jackson, 2000). The ability of large sample-handling
capacity, broad applicability, moderate cost and ease of scale-up and automation have led to it
becoming one of the most versatile and widely used of all liquid chromatography techniques. Most of
the water samples collected for IC analysis require little or no sample pre-treatment. The only pretreatment necessary is filtration using a 0.45μm filter to remove particles. An Eco IC system by
Metrohm was used. The IC was calibrated for the analysis of chloride (Cl-), nitrate (NO3-) and sulphate
(SO42-) in a range of 1 to 50ppm. The eluent was regularly renewed, while the method was established.
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4. RESULTS & DISCUSSION
This chapter summarises the results of the various performed fluid analysis, which are part of the work
package, starting with the groundwater analysis of well O4. The groundwater was used in both batchexperiments using PTFE reactors and the pressure vessel, whereat the measured data is illustrated in
several diagrams.

4.1 Ultrasonic wave velocity measurements
Measurements of p- and s-wave velocity are summarized in Table 4-1. The system delay time was
determined to 3,979·10-9 s.
Table 4-1: List of ultrasonic measurements for p- and s-wave velocity.

sample

length

mm
108.32
100.86
107.50
90.78
103.46
105.03

R1 121,7 m
R1 124,5 m
R1 124,6 m
Bentheim 0
Bentheim 1
Bentheim 2

p-wave velocity vp
m/s

s-wave velocity vs
m/s

4374,80
5083,67
5679,82
3240,99
2805,06
2826,17

2940,55
3211,52
3334,37
1454,57
1853,90
1826,29

4.2 Water analysis groundwater well O4
Conductivity, pH, oxygen content, salinity and temperature were measured directly at the well bore
head after sampling of the fluids. Measurements, such as base and acid capacity, were performed as
soon as possible after fluid sampling and transport to the laboratory. The acid capacity was used to
calculate the carbon acid (HCO3-) according to
𝑐𝐻𝐶𝑂3− = 𝑚 ∙ 61.017,

(2)

where 𝑚 denotes the m-value or acid capacity (Table 4-2). With the m-value of 6.35 mmol/l the HCO3concentration calculates to 387.5 mg/l.
Table 4-2: List of standardized on-site and laboratory measurements for water analysis of well O4.

GW_O4_25.1.19
date
well
depth
time
temperature
sampled volume
pH
O2
conductivity
salinity

Units

m
°C
l
mg/l
µS/cm
PSU

Local
measurement
25.01.2019
O4
66.5
10:00
13.6
5
7.6
0,2-4
721
0.1

Titration
25.01.2019

Ion
chromatography
05.02.2019

Ion
chromatography
18.02.2019

10:40
13.6
7.9
2.7
725
0.1
16
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redox
filter
base capacity
acid capacity
turbidity
Odour
dH
Ca
Mg
Na
K
Cl
Br
NO3
PO4
SO4
F

µm
mmol/l
mmol/l

192
0.45
0.05
6.35

clear
sulfuric
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l

2
8.016
3.82

43.96

7.5
4.1
172.8
9.5
41.5
0.2
n.a.
n.a.
5
0.1

4.3 Results for dissolution and precipitation using sandstone powder
Experiments lasted either for 5 or 10 days. In distilled water Na+, K+, Mg2+ and Ca2+ were dissolved from
the powder. The dissolution process has slowed down after one day indicated by a plateau in case of
Na+ and K+ (Figure 4-1). The concentration of Na+ is up to 50 mg/l and the concentration of K+ is up to
21 mg/l. Concentration of Mg2+ and Ca2+ reached about 4 mg/l in the distilled water. However, no
plateau was reached indicating that the dissolution process had not slowed down.
Measured concentration of Na+, K+, Mg2+ and Ca2+ were generally higher in the groundwater samples.
The groundwater was already saturated with Na+, Mg2+ and Ca2+ and reached concentrations of 180,
4 and 8mg/l, respectively. The concentration of K+ increased from about 10 up to 30mg/l during the
experiments equally for all samples.
The concentration of Mg2+ and Ca2+ decreased for the 470 m samples compared to the initial
groundwater, while the concentration remained approximately equal for the 120 m samples. Hence,
there is clear difference in composition for the two samples from the different depth intervals (120 m
and 470 m, respectively). There is difference between distilled water and the groundwater. However,
the difference is only well pronounced for the divalent ions of Mg2+ and Ca2+ (Figure 4-1). Results are
more scattered for the monovalent charged cations of Na+ and K+. The monovalent charged cations
dissolved more quickly compared to the divalent charged cations.
Concentrations of the measured anions Cl-, NO3- and SO42- are below 5 mg/l in case of experiments
using distilled water (Figure 4-2). Values increased only slightly over time. The measured Clconcentration was around 48mg/l for experiments performed with groundwater, while NO3concentration was nearly zero. In contrast, the concentration of SO42- increased over time from around
7.5 up to 22mg/l using groundwater for the experiments. No clear differences are noted between
samples from a depth of about 120 and 470m for measured anions.
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The quality of measurements was evaluated by calculating the ion balance ∆𝐼𝐵 for the different
species. The difference of equivalent concentrations between cations and anions was calculated
according to:
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠−|∑ 𝑎𝑛𝑖𝑜𝑛𝑠|

∆𝐼𝐵 = ∑

𝑐𝑎𝑡𝑖𝑜𝑛𝑠+|∑ 𝑎𝑛𝑖𝑜𝑛𝑠|

100.

(3)

The results (%) corresponds to the relative error for the concentration of all ions. The ion balance for
measurements with distilled water is around 90% indicating, that major anions are missing in the
measurements.
However, the HCO3- concentration of 387.5mg/l determined for groundwater of well O4 was added
for calculation of the ion balance at experiments using groundwater. By including the major anion Cl-,
NO3-, SO42- and HCO3- the relative error was calculated to 3.5 %, which is below 5 % and according to
DIN 38402-62 acceptable for practical water analysis.

Figure 4-1: Long term reaction of sandstone powder from a depth of 478, 470, 127 and 121 m in distilled water and
groundwater at 60°C. Illustrated are the measured cations Na+, K+, Mg2+ and Ca2+ as a function of time.
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Figure 4-2: Long term reaction of sandstone powder from a depth of 478, 470, 127 and 121 m in distilled water and
groundwater at 60°C. Illustrated are the measured anions Cl-, NO3- and SO42- as a function of time.

4.4 Results for dissolution and precipitation using drilled sandstone rocks
Experiments using the pressure vessel lasted for 14 days with three samples already examined. In all
samples sodium occurs with the highest concentration of about 160 mg/l with respect to the other
ions. The concentrations of the measured groundwater before the reaction are generally comparable
to the results shown in Chapter 3.2. Measured concentration of Na+, K+, Mg2+ using Bentheim
sandstone were very stable during the whole experiment. Only a slight increase in Ca2+ concentration
was observed. A clear increase of iron in the solution was measured, while barium concentration
remained stable at around 4 mg/l during the 14 days.
Using the Ruhr sandstone and N2 in the experiments resulted in a constant concentration of Na+ and
a slight increase of K+, Mg2+ and Ca2+ over time. The amount of Mn and Fe was below 1 mg/l. In contrast
the concentration of Ba decreased from 4 to 0.8 mg/l (Figure 4-3). The concentrations of K+, Mg2+ and
Ca2+ increased when using CO2 in the experiments indicating a dissolution process of carbonates
(Figure 4-3).
The concentrations of the measured anions Cl-, NO3-, SO42- are similar for the different experiments
and show no changes over time. An exception is a maximum peak in NO3- concentration after a time
19
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period of three days for Bentheim sandstone at 45°C using CO2. The concentration of NO3- was not
measurable for experiments using Ruhr sandstone, except for the produced fluids at 80°C and with
CO2.
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Figure 4-3: Long-term reaction of cylindrical rock samples of sandstone from a depth of 127 at 45°C and 1MPa. N2 and
CO2 were used in the experiments. Illustrated are the measured cations sodium (Na), potassium (K), magnesium (Mg) and
calcium (Ca) as well as iron (Fe), manganese (Mn) and barium (Ba) for a few selected samples as a function of time.
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Figure 4-4: Long-term reaction of cylindrical rock samples of sandstone from a depth of 127 at 45°C and 1MPa. N2 and CO2
were used in the experiments. Illustrated are the measured anions chloride (Cl), sulphate (SO4) and nitrate (NO3).
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5. MODELLING
The open source PHREEQC (Parkhurst and Appelo, 2013) software was used to model the temperature
dependent solubility of the major minerals present in the rocks (Figure 5-1). On the one hand side the
solubility of carbonates increases for experiments using CO2, but on the other hand the solubility of
carbonates decreases with increasing temperature. These results are in good agreement with the
experiments for which the highest increase in calcium was recognized at 45°C using CO2.

Figure 5-1: Long-term reaction of cylindrical rock samples of sandstone from a depth of 127 at 45°C and 1MPa. N 2 and
CO2 were used in the experiments

Modelling of equilibria show that dissolution is the dominant process in our system when increasing
temperature or adding CO2. Initially the system is under-saturated with respect to the species
potassium (K), magnesium (Mg) and calcium (Ca), which provokes a dissolution of calcite and kfeldspar until equilibrium is reached. The amount of quartz and k-feldspar is unlimited in the reservoir,
while the amount of calcite, bound to fractures is highly variable. A varying amount of iron phases and
the highly altered plagioclase due to low-grade sericitization processes, complicated the correct
assumptions for models. For example, interactions between the different mineral phases and fluids
are difficult to predict and can result in precipitation of magnesium or iron phases.
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6. CONCLUSIONS
We determined the dissolution and precipitation effects for two types of local sandstone lithology by
performing unstirred and stirred batch-experiments in PTFE reactors and a pressure vessel. The
samples used were two samples of Ruhr sandstone originating from two different sample depths of
about 120 and 470m from well R1. The well was drilled at the International Geothermal Centre in
Bochum, Germany and represents typical fluvio-deltaic sediments of the Carboniferous. Additionally,
for comparative purposes, the Bentheim sandstone, a well characterised siliciclastic reservoir rock was
included in the experiments. Groundwater sampled from well O4 was used for the experiments
sampled at a depth of about 120m.
We acquired the time dependent reaction kinetics by measuring the major cations and anions
concentration over time using ICP-OES and IC. Experiments were performed under elevated pressures
and temperatures of 1MPa and 45°C or 60°C respectively, to simulate the expected reservoir
conditions. Following conclusions can be drawn from the experiments:
•
•

The groundwater is dominated by sodium with lesser amounts of calcium and bicarbonate.
The two sandstone samples examined from well R1 from a depth of 120 and 470m are different
in composition and represent two separated aquifers. The shallower sample of 120 m depth is
in equilibrium with the groundwater sampled at this depth as might be expected, while Ca and
Mg precipitate in the deeper samples, indicating an oversaturation for these cations.
• Increasing the temperature to 45°C resulted only in a slight increase of Ca, Mg, K, while the
reaction with CO2 favours the dissolution of carbonates resulting in higher concentrations of
Ca and Mg in the produced waters for the examined Ruhr sandstone from a depth of about
120m. While in the upper part of the reservoir carbonate dissolution can be expected in the
lower aquifer no calcite minerals were recognized in the cuttings which results in a negative
saturation indices for carbonate minerals. However, the complex interplay between different
species and minerals is not yet fully understood. Especially in case of the deeper reservoir
missing rock cores and fluid samples hamper the models. The planned drillings will give new
insights into these parts of the reservoir and increase our knowledge.
Next steps include experiments with rock samples from the test site in Iceland (already arrived) and
Turkey in long term experiments for precipitation/dissolution of minerals with corresponding fluids.
Because different fluids will be used the measurements require the calibration of new methods using
the ICP-OES and IC. In a final step the models using PHREEQC software will be adapted with the data
from the deeper reservoir and the experiments, which will be performed at the drill site, will be
monitored continuously. Results from XRD measurements would surely improve the models carved
out so far. Results will be made available, when experiments are finished and models are verified with
fluid data from the deeper reservoir.
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