Geothermics 54 (2015) 122-135

journal homepage: www.elsevier.com/locate/geothermics

Contents lists available at ScienceDirect

Geothermics

Mineral precipitation during production of geothermal fluid from a @CmMaIk
Permian Rotliegend reservoir

Simona Regenspurg?®*, Elvira Feldbusch® ', James Byrne "2, Firorenza Deon?®:3,
Dejene Legesse Driba®#, Jan Henninges®!, Andreas Kappler”:>, Rudolf Naumann®°,
Thomas Reinsch®7, Christine Schubert®:2

2 Helmholtz Centre Potsdam, German Research Centre for Geosciences, Telegrafenberg, D-14473 Potsdam, Germany
b University of Tiibingen, Centre for Applied Geosciences, Germany

ARTICLE INFO

Article history:
Received 5 August 2014
Accepted 10 January 2015

Keywords:

Scaling

Native copper
Laurionite

Magnetite

Rotliegend formation
M@dssbauer spectroscopy
Geothermal fluid

ABSTRACT

Highly saline geothermal fluids typically contain a complex mixture of metals that are responsible for pre-
cipitation of various minerals during the operation of geothermal plants. This has resulted in significant
clogging of the production well at the geothermal site Grof3 Schonebeck (Germany).

Alarge number of different sample types have been collected from this site including solid precipitates
from filters above ground, directly from the borehole fill, and from the material flushed out by various well
cleaning operations. The sampled material filling the well is predominantly composed of native copper
(Cu%), barite (BaSO,4), magnetite (Fe304), and lead (Pb) bearing phases such as laurionite (PbOHCI), as well
as minor amounts of calcite (CaCOs3), and an amorphous phase containing mainly Si, Fe, Ca, Pb, and Al.

While some minerals such as barite precipitate due to oversaturation upon cooling, the formation
of native copper requires a redox reaction, that can be induced by reduction of Cu(I) or Cu(Il) by ele-
mental iron (Fe®). Results from this study indicate that highly concentrated Cu and Pb containing fluids
are characteristic for the host rock, which is Permian Rotliegend sandstone with an underlying Permo-
Carboniferous volcanic rock. Due to the high salinity of the formation fluids, heavy metals can be enriched
in these waters by formation of aqueous metal chloride complexes. When this fluid comes in contact with
the Fe? of the carbon steel liner, the Cu is immediately reduced and precipitation occurs. As further corro-
sion products, magnetite (Fe;04) and (X-ray amorphous) Fe(Il) phases have been identified by Mdssbauer
spectroscopy. The formation of the mineral laurionite consumes both Pb and hydroxide ions. Thus, its
precipitation decreases the pH-value resulting in a proton excess which is most likely consumed by calcite
dissolution, resulting in buffering the pH to around neutral.

The clogging process of the well is accelerated by frequently alternating periods of fluid production
and shut-in providing repeatedly “fresh” (metal-rich) reservoir fluid which subsequently reacts with the
casing or oversaturates upon cooling.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The exploitation of geothermal energy in areas of average
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Fig. 1. Scheme of the Grof8 Schonebeck production well borehole completion,
lithostratigraphic geological formations, maximum depth of the borehole fill
(obstruction), and areas of caliper measurements. White arrows: stimulated sec-
tions; SiS: siltstone, SaS: sandstone, MS: mudstone, C: conglomerate. Clastic
sediments are usually alternating sequences of silt, mud, coarse-, and fine sandstone.

Permian (Rotliegend) sandstones and the underlying volcanic rock
formations are being investigated for geothermal applications.
They were encountered in 1990 during gas exploration and com-
prehensive research on enhanced geothermal systems (EGS) has
been carried out since 2001 (Huenges et al., 2006; Zimmermann
et al.,, 2010). A geothermal well doublet system with a produc-
tion (Gt GrSk 4/05) and an injection well (E GrSk 03/90) has been
established. The reservoir is between 4100 m and 4300 m (true ver-
tical) depth and consists of clastic sedimentary rocks of the Upper
Rotliegend Dethlingen- and Mirow/Parchim formations underlain
by Lower Rotliegend volcanic rocks that have been hydraulically
stimulated by water- and gel-proppant fracs (Zimmermann et al.,
2010; Fig. 1). The production well is deviated within the reservoir
interval by 46-49° at maximum resulting in a horizontal distance
of about 450 m between the wells in the reservoir (Zimmermann
and Reinicke, 2010). Consequently, the total measured depth of
the production well is of longer distance (4400 m) than its true
vertical depth (4264 m). Reservoir engineering was successfully
terminated in 2009 and first circulation tests (production of fluid
and immediate re-injection) started in 2011. Samples of deep well-
bore fluids have been analyzed both, before and after reservoir
stimulation and classified as Na-Ca-ClI brine of very high salinity
(265 g/L) and a gas to liquid volume ratio of about 1:1 with mainly
N, (85-90%) and CH4 (10-15%) in the gas phase (Wolfgramm et al.,
2003; Regenspurg et al., 2010). These fluids are very characteristic
for Rotliegend formations (Liiders et al., 2010) representing a com-
plex elemental mixture including compounds that are considered
to have strong scaling or corrosion potentials. Chloride (Cl~) con-
centration amounts to nearly five molar thus being not only highly
corrosive for carbon steel (e.g. Li and Ma, 2009) but also represent-
ing a strong complexing agent for many metals such as lead (Pb),
iron (Fe) or zinc (Zn) which occur in concentrations between 100
and 200 mg/L in the GrSKk fluids. Barium concentration is typically
around saturation depending on temperature of the sampled fluid

(Regenspurg et al.,2010). During fluid production tests, the accessi-
ble depth of the production well decreased by nearly 250 m (Fig. 2;
Reinsch et al., in press), which can be linked to clogging by filling
the well with precipitates (scaling).

The aim of this study is to identify (I) these scaling compo-
nents of the fill as well as (II) the underlying chemical reactions
responsible for their precipitation, and (III) to link these mineral
precipitation reactions with the geological setting and fluid pro-
duction operations in the well. This understanding is of importance
not only for preventing further scale formation at the GrSk site
or at geothermal wells in similar geological settings but also for
understanding geochemical interactions at highly saline geother-
mal conditions.

2. Materials and methods

2.1. Activities at the Grofs Schonebeck site since completion of the
geothermal fluid loop

A summary of the main activities and sampling operations since
April 2011 at the GrSk site is given in Table 1. Briefly, the fluid loop
was established in spring 2011 (Frick et al., 2011). Subsequently, a
series of circulation tests were carried out. Above ground a pres-
sure of approximately 10 bar was maintained in the system to keep
CO5, a minor gas component (<1 vol %) in solution and to prevent
atmospheric oxygen (O,) from entering the fluid. Other fluid gases
(mainly nitrogen and some methane) were separated from the
fluid loop above ground and released into the atmosphere. After
degassing, the fluid passed through some filter units (1-2 pm and
10-20 wm) before being re-injected into the reservoir. The fluid
temperature at reservoir conditions was nearly 150 °C (Henninges
et al., 2012), but due to relatively low flow rates (<20m?3/h) and
frequent shut-in periods (Fig. 2), the well head temperature was
around 100°C at maximum. At the end of the testing phase (April
2012), the accessible depth of the well had decreased from 4358 m
to 4204 m (Fig. 2).

To find out the cause for this obstruction, solid samples with
a volume of 0.5-2L were retrieved from the depth of the well
using a drive-down bailer (outer diameter: 45 mm) that penetrates
~0.5m into the obstruction. After obtaining three samples from
the production well and one from the injection well (end of July
2012), a short production test was carried out. Afterwards, a fur-
ther decrease of the total depth was determined (4112 m; Fig. 1)
and another bailer sample was collected (Table 1). To eventually
remove the fill, a coiled tubing (CT) was inserted into the bore-
hole to flush out the solid material by reverse circulation. This
removed about 70L to a depth of 4157 m (Reinsch et al., in press).
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Fig. 2. Plot of the cumulative fluid that was produced and total depth over time in
the Grof3 Schénebeck production well.
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Table 1

Wellbore activities and sampling since April 2011 in the GrSk production (GrSk04) well.

Date Activities

Sample name Sample type abbreviation

04.2011-06.2012 Several production-tests;

determination of TD

26.07.2012 Drive down bailer
7.8.-8.8.2012 Short production tests (~7 h; 198 m?)
8.8.2012 Drive down bailer and TD

30.112012-3.12.2012 Coiled tubing operation

10.12.-12.12.2012 Production test (332 m?3)

21.12.2012 Drive down bailer and TD
27.12.2012 Multi finger caliper and TD
05.2013 Deep fluid sampling during shut-in
01.2014 Wellbore cleanout

02.2014 Several production lift tests with

simultaneous deep fluid sampling

Collection of fluid (wellhead) and filter
residue samples (FR1-FR114)

Three bailer samples (B115, 116, 117) B
from 4200 m (GrSk04)

WH-FI, FR

Bailer sample of GrSk04 (B119) B
33 samples (back flushing CT
suspension) + three sediment container

samples

Well head fluid and filter residue WH-FI, FR
samples

Bailer sample of GrSk04 (134), 4162 m B
Fluid collected in 2313, 2900, 3500, D-Fl
4120 m depth

Samples collected by reverse co
circulation up to 4346 m

Deep fluid in 4200 and 4240 m D-Fl

TD, total depth; WH-FI, wellhead fluid; D-Fl, deep fluid; FR, filter residue; CT, coiled tubing; CO, cleanout; B, bailer.

After another production test, a final bailer sample was collected
(Table 1). In December 2012, a mechanical multi-finger caliper
measurement was performed to measure the inner radius of the
well liner (Dennis, 1990). Finally, in December 2013, a work overrig
was installed at the production well and after pulling the produc-
tion pump, the clean out (CO) operation was performed to remove
the fill by reverse circulation down to 4346 m. The drilling fluid
used was GrSk brine, mixed with near surface groundwater (acidi-
fied with HCI to pH 4.5 to remove HCO3) in a mixing ratio of about
1:1 to obtain a fluid density of 1.09 g/cm3.

In May 2013 and in February 2014, deep fluid samples (each
0.6 L) were collected with a Leutert Positive Displacement Sampler
(PDS) at in situ P-T conditions at different depths of the produc-
tion well (Table 1). A detailed description of the fluid sampling
procedure is given elsewhere (Regenspurg et al., 2010). While the
sampling in May 2013 took place during shut-in, the samples taken
in February 2014 campaign were taken immediately after a produc-
tion lift test thus collecting freshly produced material directly from
the reservoir was assumed to be attributed to both the volcanic
rock reservoir (sample at 4240 m) and to the sandstone reservoir
(sample at 4200 m).

2.2. Sample collection, preparation, and analysis

2.2.1. Characterization of solid samples

Four types of solid samples were collected and investigated by
various methods (Tables 1 and 2): (I) filter residues (FR) were sam-
pled from filter bags at beginning of circulation tests after each
filter change. For this study, seven representative samples out of
107 (collected between July 2011 and December 2012) were ana-
lyzed in detail. (II) The first three bailer samples (B) were taken in
July 2012 (B115-B117). After a short production test, another bailer
was collected (August, 2012, B119). A last bailer sample (B134) was
taken after the CT operation. (III) During the CT operation, samples
were collected either directly from the fluid return (33 CT samples)
or from the storage basin of the returned fluid (three samples). (IV)
Samples from the CO operation were obtained either by collecting
and filtering the circulation fluid (approximately once per hour
with 5L fluid containing ~5 g solid sample; CO-ff) or by collecting
the material directly from the sediment container beneath the
vibrating sieve (CO-cf). In both cases, the depth in the well was reg-
istered. Sample CO-60 represents a sample collected from a section
of the tubing that was clogged at a depth 0of 4280 m by solid material
and transported to the surface by pulling out the entire tubing.

All samples except for a few exceptions (as described later)
were collected and stored at oxic conditions. For all sample types
the different analytical methods are summarized in Table 2 and
described in the following: grain size determinations were carried
out either by laser diffraction particle size analyzer (Mastersizer
2000; measurement range: 0.02-2000 p.m) for filter residue sam-
ples, by wet sieving of samples B 117 and CO 60-, and by microscopy
(VHX1000D; zoom objective VH Z20R and VH-ZOOR for selected
samples. The average mass of filter residues was roughly deter-
mined by weighing all (wet) filters. The density and water content
of all samples was determined by weighing a defined volume before
and after drying at 105 °C. Optical microscopy was used to char-
acterize all sample types (selected samples). For further analyses,
dried samples (105°C) were ground using an agate mortar or a
pebble mill to obtain a homogenous powder (63 m).

Two different methods were applied to determine the elemen-
tal composition of the samples: (1) most bailer and CT samples
were first extracted with concentrated (65%) HNO3 (1 g/10 mL). The
extract was diluted with deionized H,0 (1:5) and the residue was
separated by filtration. Both, the extract and the filter residue were
kept for analysis. In the extract, the main components were mea-
sured (see below). The HNO3-insoluble residue was H,0O washed,
dried, ground to a homogenous powder with a mortar and analyzed
by the same methods as the original sample. (2) In CO samples, the
elemental composition was measured by X-ray fluorescence (XRF)
spectroscopy on a Bruker S4 Pioneer instrument, equipped with a
4 KW Rh tube. Major elements were determined at reduced tube
energies. Counting times were chosen in a way that the relative
20 uncertainties were better than 1% for Si and Al, and better than
5% for elements occurring at the 1-10 wt% concentration level. For
the determination of trace elements, tube conditions and count-
ing times were optimized automatically up to 4 kW and 400s per
element, to obtain a detection limit of ~3 ppm (30). Typical errors
(20) from the counting statistics were 1-2 ppm at low concentra-
tions (<10 ppm), ~5 ppm at the 100 ppm concentration level, and
better than 50 ppm at the 1000 ppm level.

Selected B-, CT-, and FR samples were analyzed for total carbon,
nitrogen, and sulfur (CNS), with detection limits of about 0.1 wt%
for each species. In five selected CO-cf and CO-ff samples organic
and inorganic carbon was measured by a carbon analyzer (Euro
EA3000; EuroVector). Total inorganic carbon (TIC) was assumed
to correspond completely to calcite which was qualitatively also
identified in nearly all samples by a bubbling reaction with 1M HCl
resulting in a visual release of CO,.



Table 2

Solid phase analyzes of the different types of samples.

Cleanout samples (CO)

Coiled tubing samples (CT)

Bailer samples (B)

Filter residues samples (FR)

Microscopy, sieving

Microscopy

Microscopy, sieving
Wet/dry density + water content by weighing before and after drying (105 °C)

Laser diffraction (mastersizer)

Grain size distribution

Total mass by weighing all filters

XRF, CNS Analyzer

Mass/density (wet and dry)
Elemental composition
Mineral composition
Magnetic properties

XRF, TC/TOC or elemental analyzer

Extraction +ICP

Extraction + ICP or XRF (one sample), CNS analyzer

XRD, SEM +EDX

Maossbauer spectroscopy

Not measured

Mossbauer spectroscopy

Magnetic susceptibility
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The mineral composition was determined in solid samples by
powder X-ray diffraction (XRD) which was carried out in trans-
mission with a Cu Ka1 radiation source. The diffractometer was
equipped with a primary monochromator and a 7°-wide position 9
sensitive detector. Diffractograms were semi-quantitatively eval-
uated by the software EVA as well as by Rietvield refinement.
Scanning electron microscopy (SEM) was applied with a beam cur-
rent acceleration of 20kV, and a maximum aperture of 120 wm.
On selected image spots, the material composition was semi-
quantitatively characterized by energy dispersive X-ray (EDX),
using the same accelerating voltage.

2.2.2. Sampling and analysis of magnetic mineral phases

The magnetic mineral phases were removed from the bulk sam-
ples by a bar magnet, washed with deionized water, and analyzed
by XRD, SEM, and XRF to determine the mineral and chemical
composition. Additionally, magnetic susceptibility was analyzed
on dried samples of five FR - and of one B sample (119). Tem-
perature dependent magnetic susceptibility was measured with a
KLY-3 Kappabridge (AGICO) with a peak magnetic field intensity of
300A/m and a frequency of 875 Hz with an attached CS-3 furnace.
Experiments were conducted in air between room temperature and
700°C with a heating rate of 5°C/min.

The magnetically extractable components of CO samples (43,
109, 60-1 and 60-5) and B sample 117 were analyzed by °7Fe
Mossbauer spectroscopy. After collecting about 20 mL of the wet
material in the field, samples were sealed immediately in glass
vials and prepared in an anoxic glovebox (100% N, ). After grinding
and separating the magnetic components they were transferred
to Eppendorf tubes (2 mL) and passed through a filter (0.45 pwm,
mixed cellulose esters, Millipore) to remove the aqueous phase. The
filter and sample were then sealed between two layers of oxygen-
impermeable adhesive polyimide film (Kapton) and stored in a
Schott bottle for transfer to the Mdssbauer instrument. Each sam-
ple was inserted into a closed-cycle exchange gas cryostat (Janis
cryogenics) and all spectra were collected at 77 K using a constant
acceleration drive system (WissEL) in transmission mode with a
57Co/Rh source and calibrated against a 7 m thick a-°7Fe foil mea-
sured at room temperature. All spectra were analyzed using Recoil
(University of Ottawa) by applying a Voigt Based Fitting (VBF) rou-
tine (Rancourt and Ping, 1991). The half width at half maximum
(HWHM) was fixed to a value of 0.122 mmy/s for all samples, which
was determined from the inner line broadening of the calibration
foil at room temperature.

2.2.3. Sampling and analysis of aqueous solutions and HNO3
extracts

Deep fluid samples have been collected from various depths
of the production well (in May 2013 at 1700, 2900, 3500, and
4100 m during shut-in and in January 2014 at 4200 and 4240 m
immediately after a lift test). After degassing, all samples were
immediately filtered (0.2 wm). One subsample of the liquid was
acidified to pH 1-2, and a second subsample was directly analyzed
for chemo-physical parameters (see below) and for anions by ion
chromatography within few days after sampling.

Methods used for sample preparation and analysis of fluid
chemical and physical parameters are described in detail by
Feldbusch et al. (2013). Total elemental composition (K, Na, Li, Cu,
Si, Al, Ca, Mg, Ba, Fe, Mn, Sr, Cr, Cd, Pb, Zn, As, Ni, Hg, Ag, B, Ge,
Ti, Co, and W) was analyzed by inductive coupled plasma mass
spectrometry (ICP-MS) in aqueous acidified samples as well as in
the HNOs-extract of bailer sample 115. The measurement uncer-
tainty for all elements measured by the used methods with ICP
varies between 8 and 12%. In all other extracts, only the main
components (>0.4wt%: Ca, Fe, Pb, As, Cu, Hg) were analyzed. In
non-acidified samples, anion concentrations were measured by ion
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Fig. 3. Grain size distribution for filter residue samples (mean value of about 50
samples measured by Mastersizer), bailer samples collected before- (B 117), and
after (B134) the CT operation (by wet sieving), and cleanout samples CO-cf (coarse
fraction, measured by wet sieving), and CO-ff sample (fine fraction, estimated from
microscopy).

chromatography with analytical uncertainty of <5%. The pH value,
which was also measured in pore water from bailer samples, was
determined by Ag/AgCl electrodes. Measured pH values require a
correction due to the salinity depended shift in hydronium activ-
ity (Altmaier et al., 2003). The shift has been determined for the
applied electrode to be about 1.1 pH units (Feldbusch et al., 2013).
All pH values presented here are shift corrected.

2.3. Geochemical equilibrium calculations

For estimations of mineral saturations, concentrations, and
metal speciation, equilibrium calculations were performed with
the geochemical program PhreeqC version 3.1.2 (Parkhurst and
Appelo, 2011). As input file, a 1.5M CaCl, plus 2 M Nacl solution
with 1mM of either Pb%*, Cu?*, or Ba%* and S042-, and varia-
tion of pH (4-10) and temperature (20-150°C) was selected. Due
to high salinities of the fluid, calculations require the application
of Pitzer activity coefficients (Pitzer and Mayorga, 1973), which
are however unavailable for many species. Only few databases
such as the Quintessa Ltd. (pers. communication) are known to
have compiled and available Pitzer parameters that have been

translated to PhreeqC. Quintessa in turn, translates the EQ3/6
database (Sandia National Laboratories, 2007) but it is not peer-
reviewed and for evaluation purposes only. The recently developed
GeoDat database was validated with experimental data over a wide
range of ionic strength and temperature especially for some sys-
tems relevant for geothermal application such as barite saturation
(Moog and Cannepin, 2014). Since many minerals are not consid-
ered by these databases however, calculations for laurionite were
made with the LLNL database (Johnson et al., 1992; Wolery, 1992)
which implies at least paralaurionite (the more amorphous form
of laurionite). These results however, can be used for rough esti-
mation only since more correct calculations require application of
Pitzer activity coefficients.

Barite saturation was calculated for comparison with all three
databases (Quintessa, GeoDat, and LLNL). For metal speciation of
aqueous complexes the Geodat database was used.

3. Results
3.1. Characterization of precipitates

3.1.1. Visual description and particle size distribution

Filter residue samples are fine grained (0.1-1 mm @; fine sand
fraction) and of brownish to grayish color. No individual minerals
can be determined visually or by optical microscope in FR sam-
ples. Bailer samples are dark grayish-brown and of larger grain
size (mainly 1-2 mm of average @; middle to coarse sand fraction)
with occasionally 10 mm @ particles; Fig. 3). The largest particles
of mainly coarse sand fraction were found in bailer sample 134
(Fig. 3), collected after the CT operation (thus being disturbed of
the original sedimentation stratigraphy). Grain size distribution of
CT and CO samples, as observed by microscopy, differed strongly
depending on if they were collected directly from the drilling fluid
in which case the material was very fine grained and homogenous
(<0.05 mm) or if they were collected from the storage containers for
solid disposal. The latter material was mainly composed of larger
particles similar to bailer samples. Therefore, the CO fine fraction
(CO-ff) is differentiated from the CO coarse fraction (CO-cf). In the
rather coarse grained CT, CO as well as in B samples small nuggets
(1-10 mm) of native copper as well as laminated gray and white
particles (1-2 mm) are visible (Fig. 4). Some of the CO-cf samples
were almost completely composed of tabular shaped particles of
2-3 mm length (Fig. 4). Most samples also contained a small frac-
tion (1-2 wt%) of dark-brown-black, particles that can be separated

Fig. 4. Left: Microscope images of a CT sample (top) and a B sample (117; bottom) with shiny copper particles. Right: Photograph of CO (60-1) sample with tabular copper

particles coated with a gray layer (presumably cuprite).
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Fig. 5. Powder X-ray diffractrograms of a bulk bailer sample (115) before (top left) and after (bottom left) extraction with 65% HNO3 as well as a FR sample (top right) and
a magnetically separated phase (bottom right). The y-axis gives the intensity, letters indicate reflex lines of minerals less obvious to identify (M: magnetite; L: laurionite; C:

calcite).

by a magnet. All samples collected directly from the cleanout fluid
(CO-ff samples) consisted predominantly out of this black magnetic
material with an associated carbonate phase (presumably calcite)
as indicated by strong reaction with 1 M HCI.

3.1.2. Mineral and chemical composition of the fill

All sample types are predominantly composed out of the follow-
ing phases as identified by XRD and confirmed by determination of
the elemental composition: strontium (Sr)-rich barite ((Sr,Ba)SOy4),
native copper (Cu®), laurionite (PbOHCl), magnetite (Fe304), cal-
cite (CaCO3), and a large fraction of amorphous material containing
mainly Si, Ca, Al, Pb, and Fe. Some representative examples of X-
ray diffractrograms are shown in Fig. 5a-d. Occasionally, small
amounts of other minerals such as cuprite (Cu,0), copper oxide
(Cu0), and rarely quartz (SiO,) were identified in B and CO sam-
ples. XRD evidenced that the HNO3 extraction as performed in B
and CT samples readily dissolved (35-85wt%) all minerals apart
from the (Sr-rich) barite (Fig. 5a and b). Apart from traces of quartz
and possibly calcite, no reservoir-rock minerals such as feldspars,
hematite, or clay minerals could be identified.

Individual crystals of the four sample types were analyzed by
SEM in combination with EDX to determine crystal morphology
and their elements ratio concentration (Fig. 6). EDX confirmed the
barite to be Sr-rich with a Ba:Sr ratio of about 4:1. Barite crystals

Table 3

of all sample types typically showed well-defined tabular-laminar
shapes of different sizes, whereas laurionite crystals are of reg-
ular shape, sometimes in radial aggregations (Fig. 6). Apart from
barite, particles in the filter residue samples showed rather indefi-
nite morphologies with heterogeneous elemental composition (e.g.
Ca-Si-Fe compounds). Copper typically occurred as fine polycrys-
talline grains (Fig. 4), in thin laminated, or in tabular-dodecahedral
shapes (Figs. 4 and 6) often covered with a metallic-grayish layer
(Fig. 4, right) which was identified as cuprite by XRD, EDX and
optical appearance.

Analysis of total elemental composition by XRF and CNS
revealed that the following five elements predominated in all sam-
ples: Cu, Pb, Ba, Fe, and S (Table 3). This confirms results from
XRD that showed native copper, laurionite and barite to be the
most prominent minerals. Total sulphur content was found to vary
between 2 and 10% and assumed to correspond completely to the
sulfate of barite due to stoichiometric correlation with total Ba
(Regenspurg et al., 2014). XRF allows, in combination with XRD, a
rough quantification of the mineral composition by assuming that
all Cu is present as native copper, all S and Ba as barite, and all Fe
as magnetite (Fig. 7) although 57Fe Méssbauer results indicate the
presence of some other Fe phases in the samples (Section 3.1.3).
Since Pb occurs as laurionite, native lead, and as an amorphous
phase, this simplified estimation cannot be made for Pb minerals.

Mean values of main element composition (wt%) of all samples of the different sample types determined either after dissolution of various samples in HNO3 by ICP (B, FR,
CT) or by XRF (CO) and calculated to total weight percentage of the sample. Total S in FR, CT, and B samples was determined in bulk samples by CNS.

Sample type Si Ba Cl Cu Fe Pb Ca As Hg S

B? 1.3b 8.4° 7.7 491+ 16 1.26 + 0.6 7.6 £5.5 223+ 1.1 0.7+0.1 0.4+0.02 3.09 + 0.1
FR 2.85+235 2.08+1.6 nm 476 + 2.4 3.57 £ 2.2 26 +45 7.28 +4.75 0.16+£0.2 0.14+0.1 5.4 + 3.5¢
CT 0.12+0.14 496 +0.5 nm 256 +17 5.04 + 3.1 6.1 + 11 25+20 2.04+13 nm 14+ 04
CO-ff 2.34+0.32 1.84£0.28 41+09 53 +£0.36 114 +£0.7 3.8+0.7 57 +£1.1 nm 0.45+0.03 0.48 + 0.25
CO-cf 22+1.1 16.4+7.8 58+3.5 25.4 + 15.7 0.73 £ 04 8.1+6.5 2.68 +1.3 0.27+0.17 0.65+0.3 45 +28

a Without B134.
b Determination of one sample by XRF.
¢ Average of 40 samples.
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Fig. 6. Scanning electron micrographs. Morphologies were identified by EDX as tab-
ular Sr-rich barite (top), tabular native copper with copper oxide layer (middle), and
needle shaped, radial grown laurionite (bottom).

The relative amounts of the respective minerals differ strongly
depending on the sample types or sampling procedure, respec-
tively. Bailer samples collected before the CT operation can be
considered as most “autochthonous” sample types with highest
amounts of native copper (50%). The bailer sample collected after
the CT operation (B134; Table 1), however, consisted predomi-
nantly of barite (65 wt%) indicating the CT strongly disturbs the
mineral stratification and separates them according to size, shape,
and density of the grains. Similarly, the Cu content is decreased in
CT, CO and especially FR samples (Fig. 7) indicating that high den-
sity copper particles are hardly removable from the well depth by
flushing and pumping activities (density of copper at room tem-
perature: 8.92 g/cm3). Consequently, all analyzed data of samples
collected by these methods show high error bars (Fig. 7). CO-ff
samples are relatively homogenously composed of predominantly
magnetite and calcite (Fig. 7).

All samples additionally contain relatively high amounts of
arsenic (As) and mercury (Hg) which both correlate well with the
samples Cu content (up to 2 wt% As and 0.7 wt% Hg, resp.; Table 3).

70
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50 1L

10 I i ]L
0 1 1
CT mv CO-cf mv  CO-ff mv

bailer mv FR mv

O barite [1copper M magnetite M Pb(tot) [0 CaCO3

Fig. 7. Mineral composition (mean values; mv) as calculated from elemental anal-
ysis and XRD results with standard deviation for all bailer (B) samples except B134,
CT (coiled tubing), FR (filter residues), CO-cf (clean out coarse fraction), and CO-ff
(clean out fine fraction) samples.

Depth profiles of main elemental distributions (Ba, Pb, and Cu), as
determined by XRF analysis, was performed for all CO-cf samples
(Fig. 8). Apart from Pb which decreases with depth, there is appar-
ently no obvious elemental profiling and metal content is highly

wt.%
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Fig. 8. Depth profiles of main mineral composition as calculated from elemental
analysis (native copper, BaSO4, and total Pb as PbO) in the coarse fraction of well
bore cleanout samples (CO-cf).
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Fig. 9. Mossbauer spectra recorded at 77 K of samples CO-cf 43, CO-cf 109, CO-cf 60-1, and CO-cf 60-5. Magnetite sextets consist of tetrahedral (red) and octahedral sites
(blue). Doublet features correspond to Fe?* mineral phases (green) and Fe3* mineral phases (purple). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

variable in all depths of the borehole. The appendix shows all mea-
sured XRF data from CO samples.

Total carbon (up to 3% in B samples-, up to 12wt% in FR and
CO-cf samples, and up to 5% in CO-ff samples) can be linked to
both, inorganic carbonates such as calcite and to organic carbon.
Total organic carbon as determined in CO-cf samples was found to
represent 66-83% of total carbon.

3.1.3. Characterization of the iron mineral phase

Although iron is present in all samples, its content is highly
variable with lowest concentration in the bailer and CO-cf
(coarse) fraction and highest content (up to 11.4wt% Fe) in the
CO-ff (fine) fraction (Table 3), which accounts for up to 50%
magnetite (Fe3O4; Fig. 7). Most of Fe occurred as fine black,
magnetic powder. The magnetically separated fraction showed
relatively broad peaks in the XRD pattern corresponding to
poorly crystalline magnetite (Fig. 5d). The presence of mag-
netite was confirmed by measuring the T-dependent magnetic
susceptibility which determines the material specific Curie tem-
perature (T.; temperature above which a magnetic material will
become disordered and no magnetic moment can be detected)
in one B and 5 FR samples. All six samples measured display
576°C<T.<591°C consistent with the presence of magnetite.
However, since all samples were prepared and analyzed in air, the
formation of magnetite by oxidation of another Fe(Il)-containing
mineral by atmospheric oxygen must be considered. To verify
this, Mdssbauer spectroscopy, was used to determine Fe specia-
tion and redox state in one B (B116), one CO-ff- and three CO-cf
samples that have been stored and analyzed at anoxic condi-
tions. All spectra show some similar but distinct characteristics
when measured at 77K with magnetic mineral phases (seen as

sextets)and paramagnetic mineral phases (seen as doublets); Fig. 9.
By considering the center shift (CS) and quadrupole splitting (AEq)
of the doublets, the oxidation state of the iron can be determined.
Specifically, a CS value of <0.8 mm/s combined witha AEq <1 mm/s
is characteristic for Fe(Ill) minerals whereas, high spin Fe(II) shows
CS values >1.05 mm/s and AEq > 1.3 mm/s (Table 4). Consequently,
all samples contain some Fe(Il) and Fe(Ill) paramagnetic mineral
phases in varying relative amounts.

The sextet feature which is observable in samples CO43, CO109,
and CO60-1 (Fig. 9) requires the use of two individual sites. This
is a characteristic requirement of the mineral magnetite (Fe304)
which consists of Fe in both tetrahedral and octahedral sublattices.
These sublattices are given the notation (A) and (B), corresponding
to the tetrahedral and octahedral sites, respectively. Closer exam-
ination of the parameters (Table 4) indicates that the sextets are
closely matched to those expected for magnetite (Murad, 2010).
The absence of any magnetite in sample 60-5 does not necessar-
ily mean that it is not present; however, it is likely to be present
in lower concentrations than the detection limit of the instrument
(~5%).

The Fe(Il) component which is clearly visible in all of the sam-
ples generally exhibits very similar parameters in all spectra (Fig. 9)
suggesting the same mineral species with similar characteristics
to the mineral olivine (Mg2* Fe2*),Si0,4 (Bancroft et al., 1967). XRF
measurements confirmed the presence of both Mg and Si in all sam-
ples but since olivine was neither identified by XRD nor could it be
expected in this kind of host rock, rather an amorphous Fe-SiOy4
phase must be assumed.

The paramagnetic Fe(Ill) phase which is present in all samples
seems to correspond to a poorly crystalline mineral. This phase is
most highly abundant in sample 43 with a center shift of 0.49 mm/s,
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Table 4
Fitting parameters for Méssbauer measurements obtained for samples measured at 77 K.
Sample Site Temp. (K) CS (mm/s) AEq (mm/s) & (mm/s) <|H|> (T) Pop. +
CO-ff Fe(Il) 77 1.2 3.01 8.4 0.3
43
Fe(III) 0.49 0.76 17.6 0.3
Mag. (A) 0.43 -0.01 50.5 45.8 0.6
Mag. [B] 0.92 —-0.06 46.9 28.3 0.7
CO-cf Fe(II) 77 1.24 2.92 35.1 2.3
109
Fe(I1I) 0.39 0.57 13.9 1.5
Mag. (A) 0.44 0 50.8 32 3.1
Mag. [B] 0.89 -0.13 47.9 19 3.6
CO-cf Fe(II) 77 1.26 2.89 43.7 13
60-1
Fe(III) 0.48 0.49 6 0.6
Mag. (A) 0.41 -0.01 50.9 26.8 1.3
Mag. [B] 0.82 -0.15 48.9 234 1.7
CO-cf Fe(1I) 77 1.25 2.96 83.7 2.3
60-5
Fe(III) 0.39 0.57 16.3 23
B116
Db1 140 1.24 2.74 100
Dbl 140 1.23 2.76 87.6 1.4
Db2 0.68 0.37 5.1 0.8
Sextet 0.699 0.778 50.2 7.4 13
Db1 77 1.25 2.82 91.3 1
Db2 0.678 0.377 29 0.5
Sextet 0.672 -0.396 50 5.8 0.9

CS - center shift with respect to a->"Fe foil standard, AEq - quadrupole splitting;
population. Sample B116 was measured at three different temperatures.

and quadrupole splitting of 0.76 mm/s (Table 4). These values show
close similarity to ferrihydrite measured at 77K (Sharma et al,,
2010; Murad and Cashion, 1980). The parameters for the Fe(III)
phase in the other samples show some slight differences to each
other, however it is likely that they all also correspond to ferrihy-
drite.

3.2. Characterization of the aqueous phase

In the production well, deep fluid samples were collected at
1200, 1800, 3500, and 4120 m in May 2013 during shut-in phase
and at 4240 and 4200 m immediately after a lift testin 2014. Table 5
gives an overview of major and minor components in the samples
and compares them with a very pristine fluid that has been col-
lected in 2001 in the injection well immediately after drilling as
well as to samples collected at the well head above ground in 2011
(Feldbusch et al., 2013; Regenspurg et al., 2010). The pH values
range between 6.2 and 7.7 and concentrations of major elements
are relatively similar. The two samples collected right after the lift
test (in 2014), represent dominant contributions of two different
geological formations that have been stimulated: the volcanic rock
(4240 m) and the sandstone (4200 m). These two samples show
differences in overall salinity as well as of major and minor ions.
Certain minor components, especially Fe, Pb, and sulfate are rel-
atively variable in their concentration indicating they are more
reactive elements. Copper concentration is low (<0.5 mg/L) with
only the sample collected in 2001 showing a higher concentration
of 7mg/L and the two “fresh” samples collected after the liftin 2014
with 0.5 and 18 mg/L (Table 5). Additionally, two outlier extreme
values were measured in samples collected during a sampling cam-
paign in 2011 with 2 and 98 mg/L, respectively (Table 5).

3.3. Quantification of precipitates and material loss of the casing

Arough estimation of the total mass of the solid phase of the four
sample types (FR, B, CT, and CO) removed from the borehole was

& — quadrupole shift (note that AEq =2¢), <|[H|> - mean hyperfine field; Pop. - relative

derived from simple gravimetric and volumetric measurements.
Filter bags removed altogether about 1500 kg (dry) material (1176
filters have been changed with an average load of 1275 g per fil-
ter) over the production time. Bailer samples collected about 3L
of material (6.6 kg). During the CT operation about 70 L of mate-
rial with mean density of 2.0 g/cm?3 (140 kg) was flushed out and
during the well cleanout about 224 L coarse grained material (den-
sity 2.1g/cm3) and 172L fine-grained material (1.1g/cm?) were
flushed out. Thus, altogether about 2300 kg of solid phase have been
removed from the well.

Not all of the produced solid material, however, derives from
the reservoir fluid. Measurements of the inner radii of the well bore
liner by multi finger caliper showed an increase in the 5” liner as
compared to the nominal radius, indicating a material loss. At the
bottom of the logged section, the average inner radius is about 1 to
1.3 mm larger and toward the top, the radial difference decreases
to about 0.7 mm, corresponding to an apparent metal loss of about
12% at the bottom and 7% at the top, respectively. The 7” liner,
measured in comparison between 2333 and 2768 m even showed
only a material loss of about 2.6%.

3.4. Geochemical equilibrium calculations

Speciation calculations by PhreeqC indicate that aqueous Pb and
Fe species occur at given salinities, 150 °C, and neutral conditions
to 85-95% as negatively or uncharged chloride aquo complexes
(predominantly as PbCl3~, PbCl,, FeCl,, FeCl3~). Upon cooling, the
amount of positively charged complexes increases slightly (up to
10% for FeCl* and 25% for PbCl*). Copper might occur as Cu(I) or
Cu(II) chloride complexes (positively or uncharged) or free Cu2*
in approximately equal proportions. Barium, in contrast occurs as
about 50% positively charged chloride BaCl* and 50% Ba2*. Fig. 10a
shows the mass of barite that could precipitate at various temper-
atures starting from an equilibrium Ba and sulfate concentration
(1.5mM) as calculated by the program for 150°C. Depending on
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Fig. 10. Equilibrium calculations performed with PhreeqC 3.1.2 (a): calculated amount of barite that would precipitate out of 1L fluid in dependence of temperature starting
from equilibrium temperature (150°C) concentration at pH 7 using three different databases. (b) Laurionite precipitation is shown as function of pH and temperature;

calculated with the llnl database as paralaurionite.

the type of database used, precipitation would start between 70 and
130°C. Calculation of laurionite precipitation was performed with
the LLNL database revealing that laurionite precipitation increases
strongly with pH and decreasing temperature (Fig. 10b). At pH-
values above 7.2, laurionite precipitation is very likely to happen
whereas at pH 7 only below 20 °C oversaturation occurs (Fig. 10b).

4. Discussion

Roughly two tons of solid material precipitated during produc-
tion of about 20,000 m3 fluids in the GroR Schénebeck geothermal
production well. The main components of this scaling material
that were removed by different operations (filtering, coiled tub-
ing, bailer and clean out operation) include native copper, Sr-rich
barite, laurionite (and other Pb phases), and magnetite. Potentially,
some of these minerals formed not only the fill of the production
well but may have also precipitated within the perforations of the
liner or in the pores of the reservoir rock. Thus they could contribute
to the decrease in productivity that has been observed over time
along with material loss of the steel liner that eventually resulted
in the shut-down of the plant.

Shifts of the chemical equilibrium in geothermal fluids have
to be expected due to drilling, borehole completion, stimulation,
and fluid production that might result in scaling and corrosion.
To prevent further scaling in this and similar geothermal settings
it is crucial to understand the chemical reactions governing the
observed precipitation. In the following sections relevant reactions,
mineral formation pathways, and the origin of scale forming metals
are discussed.

When looking at the results, it must be taken into account that
although all samples derive from the same borehole, they were
sorted according to their grain size, shape, and density. While filter
residues are most likely to be the smallest and lightest particles,
bailer samples collected before the CT operation should be less dis-
turbed in comparison to the other sample types. During CT and
wellbore cleanout, a strong segregation can be expected. Addi-
tionally, chemical reactions with the drilling fluid or atmospheric
oxygen during sample collection and storage must be considered.

4.1. Formation of barite

All samples collected at the GrSK site contain substantial
amounts of barite (15-85 wt%). The occurrence of this poorly sol-
uble mineral is frequently observed in scales of oil and gas wells
(Collins, 2005; Bin Merdhah and Yassin, 2007; Shen et al., 2009)

with many studies investigating its formation and solubility in
geothermal fluids (Blount, 1977; Monnin and Galinier, 1988, 1998).
For example, at the geothermal field in the Californian Salton Sea,
barite was found to precipitate in the injection well as consequence
of cooling down the brine (McLin et al., 2006).

The GrSk reservoir rocks contain a small amount of barite
(400-12000 ppm Ba; Regenspurg et al., 2014; Trautwein, 2005),
which is most likely in equilibrium with dissolved Ba and sulfate
concentrations at reservoir conditions. The measured concentra-
tions are about 0.2-0.4mM Ba and 0.02-2 mM sulfate (Table 5)
which is below or close to barite saturation concentration at room
temperature. Therefore, it can be assumed that barite precipitation
takes place immediately upon cooling of the sample (e.g. dur-
ing uplift of the PDS sampler in the well) and that the reservoir
concentration of Ba and sulfate is in fact higher. Their calculated
equilibrium concentration at a reservoir temperature of 150°C
amounts to 1.5 mM (or 144 mg/L sulfate and 205 m/Lg Ba). PhreeqC
was used to calculate the amount of precipitated barite that could
have formed upon cooling. This concentration varies significantly
depending on the database used (Geodat, compared to Quintessa
and Llnl; Fig. 10a). The results obtained with Geodat are considered
as most realistic because these data have been experimentally val-
idated especially for the barite system (Moog and Cannepin, 2014).
Accordingly, a temperature decrease from 150°C to 80°C could
precipitate up to 400 kg of barite after producing 20,000 m3 brine
(roughly the amount so far produced at the GrSk site). However,
calculations do not consider solid solutions of Sr and Ba that were
observed at the GrSk site.

Throughout the time of the circulation tests, it was not
only observed that with increased wellhead temperature (corre-
sponding to continuous fluid production), the overall amount of
precipitation decreased (indicated by fewer filter changes) but also
that barite crystal sizes in filter residue samples increased (data
not shown). In general, bailer samples contained less barite as
compared to filter residues and CT samples (Fig. 7) with mainly
larger-sized crystals. This indicates that the small-sized barite par-
ticles are predominantly removed by fluid production and filtration
whereas the larger particles are deposited at the bottom of the well,
where they remain due to the low solubility of barite. Bailer sample
B134, collected after the CT operation consisted predominantly of
large crystals (few mm) of barite confirming that the CT operation
strongly disturbed the material profile at the bottom of the well
and the grains settled down according to size and mass. Despite its
high density (4.48 g/cm?3), barite is still less heavy in comparison to
the other two main minerals identified (laurionite: 6.24 g/cm3and
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Table 5

Properties of fluid samples collected at various depths of the production well (May 2013 and January 2014) compared to a deep fluid sample collected at the injection well (IW) in 2001 at 4200 m (reference sample), and to

samples collected during a production test at the production well (PW) head (Aug-Nov 2011).

Si (mg/L)

B (mg/L)

131

Mn (mg/L) Al (mg/L) Li (mg/L)

Fe (mg/L)

174

Mg (mg/L)

395
344
382
397
364
233
430

Ca(g/L)
54.8

K(g/L)
3.60
2.62
3.12
2.74
2.96
2.56
2.9

Na (g/L)
37.7

pH
74
7.6
7.6

7.7

Well; sampling date; depth (m)

PW;2013; 2313

4,59
341
2.89
3.02

41.2

219
203
215
212
237
212

0.01
0.02
0.02
0.08

215
167
148
201
222
131
270

130
132
142
147
116

nm

953

52.9

38.0

PW;2013; 2900

63.5

53.8

39.6

PW;2013; 3500

47.8

54.0

39.2

PW;2013; 4120

0.068

51.5

51.2

40.9

6.3
7.1

PW;2014 4200

43.8
37

0.036

nm

47.1
114

454

54

33.6

PW; 2014 4240
IW;2001, 4200?

204

384

6.8

109-131 37-41

198-216

171-201 0.03-0.1

62-116

298-354

42.5-48.6

2.9-35

34.3-40.6

6.2-7.2

PW;2011; well head"

S04 (mg/L)

190
144
175

nm

Cl(g/L)

160
142
144
155

Pb (mg/L)

Hg (mg/L)

3.29

Ba (mg/L)

58.8

Cd (mg/L)

1.18
0.75

Sr (mg/L)
1540
1520
1570
1650
1630
1290
1900

As (mg/L)

0.010
0.05
0.02
0.19
2.84

Zn (mg/L)

105

Cu (mg/L)
0.05
0.25

0.1

Well; sampling date; depth (m)

PW;2013; 2313

2.29
2.52
1.4
4.83
158
108
180

44.7
47

87.6
102

PW;2013; 2900

14.3

0.845
1.12
1.2
1.12
1.8

PW;2013; 3500

26.6

48.5

91.5

0.41
184

PW;2013; 4120
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80.5

155.4
1383
167

0.027
0.01

nm

31.8
30
34

87.5

PW;2014 4200

94.3
140

0.226
1.4

473

74

0.48

PW; 2014 4240
IW;2001; 4200?

24-37

0.01-0.7 233-123 140-152

41-88

1.07-1.16

1170-1340

0.1-2.2

68-89

0.07-0.8¢

PW;2011; well head”

3 Data from Regenspurg et al. (2010).

b Range from long term circulation (in August, September 2011) of each about 10 samples collected at wellhead at 53-100°C (Feldbusch et al., 2013).
¢ Two outliers were detected in this sequence: one sample showed a Cu concentration of 2 and one of 97.7 mg/L (data not included in the range).

copper: 8.9 g/cm3). This also explains, why the proportion of barite
is less (15-25 wt%) in the borehole fill whereas the filter residue
and CT samples contained more than 50% of barite (Fig. 7).

4.2. Formation of laurionite

Laurionite appears to be the predominant Pb phase in the pre-
cipitates as identified by XRD and SEM (Figs. 5 and 6). In other
environments, laurionite is typically a product of industrial opera-
tions; e.g. landfill leaching in soils, or oxidation of Pb ore deposits
(Ioannidis et al., 2006). It was also found in scales of a geothermal
field in Kamchatka (Povarov et al., 2003) and of gas wells in NW
Europe (Schmidt, 1998). Its temperature-dependent precipitation
requires high Pb and chloride concentrations as well as neutral to
high pH-values (Mann and Deutscher, 1980). According to equa-
tion (Eq. (1)) laurionite formation releases protons thus explaining
the strong control of the pH value for laurionite saturation that was
calculated by PhreeqC for 20 and 150 °C(Fig. 10b). The released acid
must, however, immediately be consumed in the GrSk well due to
around neutral pH values of the fluid (Table 5). For neutralization
either acid steel corrosion (Eq. (2)) or calcite dissolution (Eq. (3))
can be considered, i.e.:

Pb%* +2Cl~ +2H,0 — PbOHCI + H;0% +Cl~ (1)
Feg +2H30% +2C1~ — Fe?* +2H,0 + H, +2C1~ (2)
CaCO3 +2H30% — Ca?* +CO, + 3H,0 (3)

Calcite, a known pH-buffer e.g. for neutralizing mine tailings
(Jurjovec et al., 2002), occurs at the GrSk site both, as minor com-
ponent in the precipitate samples (Fig. 7) and as accessory mineral
in the reservoir rocks (Trautwein, 2005). In contrast to Cu and
BaSQy, the Pb content in of the precipitates decreased with increas-
ing depth along the profile of CO-cf samples (Fig. 8). Although the
CT operation strongly disturbed the sediment column at the upper
~100m of the fill profile (until 4212 m, Reinsch et al., in press),
the very low Pb content below 4280 m depth indicates that con-
ditions in the well at larger depth (or higher age) did not favor
precipitation of laurionite and other Pb phases (Fig. 8). Since the
pH is the dominant factor controlling laurionite precipitation, it is
most likely that the pH value increased over time in the borehole
for example due to alternating contributions of inflowing reservoir
fluid or due to destruction of the cementation of the borehole com-
pletion behind the liner that could have released hydroxide ions.
The latter assumption of local pH increase due to dissolving cemen-
tation would also explain why the formation of laurionite occurred
apparently not from the beginning of well operation but later, when
already some sediment had filled the well (Fig. 8).

4.3. Formation of elemental copper and iron oxide

Native copper represents with about 50 wt% the dominant solid
component of the bailer samples (Table 3, Fig. 7). These are con-
sidered as rather autochthonous because due to its high density
only the smaller Cu® particles can be transported to the surface by
flushing or pumping resulting in decreased Cu content in CT and FR
samples and to a lesser degree also in the CO samples. Dissolved Cu
concentrations measured both in deep fluid and in above ground
sampled fluid was typically relatively low and even decreased over
time from 0.11 mM (2001) to 0.001-0.006 mM (2013; Table 5). We
assume that dissolved Cu (as Cu(I) or Cu(ll)) is reduced to solid
Cu® when the fluid enters the borehole by oxidation of Fe9 (the
main component of the carbon steel liner material). This reaction
is likely to happen due to the large differences in standard state
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redox potentials (Ep) for the two half reactions (Eq. (4a) or (4b)
compared to (4c)):

Cu?t +2e~— Cu® Eyp= 0.34V (4a)
Cut+e - Cu® Eg= 0.52V (4b)
Fe® — Fe?t 42e~ Ep= —0.44V (4c)

The calculation of the equilibrium constant from the standard
state potentials ((4a) and (4c)) for the redox reaction:

Cu?t + Fe® = Fe2t +Cu® (4d)

gives a log K of 25.17 = [Fe%*]/[Cu?*] for standard conditions. Since
the measured Fe concentrations are significantly higher than Cu
concentrations the reaction seems indeed to proceed in the sug-
gested direction.

The high Cu content of precipitates indicates that the Cu con-
centration of the reservoir fluid must be much higher than the
concentrations normally measured in the fluid (<0.5 mg/L; Table 5).
It is known that heavy metal concentrations can be enormously
increased in highly saline brines by formation of metal chloride
complexes (e.g. CuCly, CuClz~, CuCl*) as calculated by PhreeqC
or according to Wells (1984). Upon entering the borehole, the
dissolved Cu would be instantly removed from the solution by
reduction to Cu® and precipitation. An indication for higher Cu
concentration in the undisturbed reservoir fluid was obtained by
measuring Cu in two deep fluid samples (4200 m and 4240 m) col-
lected after the production lift test following the wellbore cleanout.
The Cu content of the sample collected at 4200 m was indeed very
high (18 mg/L; Table 5), but still not did not necessarily represent
the “real” Cu concentration of the reservoir fluid. The reduction
of the Cu(I)- and Cu(Il)-complexes presumably also happens on
the reservoir site of the liner within close proximity of the well
provided that the steel is in contact with the Cu thus allowing an
electron transfer between the two redox partners. The amount of Cu
precipitation in the borehole would contribute to the fill at the well
bottom, whereas another unknown amount of native copper might
be enriched at the outer (reservoir) side of the liner growing into
the pores of the reservoir thus causing a formation damage (clog-
ging of the pores) that could be responsible for observed decreasing
productivity of the well.

Iron, the redox partner for Cu, could be oxidized from Fe(0)
to Fe(Il) or Fe(Ill). Precipitation of secondary Fe minerals can be
assumed since the Fe concentration in the fluid did not increase
over time (Table 5). Analysis by XRD, magnetic susceptibility, and
Mossbauer spectroscopy confirmed the presence of several solid Fe
compounds with magnetite as the most dominant mineral. Most
likely magnetite forms initially out of an amorphous Fe(Il) phase
such as green-rust (e.g. Fe(OH), ) or Fe-SiO4 as both measured using
Mossbauer spectroscopy on samples kept under anoxic conditions.
Previous studies have identified Fe(OH), as product of steel cor-
rosion in saline solutions (Nagies and Heusler, 1997). It could also
form directly by the oxidation of steel and simultaneous reduction
of water to hydrogen (H;) under reducing conditions (Schon and
Heidendael, 1996):

Feo +2H,0 — Fe(OH), + Hs (5)

Confirmation for this reaction happening at the GrSk production
well was obtained by measuring the gas composition over time of
fluid circulation tests at the release of the gas separator. Hydrogen
content ranged between 0.2 and 20 vol% with highest H, concen-
trations released during shut-in periods (Regenspurg et al., 2013).
A weak sextet in the Mossbauer spectra of bailer sample B116
(Table 4) indicated an Fe(Il) phase, which is consistent with green
rust minerals measured at low temperature (140 Kand 77 K; Cuttler
etal., 1990). Green rusts are metastable iron phases that transform

to more stable minerals such as the mixed valence Fe(II)/Fe(III)
oxide magnetite (Cornell and Schwertmann, 1996). Magnetite for-
mation by further oxidation of the Fe(OH), in hot, saline solutions
has been described by Schikorr (1929a,b):

3Fe(OH), — Fe304 +2H,0 + H, (6)

This reaction can happen at high salinities in the observed tem-
perature range (Nagies and Heusler, 1997). Furthermore, Fe(OH),
can react with atmospheric O, during sample storage or by O,
dissolved in the drilling fluid used for the clean out operation:

3FE(OH)2+1/202—> Fe304 +3H,0. (7)

Some additional, Mossbauer spectra indicated the formation of
a poorly crystalline Fe(Ill) hydroxide such as ferrihydrite (Fig. 9)
which signifies fast Fe(Il) oxidation for example due to contact of
the scaling material with atmospheric oxygen.

Evidence for liner corrosion was further given by caliper mea-
surements. The observed increase of metal loss with increasing well
depth indicates that corrosion predominantly occurs at the bot-
tom of the well, where fluid is entering the borehole, and gradually
diminishes toward shallower depths.

4.4. Origin and mobility of Cu and Pb in the geothermal fluid

The concentrations of many heavy metals in the Grof
Schonebeck fluid are relatively high with, for example, up to 233 mg
Pb and 105mg Zn (Table 5). Similarly, the Cu concentration was
assumed to be much higher in the reservoir fluid as measured in
the sampled fluid. From these observations the question of the ori-
gin of these high concentrations of metals in the reservoir fluid
arises.

Deep sedimentary basin fluids such as the Rotliegend brines are
known for their complex composition and very high salinity (e.g.
Hanor, 1994; Kharaka and Hanor, 2004). The sedimentary envi-
ronment of the Middle European Permian Rotliegend basin was
a semiarid stream and river delta landscape where water evapo-
rated in salt pans and sand and gravel deposited above andesitic
and rhyolithic rocks (Pietranik et al., 2013) eventually forming the
red clastic sediment layer of mainly sand-, silt- and mudstone
(McCann, 1998a,b). The end of this geologic period (begin Zech-
stein) is marked in the stratigraphic profile by a thin, bituminous
marl or shale that formed after rapid marine transgression in an
anoxic deep sea environment (Vaughan et al., 1989; Borg et al,,
2012). This “Kupferschiefer” formation often contains minable Cu
deposits along with Pb and Zn which have been widely exploited
over the last centuries (Kopp et al., 2008). The copper belt stretches
around central Europe forming the boundary between evaporates
of the Zechstein and the red beds of the Rotliegend (Vaughan et al.,
1989; Borg et al., 2012). It was also encountered at the GrSk site
with a thickness of 0.4 m at 3894 m (measured depth, Fig. 1; Moeck
etal.,2005) and a Cu content, as measured in drill cuttings, of about
900 ppm (unpublished data). The formation of the Kupferschiefer is
discussed for several central European sedimentary basins such as
the Thuringian or the Polish Basin (Hitzmann et al., 2010; Kopp
et al., 2008; Blundell et al., 2003). The reducing conditions at the
bottom of the deep sea allowed bacterial sulfate reduction thus pro-
ducing hydrogen sulphide which would react with heavy metals
forming poorly soluble sulphide ores such as chalcosine (Cu,S),
galena (PbS) or sphalerite (ZnS) (Borg et al., 2012). The sources of
Cu and Pb are generally assumed to be the Autunian volcanic rocks
that underlie the Rotliegend sandstones (Hitzmann et al., 2010;
Borg et al., 2012; GeiRler et al., 2008), which contain 10-270 ppm,
locally even up to 0.6 wt% Cu (Blundell et al., 2003). Copper and Pb
concentrations of reservoir rocks (cuttings) from the GrSk site cor-
relate and are in the same range in volcanic -and sedimentary rocks
(12-146 ppm Cu and 20-97 ppm Pb, respectively; Regenspurgetal.,
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2014). Basin-wide mobilization of mineralizing fluids occurred due
to major tectonic events attributed to the break-up of Pangea and
extensional faulting during the closure of the Tethyan Oceanin later
geologic times (late Jurassic to mid-Cretaceous, and Tertiary, resp.;
Borg et al., 2012). Thereby, saline Rotliegend fluids migrated along
fractures into the volcanic rocks leaching and mobilizing the heavy
metals through the formation of highly soluble chloride complexes
(Blundell et al., 2003; Hitzmann et al., 2010). Due to this strong
complexation, several hundred ppm of these heavy metals could
theoretically occur in the Rotliegend formation fluids. However,
measurements of the true Cu concentration are very difficult to
determine due to the above discussed redox reactions that likely
occur during sampling. Several studies estimate via mass balances
and model assumptions respectively Rotliegend fluid Cu concentra-
tions of between 60 ppm (Blundell et al., 2003), 127 ppm (Cathles
et al., 1993), and 1000 ppm (Jowett, 1986).

Whilst high Cu concentrations appear to be a very typical phe-
nomenon for fluids of the Rotliegend sandstones, increased Pb and
Ba concentrations are known from many brines of geothermal sites
in Germany and elsewhere (Liiders et al., 2010; Schreiber et al.,
2012). They are currently under investigation due to their asso-
ciation with increased amounts of naturally occurring radioactive
materials (e.g. 226Ra, 228Ra, and 219Pb; Degering and Kohler, 2011).
For the Permian Rotliegend fluid, the origin of Pb is, due to men-
tioned correlation with Cu, most probably also the volcanic rock
where Pb is originally incorporated in feldspars (Borg et al., 2012).

5. Conclusion

This study explains the relevant processes responsible for the
scaling and corrosion observed in the production well at the GroR
Schonebeck geothermal site. They can be attributed to the geolog-
ical setting, interaction of the fluid with the wellbore completion,
and operational conditions. Due to its origin from Rotliegend rocks,
the geothermal fluid produced at the site is enriched in Ba, Pb,
and Cu that mainly precipitated in the production well as barite,
laurionite, native copper, and magnetite due to the following pro-
cesses: (I) Barite precipitates during cooling of the fluid mainly at
shut-in periods. (I) Laurionite forms upon pH increase or temper-
ature decrease. Its precipitation releases acid that is most likely
consumed by calcite dissolution, steel corrosion, or by reaction with
the corroding cementation behind the liner thus buffering the pH
value to around neutral. (III) The redox reaction between dissolved
Cu and the steel liner occurs immediately upon contact with the
fluid resulting in the formation of magnetite and native copper.

Especially the high Cu concentration of Rotliegend formation
fluids represents a severe problem for wells with carbon steel com-
pletion. This problem seems not obvious since the Cu concentration
is typically underestimated because dissolved Cu would likely react
with the casing or sampling tool thus precipitating and removing
Cu before sampling.

In general, the frequent changes of fluid production (supply of
fresh fluid with potentially precipitating compounds) and shut-in
periods (cooling) accelerated mineral precipitation. To prevent the
formation of barite and laurionite downhole, a constant and strong
fluid production must be ensured to increase temperature and thus
keep these minerals under saturated. Laurionite precipitation could
be prevented by adjusting the pH value to pH<7. Above ground
the application of scale inhibitors should be considered to prevent
barite formation at the heat exchanger. In order to avoid the redox
reaction between Cu and Fe, inert or highly alloyed materials have
to be applied in the fluid loop.

Apart from operational implications, the high Cu content found
in this study confirms assumptions from literature suggesting that
Cu originates from Autunian volcanic rocks leached out by saline
Rotliegend formation fluids (e.g. Hitzmann et al., 2010; Borg et al.,

2012). This offers an important contribution within the field of eco-
nomic geology by indicating high Cu concentration in Rotliegend
formation fluids, which might even be of minable value.
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