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1 EXECUTIVE SUMMARY

Although geothermal resources are widespread throughout the world, they are generally
found in geothermal environments where tectonism and volcanism are active such as Turkey
and Iceland. In this project three location (Turkey, France and Iceland) of high-geothermal field
have been studied.

The first part of this report shows the results for the Germencik Geothermal Field (GGF),
which is located in the western part of Turkey. In this field, there are a total of 25 geothermal
wells (11 production wells, 9 reinjection wells and, 5 observation wells) with depths varying
between 1400 and 3000 m. The GGF has a binary cycle geothermal power plant. The most
important problem in the GGF is sulfide-type scale in the surface equipment system. This study
list the results from analysis of physical and chemical properties of the fluid. It also includes
the mineral analysis from rock samples of some of the wells of the geothermal field. Those
results are then further studied for the temperature of the GGF using geothermometer
approaches. Finally, mineral precipitation is investigated with a focus on stinite scaling. It is
shown that the recommended reinjection temperature to prevent stibnite scaling would be 95°C.

The second part of the report focusses on the Bouillante geothermal plant (French West
Indies), which exploits about 650 tons/h of hot fluid (Tres. close to 260°C) from two deep
deviated wells BO-5 and BO-6 (about 1000 m deep) and produces about 20% of steam. Since
2005, it is constituted of two production units (Fig. 34), representing a total capacity of 15
MWe. Its present annual production is close to 110 GWh (about 5-6% of the island’s electricity
needs). For the moment and since 2015, the water reinjection is partial, and the majority of the
produced fluid is discharged in the sea, after mixing and cooling with seawater and without
important environmental impact. The water sample directly collected from the BO-6 wellhead
in January 2021, which has been analysed in the BRGM laboratories during this study, indicates
that the chemical composition of the fluids discharged from the Bouillante wells is unchanged
after more than 15 years of production of the power plant commissioned in 2005, when
compared with other water samples previously collected and analysed. Consequently, for the
works of geochemical modelling foreseen within the framework of the REFLECT project,
relative to the scale deposits which could occur during the exploitation of the Bouillante
reservoir, especially for amorphous silica precipitation, similar chemical compositions as those

used in previous studies can be selected.
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In the third part of the report, the geothermal fluids of high-temperature geothermal
fields in Iceland are described. The country has been divided into volcanic zones based on the
volcanic eruption style, the magmatic products, and the position relative to the mid-ocean ridge
(MOR) and the Icelandic mantle plume. The Northern Volcanic Zone (NVZ) has been the main
spreading zone in the north of Iceland for the past 6-7 Ma, characterized by oblique extension
creating five en echelon spreading segments in the NVZ. Each segment has a fissure swarm and
an associated central volcanic activity that focuses on volcanic and high-temperature
geothermal activities. These volcanic centers are Kverkfjoll, Askja, Fremrindmar, Krafla, and
Theistareykir (Pedersen et al., 2009), of which high-temperature fluids were sampled from
geothermal fields of the latter two in the context of the REFLECT project. Results from
measured chemical composition, and the stable water, carbon, and sulphur isotope analysis are
presented in the report. The calculated chemical composition of the deep liquid from the two-

phase production wells based on the methods described in Section 4.3.2 is also presented.
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2 HIGH-TEMPERATURE GEOTHERMAL FLUIDS FROM TURKEY

Western Anatolia in Turkey is an active tectonic zone, which is known for its
geothermal system. The geodynamics of Western Anatolia differs from other parts of Anatolia,
illustrated by the extensional tectonics, crustal thinning, and the formation of large graben
systems that have been formed in that part (Fig.1). Therefore, this active tectonic region, where
normal faults are located, still contributes to the development of new geothermal systems.
Especially Aydin (Germencik) region is limited by normal faults, and it is a typical horst-graben
system. This gigantic horst-graben system, starting from the Aydin region to the Denizli region,
is called Biiyiik Menderes Graben (BMG), and there are many geothermal power plants within
this huge graben system (Fig. 2). It stretches 150 km in the east-west direction and can be
described as a dome-like structure, broken by faulting. The BMG includes various schists and
dolomitic marbles and consists of Menderes metamorphic rocks and sedimentary units overlie

them. N-S cross-section of the BMG is given in Fig. 3.
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Figure 1: The tectonic boundary of the Anatolia plate (Wikipedia, User: Woudloper)

Within the BMG system, there are low, medium, and high enthalpy geothermal fields,
and the reservoir temperatures of the fields differ. Along the BMG from west to east; the
Germencik, Salavatli, Pamukoéren, Kizildere (Denizli) fields exhibit high temperature

geothermal systems and reservoir temperatures reaching 245°C in Kizildere (Simsek, 2003).
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The Germencik (Aydin) and Kizildere (Denizli) fields are two of the hottest, largest, and most
developed water-dominated hydrothermal reservoirs discovered in Turkey so far. Germencik
geothermal fields have around 100 production and reinjection wells reaching a depth of 2800
m (Ozgiir, 2018) with temperatures that can reach up to 276°C (Tiireyen et al., 2016). The
power plant types are selected according to the reservoir temperature and are mostly binary-
cycle geothermal power plants. The depths of the geothermal wells in the BMG vary between
1000 m and 3500 m and are deep geothermal systems.
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Figure 2: Geothermal power plants in the BMG System, Turkey
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Figure 3: N-S cross-section of the BMG (modified after Yamanlar et al., 2020)
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Another major geothermal field located in the western part of Turkey is Tuzla
geothermal field (TGF). TGF is situated near the Aegean Sea and is in an active tectonic zone
like the Germencik geothermal field (GGF; Fig. 4). It is 80 km from the south of Canakkale
and 5 km from the Aegean Sea, on the Biga Peninsula.

The most important difference between GGF and TGF is that GGF has older reservoir
rocks than TGF. The geothermal brine in the TGF, which is dominated by NaCl, has a typical
temperature of 173 °C. Different scale problems, which are the most common issue in the
geothermal fields, are observed in these two fields. While the GGF has a sulfide-type scale in
the surface equipment system, the TGF has a silica-based scale in the borehole systems. In this
study, the scale problems in both areas will be discussed, and the factors affecting the scale
formation and their reasons will be studied in detail.

In this report, firstly, the GGF will be tried to investigate for a one-year period.
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Figure 4: The location map of the TGF and GGF

2.1 INTRODUCTION - GERMENCiIK POWER PLANT

The GGF is located in the western part of the BMG, where it changes its direction turning
from the E-W direction toward NW-SE orientation (Fig. 4). This direction change is a
significant geological structural event. This situation has caused that geothermal resources have
many faults and fractures, and as a result, lithological units have substantial permeability in this

region.
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The surface installations of the GGF can be seen in Fig. 5. In this field, there are a total of
25 geothermal wells (11 production wells, 9 reinjection wells and, 5 observation wells) with
depths varying between 1400 and 3000 m. The GGF has a binary cycle geothermal power plant.
Geothermal studies on the GGF have been ongoing since 1965. That is, hot water from the
reservoir is not sent directly to the turbine. First, hot water coming from the reservoir enters the
heat exchanger system, and then organic working fluid changes phase and enters the steam
turbine (Fig. 6).

The most important problem in the GGF is sulfide-type scale in the surface equipment

system.

Figure 5: Surface installations of the Germencik geothermal field (GGF)
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Figure 6: Binary cycle GGF layout

2.1.1 GEOLOGY OF THE GGF

The BMG is located in crystalline Menderes massif, which is the largest metamorphic
massif in Turkey. This graben, which has been broken by normal faults during the alpine
orogenesis, presents a dome-like structure. The Menderes Massif consists of metamorphic rocks
that include schists and dolomitic marbles. Sediment deposits overlie them. Geological and
geophysical studies showed stepwise graben development, which is an important characteristic
of geothermal fields, occurred in the northern part of the graben (Faulds et al., 2010). The
geological history of the Menderes Massif can be divided into paleotectonic evolution and
neotectonic evolution. Magmatism, metamorphism, and deformations occurred in the
paleotectonic evolution of the Menderes Massif. Rock units exposed in the vicinity of Biiytik
Menderes Graben can be classified into two groups: the basement and basin-fill units.
Metamorphic rocks belonging to Menderes Massif constitute the pre-Neogene basement units,
which is an extensional metamorphic core complex in the Western Anatolian extensional

province (Bozkurt, 2001). The basin fill consists of four sedimentary packages formed on the
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metamorphic rocks of the Menderes Massif (Bozkurt, 2000; Sozbilir and Emre, 1990). The first
sedimentary package is made up of blocky conglomerates and conglomerates containing block-
sized components. With these features, the first sedimentary packages show the characteristics
of an alluvial fan from west to east. The sediments belonging to the second sedimentary package
are characterized by reddish-colored terrestrial conglomerate and sandstone. The third
sedimentary package is composed of dominant conglomerate and sandstone alternation. The
facies characteristics of this unit indicate that it is controlled by E-W trending faults. The
sediments of the fourth sedimentary package are formed by the alluviums that fill the Biiyiik
Menderes Graben today. These sediments are made up of fine-grained river sediments carried
by the Biiyiik Menderes River. The sequence continues its formation today (Sozbilir, 2001).
The most important characteristic of the BMG is asymmetry, which means a steeper northern
side, and most of the hot springs are concentrated along the north side. Intersection regions
between N—S Miocene grabens and the actual E-W grabens in the BMG have a suitable
fractured medium for the formation of geothermal systems. Thanks to the geological formation
and active tectonism, the BMG has a great advantage in terms of geothermal. To illustrate,
although most of these geothermal systems are located in reservoirs with medium enthalpies,
which have 120—180°C, the Germencik and Kizildere geothermal fields are two of the hottest
and largest, water-dominated hydrothermal reservoirs discovered in Turkey so far. The
Kizildere geothermal field has approximately 245°C reservoir temperature, whereas some parts
of the Germencik field has temperatures up to 276°C (Tiireyen et al., 2016). The reservoir
temperature of the geothermal fluids in the BMG varies from region to region. The reservoir
temperature in the western end of the BMG can reach 276°C, while it can reach 245°C at the
eastern end. In the middle part of the BMG, the reservoir temperature of the geothermal fluid
is around 169-188°C. This high temperature in the reservoir is due to the rapid rise of the upper
crust, causing erosion and high heat flow. During the uplift period, metamorphic rocks were
fractured due to the effect of detachment faults, causing the geothermal fluid to rise in the
region. The reservoirs of the Germencik and Kizildere geothermal fields are located in
metamorphic rocks with different lithological units. The most important feature of these
metamorphic rocks is that they have a deeply located gneiss layer overlying them. The
conceptual model of the GGF is given in Fig. 7. While creating the conceptual model, borehole
logs of all 25 wells in the field were used to obtain a more accurate model. The model was

obtained using licensed Leapfrog Geothermal software.
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Figure 7: The conceptual model of the Germencik geothermal field (GGF)
a) West block, b) East block

The Germencik geothermal field has two main geothermal reservoirs. Germencik is an
active geothermal area hosted by Menderes Massif. Geothermal brine is found in a deep

metamorphic reservoir at a depth of between around 2000 m and 3000 m, and a deep marble
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reservoir has been detected at a depth of 1440 m. The first consists of mainly Neogene aged
conglomerate and sandstone. The second includes Menderes Metamorphic rocks. Quartzite,
quartzite-schist, calcschist, mica schist, graphite schist, gneisses are basement rocks of the
geothermal system. The main fault systems in the study area are located in the north and west
of the site. A detailed geology map of the GGF is given in Fig. 8. The geothermal reservoir
rocks in the geothermal field are Neogene limestones (the first reservoir), Paleozoic marbles,
and quartzite schist in the basement complex (the second reservoir). In addition to graben
morphology formed under the extensional tectonic regimes of the region, the Menderes massif
has gained its present position along the low-angle normal faults of the Oligo-Miocene period.
At the same time, as a result of tectonics, a favourable environment has been formed for
geothermal systems in the region.
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Figure 8: Geology map of the GGF and near surrounding
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2.2 METHODS

2.2.1 Geothermal water sampling

During the REFLECT project geothermal water sampling studies were carried out at

different dates in the GGF. Geothermal water samples were collected from the wells and surface

equipment system. Information on water sampling on different dates is given in Table 1.

Table 1: Sampling dates in the GGF

Sampling Date Location Explanations Aim
e 9 geothermal » to determine the
water samples physical
from the properties of the
production well geothermal
waters
[}

17/06/2020 Aydin (Germencik) i fte;ﬂ;znrﬁ?;s 1 determine
from the major and minor
reinjection well anions-cations of

the geothermal
+ wells
e Preheater in to determine
& isotopes (%0,
e Preheater out deuterium,
tritium)
e 11 geothermal to determine
24/02/2021 Aydin (Germencik) water samples 348 of dissolved

from the
production well

sulphate and
sulfides and 1*C-
CO2

In the field study carried out on 17/06/2020, a total of 11 geothermal water sampling

was carried out, including 9 production and 2 reinjection wells (Fig. 9). Water samples were
collected from the wellheads (Fig. 10) and also from preheater in and preheater out (Fig. 11).
100 mL plastic bottles for heavy metal analysis, 250 mL plastic bottles for major-minor anions
and cations, and 1 L plastic bottles for isotopes were used. After collecting samples for heavy
metal analysis, they were acidified with 2% HNOs. The aim is to prevent heavy metals from
settling in the bottles. After collecting all the samples, the caps of the bottles were tightly closed,

and contact of the samples with air was prevented. Physical and chemical parameters of the

REFLECT_D1.1 Page 15/ 101



REFLECT )
BEENECY

geothermal waters were analysed in the laboratories of the Izmir Institute of Technology. Major
and minor analyses were performed on ICP-MS (Inductively Coupled Plasma Mass
Spectrometry), and heavy metal analyses were performed on ICP-OES (Inductively Coupled
Plasma Optical Emission Spectroscopy) device. The SiO» values of the geothermal waters were
determined by the UV-spectrophotometric method with Hach-Lange DR5000. Isotope analysis
of the geothermal waters was carried out in the State Hydraulic Works (DSI) laboratories in
Ankara, Turkey.

On 24/02/2021, samples were also collected for isotopes **S on sulphide and sulphate,
and 80 on sulphate and '3C-CO,. Six geothermal water samples were collected for *C-CO;
analysis, and 5 geothermal water samples were collected for dissolved sulphate analysis. Steel
cylinders were used for '*C-CO» analysis, and 5L canister bottles were used for dissolved

sulphate analysis. These samples will be analysed by the project partner, Hydroisotop (HI).

Legend
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Geothermal well
Sampling point

L) Production well

- Reinjection well

Locations
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Figure 9: Sampling points in the GGF
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Figure 10: Sampling point in the geothermal wells
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2.2.2 Rock and scale samples

Rock samples at different depths were collected from some of the geothermal wells, and
the samples were analysed in the laboratories of the Izmir Institute of Technology. XRD, XRF,
and SEM analyses of rock samples belonging to geothermal wells were performed. The aim
here is to reveal the paths followed by geothermal waters while reaching the surface from the
depths and the rock-water relationship. In other words, borehole core samples were taken in
order to understand the rock types with which the waters are in contact. In addition,
understanding the relationship between sulfide-type scale in the GGF and reservoir rocks by
XRD, XRF, and SEM analysis is another goal.

In addition to the rock samples, scale samples were collected from the preheater system at
the GGF, and XRD, XRF, and SEM analyses were performed.

X-ray crystallography (XRD), X-ray fluorescence spectroscopy (XRF), and scanning
electron microscope (SEM) analyses of rock samples were carried out in the laboratory of Izmir
Institute of Technology. XRF analyses of 4 rock core samples collected from geothermal wells
(W_TR 002, W_TR 003, W TR 007, and W_TR_009) were performed on the Spectro 1Q II
device. Spectro IQ II can deliver element concentrations from Sodium (Na-11) to Uranium (U-
92) with high sensitivity at ppm-level. Also, by using Philips X Pert Pro, X-ray diffraction
(XRD) analyses of rock samples were performed. XRD gives information about the
concentration of phases, the amount of non-crystalline phases, and the crystal size of the
material. By using FEI QUANTA 250 FEG scanning electron microscope (SEM), rock
structures were visualized in micro size.

Information on rock samples collected from the geothermal wells at different depths is

presented in Table 2.
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Table 2: Rock sample in the geothermal wells at different depths

Sample XRF
Sampling depth sample Sample Sample
Method (m) state rotation
1145-1170 Gneiss 0.96 powder no
2140-2190 Marble 0.83 powder no
W_TR_002  Core 2325-2335  Mica schist 1.06 powder no
sample  2670-2685  Marble 1.01 powder no
2855-2865 Marble 0.84 powder no
1225 Schist 1.10 powder no
1665-1675 Schist 0.95 powder no
W_TR 003 Core 2235 Quartzite 1.13 powder no
sample 2995 Schist 0.94 powder no
3005 Schist 1.05 powder no
1000-1040  Quartzite 1.35 powder no
1245-1250  Quartzite 1.07 powder no
W_TR 007 Core 1265-1285  Quartzite, 1.01 powder no
sample schist
1960-1965 Schist 0.93 powder no
2380-2385 Schist 1.00 powder no
600-625 Gneiss 1.02 powder no
900-920 Micaschist 1.13 powder no
1000-1010 Marble 1.08 powder no
W_TR_009 Core 1910-1995  Quartzite 1.24 powder no
sample 2100-2170  Quartzite 1.08 powder no
2200-2250 Schist 1.04 powder no
2450-2530  Quartzite 1.03 powder no

2.3 RESULTS
2.3.1 Hydrochemistry of the geothermal waters

2.3.1.1 Physical properties of the geothermal waters

The pH values of the geothermal waters in the GGF are between 6.7 and 8.54. Electrical
conductivity values vary between 5697 uS/cm and 7507 uS/cm. Total dissolved solids (TDS)
was determined using a digital TDS meter. TDS of the geothermal fluids range from 3700 to
4200 ppm. The outflow temperatures of production wells are between 125°C and 148°C, and
about 64°C in the reinjection wells. The highest outflow temperature is in the W_TR 009 well.
The physical properties of the geothermal waters and the well depths are given in Table 3.
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Table 3: Physical properties of the water samples

No Well - EC T TDS Depth Well
1)) uS/cm (9] (ppm) (m) type
1 W TR 001 7.1 5937 125.3 3700 3328 Production
2 W TR 002  6.87 5961 134.36 3900 3165 Production
3 W TR 003  8.24 6030 140.06 3700 3074 Production
4 W TR 004  8.54 6101 140.57 4000 3135 Production
5 W_TR 005  7.82 5999 138.41 3900 3135 Production
6 W _TR 006  6.25 6070 132.13 4200 1449 Production
7 W_TR 007  8.47 6131 145.76 4100 2451 Production
8 W TR 008  7.62 6147 64.83 3900 2907 Reinjection
9 W TR 009 6.7 5697 148.09 3900 2568.34  Production
10 W TR 010  6.85 6049 143.65 3800 2680 Production
11 W TR 011  7.45 6131 64.51 4000 3525 Reinjection
12 Preli‘zater 7.35 6074 80 3900 ] es&;frf:m
13 Preheater 5 g5 6090 65 4000 - Surface
out equipment

2.3.1.2 Chemical properties of the geothermal waters

The chemical properties of geothermal waters are given in Table 4. Based on chemical
analyses, the geothermal waters in the GGF present the Na-CI-HCO; water type. Na-CI-HCO3
waters are located in marble, quartzite, and mica-schist units, which are reservoir rocks for the
geothermal waters.

As can be seen in Table 4, sodium (Na*) and chloride (CI) concentrations are relatively
higher than other chemical constituents. The Na" is the major cation in the geothermal waters
of the GGF, with concentrations ranges from 1072 to 1355 mg/I.

The Na/K" ratio in the geothermal waters is a good indicator in terms of the paths
followed by the waters, low Na'/K" (< 15) ratio meaning high temperatures in the geothermal
waters (Nicholson, 1993). The low Na"/K" ratio means that geothermal waters rise rapidly as
they rise from the depths to the surface and do not have enough time to cool. The ratio of Na"/K"
in the GGF 1s 20 and high. Therefore, the geothermal waters rise to the surface slowly, transfer
heat to the surrounding rocks, and cool down. This situation indicates the presence of near-
surface reactions and conductive cooling in geothermal waters. As salinity increases in the
geothermal waters with respect to reservoir temperature and rock types, Ca®" values also
increase. Ca?" and HCOs™ values in geothermal waters are associated with marbles in Menderes
metamorphic rocks. Silica (SiO») values are possibly due to the quartz mineral found in rocks

such as quartzite and schist.
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Table 4: Chemical properties of the water samples (mg/I)

SO& HCOs Si0, | ‘vater

Type

1 WTR 001 740 2.64 132456 64.03 1312.33 37.41 1180.21 125 Na-CI-HCO3
2 W.TR 002 6.89 1.75 1319.22 62.64 1305.01 34.86 1230.54 145 Na-CI-HCOs3
3 W_TR 003 1441 158 1319.41 59.97 132842 38.12 1148.03 140 Na-Cl-HCO;
4 W_TR 004 8.68 1.00 135579 63.59 1344.67 38.68 759.72 155 Na-Cl-HCO;
5 W_TR 005 3253 237 1301.49 65.99 1308.80 34.29 1206.28 150 Na-Cl-HCO;
6 W_TR 006 4829 4.15 1072.65 58.43 1183.42 12.85 146841 145 Na-Cl-HCO;
7  W_TR 007 13.19 0.75 1352.62 64.77 1352.37 355 904.77 165 Na-CI-HCO;
8 W_TR 008 2508 1.88 135298 65.92 1340.18 31.63 1313.15 165 Na-Cl-HCO;
9 W._TR 009 12.17 0.79 122432 62.44 1225.77 3425 115321 165 Na-CI-HCO;
10 W_TR 010 44.56 3.39 1281.19 66.22 1250.75 31.22 144748 140 Na-CI-HCO;
11 W_TR 011 2453 174 134558 66.38 1337.69 32.47 1356.18 135 Na-CI-HCOs
12 Preheaterin 19.71 120 124492 64.01 1357.74 33.89 1307.45 130 Na-CI-HCO;
13 Preheaterout 21.39 1.33 1244.03 63.33 1354.89 34.76 1331.42 125 Na-CI-HCO;

Legend
Geothermal well
Sampling point

* Production well

4 Reinjection well
Locations

o Residential area

o Township center

Biiyiik Menderes River

Water type (meg/l)

I -

N Y Y

Figure 12: Distribution of the major anions and cations in the GGF
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Anion and cation distributions in the GGF are given in Fig. 12. As can be seen from the
Pie diagrams, Na® is the dominant cation, HCOs and CI" are the dominant anions. Piper
diagrams (Fig 13 and Fig. 14) are triangular diagrams used to classify waters and express water
facies. It is seen that geothermal waters show similar facies characteristics in piper diagrams.
The GGF water samples are in the bicarbonate water group, and they are considered peripheral
waters.

The semi-logarithmic Schoeller diagram (Fig. 15 and Fig. 16) shows that geothermal
water samples have a similar composition in the GGF. It is seen that the concentrations of Mg?"
and SO4% in geothermal waters decrease, and the latter are enriched in Ca?*, Na®, K*, CI, and
HCOs (Fig. 15 and Fig. 16).

From the piper and Schoeller diagrams of the water samples collected from the
geothermal wells and surface equipment system, it is seen that there is no significant change in

the water chemistry of the geothermal water from the production to the preheater system.
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Figure 13: Piper diagram of the geothermal waters in the GGF
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Figure 14: Piper diagram of the surface equipment (preheater) in the GGF
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Figure 15: Schoeller diagram of the geothermal waters in the GGF
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Figure 16: Schoeller diagram of the surface equipment (preheater) in the GGF

The chloride (CI") concentrations range from 1183 to 1357 mg/l in the GGF, which is
located 20 km from the Aegean Sea. Karakus and Simsek (2013), and Giiner and Yildirim
(2005) explained that the CI” concentrations are associated with marine sediment effect during
the Pleistocene in the GGF. The same authors stated that the effect of seawater intrusion on
GGF is 7-8%. Aggarwal et al. (2000) stated that high CI/B ratios might indicate seawater effect,
while low CI/B ratios are associated with magmatic volatiles. The CI/B ratio for the GGF is
given as 28.10. Baba and Sozbilir (2012) stated that geothermal waters could gain their chloride
concentrations from hot water associated with faults.

In geothermal waters, Cl"and B elements are important in understanding the water-rock
interaction. Germencik geothermal waters are rich in chloride (CIl") and modest in boron (B)
elements. Boron concentrations range from 36 to 50 mg/l in the GGF. Chloride and boron
elements indicates that geothermal waters are recharged from the same deep reservoir (Fig. 17).
The boron in the geothermal waters is probably not derived from the sedimentary rocks and

possibly from metamorphic ones such as gneiss and schist (Fig. 17).
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The origins of boron in thermal waters have been discussed by different researchers (Gemici
and Tarcan, 2002; Ozgiir et al, 2004; Vengosh et al., 2002; Tokgaer, 2007). Filiz et al. (2000)
explained that boron values in geothermal waters are associated with the mantle or marine
sediments undergoing metamorphism. According to Karakus and Simsek (2013), leaching B**
from the boron-bearing mineral phases in the metamorphics and as magmatic volatiles, B(OH)3
gas intrusions are a known origin of boron in geothermal systems. Gemici and Tarcan (2002)
stated that at low pH B(OH)s3 and at high pH ( > 8) conditions B(OH)4 can be the dominant
species in the metamorphics. These results show similarity with those of Gemici and Tarcan

(2002).
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Figure 17: B and Cl- relationship in the GGF

2.3.1.3 Heavy metals and trace elements in the geothermal waters

As can be seen in Fig. 18, Aluminum (Al) and arsenic (As) values in the GGF are
between 41-233 and 13-153 ppb, respectively. The lowest Al and As concentrations were
measured in well W_TR_006. Boron (B) values in geothermal wells are close to each other and
average 46 ppm. Boron concentration in geothermal waters is due to boron-containing minerals

such as mica and feldspar of the Menderes Massif metamorphics containing pegmatitic
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tourmalines. Lithium (Li) concentrations in the geothermal waters are also close to each other,
and an increase is seen in well W_TR_006. In the geothermal water of the GGF, Li"

associated with secondary processes. Therefore, it is used as a trace element. Lithium
concentrations of the geothermal waters range from 4.96 to 7.04 ppm. Sb concentrations in the
geothermal waters range from 0.94 to 1238 ppb. As seen in Fig. 18, the highest Sb
concentrations were measured in wells W_TR 003, W_TR 005, and W_TR 008. In the
surface equipment system, Sb concentrations increase at the entrance of the preheater. Sb
concentrations in the geothermal waters are associated with the schist and gneiss units of the

Menderes Metamorphic Massif.

250 4

Al (ppb)

20

a
& & & & 6\@@.@,@@@ P FS Q@@Qﬁ@@\\éo@
ARG R /\‘2" ,\Q‘//\Q" P «Q".\Q-’ @,5@' P B R Q.//\Q./ A @fb@k
s \‘\/ DR PR DR P “\/Q@ \é(\ DR R DR DR PR $/Q@ é’(\

a

SPFFFgIFFsdFL LR \‘\Qéoo‘ ST PFTEIFLLL LY \i‘e}o&
R S I i e e N e N g & & &Q‘/&’«Q‘/«*" /3‘/«‘3" N & &
BTN SR T T G 1 (R TR R g $/Q@ e LR T 0 R R A T T (R $’Q@ &

REFLECT_D1.1 Page 27 /101



ST FFFF S PP g'\ &8 SHfFLFEHFSLSHLED &5
K& (R 4G (R AR (R ,\Q‘ .\Q‘ &Q"&Q"&Q" F AR R AR KR AR &Q‘ P &Q‘ .\Q".\Q‘C\Q" 3’0 q,\e'
B R DR R DR R Qs “\/Q@ é(@ R R R O P T P PR Pt P 04 $/Q@ é’o
1400 o 256004
1200 +
2000+
1000 —
= 800+ =
S g
=] [
i 607 “ 1000
400 -
200
Q- 0
N H o & H D p > N & A & H 0 N >
SFFFFHFFLLLSLL \\\“éoo S PFFIFSLLEL 5 éo\‘:
& /\Q‘/«Q" N N N g R R LR «Q"f\‘}’ & &
R R R P T - P PR PR W P ‘\\/Q@ é(\ R R R DR R $/Q@ ég\

Figure 18: Heavy metal concentrations and trace elements in the geothermal waters for the
GGF

2.3.1.4 Isotopes

An isotope study was carried out to understand the origin, recharge areas, and
mechanism of geothermal waters in the GGF. Oxygen is the most abundant element in the
earth's crust and is generally found in higher amounts in rock reservoirs (Clark and Fritz, 1997).
Unlike '®0, 2H (8D) is generally found in waters rather than minerals and rocks. The opposite
structure of these two isotopes is important for the isotopic evaluation of waters in high-
temperature systems (Clark and Fritz, 1997).

The 8'%0 isotope values vary between —1.69%o and —2.05%o, and a 8D isotope value
variation between —38.07%0 and —40%o in the thermal waters (Fig. 19). The stable isotope
results show that geothermal waters have a meteoric origin in the GGF and suggest substantial
530 isotope enrichment in thermal waters in the Germencik region. This means that geothermal
waters have a longer contact time with reservoir rocks at depths. As a result of the interaction

between the rocks, which have high isotopes, and the geothermal waters, the geothermal waters
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were enriched by isotopes, and its composition changed towards positive §'30 values (Fig. 19).
Therefore, the high oxygen content may indicate that the geothermal reservoir temperature is
high. The geothermal waters show a strong oxygen isotope shift in Fig. 19 indicating exchange
reactions between water and rock over 220°C. In other words, this supports high-temperature
geothermal systems in this region and the high dissolution of Sb in the geothermal system.
Another reason for the enrichment of the geothermal waters in §'*0 may be the carbonate units
containing marble in the Menderes Metamorphic rocks.

Since 3D is mostly found in oceans and natural waters, there are more negative values
in the geothermal waters (Fig. 19).

The most widely used radioactive isotope in hydrogeochemical studies is tritium (°H)
(Dansgaard, 1964). Due to its radioactive nature, it is used in determining the age of
groundwater. In addition, the residence time of the groundwater in the reservoir is estimated.
The low *H (< 5 T.U) content of the geothermal waters in the GGF indicates that the geothermal
waters are older than 60 years (Fig. 20). Also, the relationship diagram between tritium (*H)

and electric conductivity shows that geothermal fluid has a deep-water circulation (Fig. 20).
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Figure 19: 2H vs '80 graph of the geothermal waters in the GGF
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Figure 20: Tritium vs electric conductivity graph of the geothermal waters in the GGF
2.3.2 Evaluation of rock and scale samples

2.3.2.1 Rock samples

Rock samples in different depths were collected from 4 geothermal wells in the GGF.
The mineralogy and elemental compositions of the rock samples were evaluated, and the
mineral compositions of the reservoir rocks were revealed. W_TR 002 and W_TR 003 are
located in the south of the study area, whereas W_TR 007 and W_TR 009 are located in the
north of the study area. Two of the wells in which were collected rock samples are located in

the south of the study area, while the other two are located in the north.

In the W_TR 002 well, alluvium units are between 0 and 25 m. In 25-905 m,
sedimentary units are observed, while Menderes Metamorphic units are observed below 905 m.
Rock samples were collected between 2325 and 2335 meters in the W_TR_002 well. As seen
in the W_TR 002 well log, there are mica schist units at these depths. As a result of XRD
analysis of the W_TR 002 well in a depth of between 2325 and 2335 m, feldspars (albite
(NaAlSi30g)) and (anorthite (CaAl»Si,0g)), silica (quartz (Si02)), and iron minerals (pyrite

(FeS>) and magnetite (Fe3Os)) were detected. In addition, another mineral found in schists,
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containing antimony (Sb), which is one of the sulphide minerals, was detected between these

depths. (Fig. 21).

In the well W_TR_003 with a depth of 3074 m, rock samples were collected at 2995 m.
This depth corresponds to the transition zone between the mica-schist units and the marbles. As
seen as a result of XRD analysis, carbonate minerals (calcite (CaCOs3) and dolomite
(CaMg(CO3)»)) associated with marbles were found at this depth. Feldspar (albite (NaAlSi30s))
and silica minerals (quartz (SiO2)) contained by mica schists were also found at this depth.
Diffraction signals at 26 = 15° and 32° were assigned to antimony (Sb) in the W_TR 003 well
(Fig 21).

In the well W_TR 007 with a depth of 2451 m, there is alluvium between 0-35 m and
sedimentary units between 35-857 m. Metamorphic units are observed at 857 m below. In the
well W_TR 007, rock samples were taken between 1265-1285 m, and these depths correspond
to calcschist units. In this well, unlike wells, W_TR 002 and W_TR 003, muscovite, one of
the mica group minerals, was detected. Enrichment of geothermal waters in muscovite minerals
(KAI3Si3010(OH)2)) s attributed to the dissolving of potassium feldspars by geothermal waters.
Diffraction signals at 26 = 28° indicate the presence of antimony (Sb) at this depth in the
W_TR _007. Other than that, their mineral composition is similar to the W_TR 002 and
W_TR 003 wells.

The W_TR 009 well with a depth of 2568 m has alluvium between 0-35 meters. 35 -
500 m sedimentary units and at 500 m below metamorphic units are observed in this well. Rock
sampling was made between 900 and 920 m for this well. In the well log, mica schist units were
observed between these depths. Minerals seen in the XRD pattern of the W_TR 009 well have
similar characteristics to the other 3 wells. Muscovite (KAI3Si3010(OH)2)), a mica group
mineral, was detected in diffraction signals (26) at 9°, 32°, and 62°, respectively. Diffraction
signals at 22° and 28° indicate feldspar minerals. Diffraction signals in 21°, 39°, 51°, and 68°
indicate the presence of quartz minerals in the well W_TR 009.

The rock samples collected from different depths were subjected to elemental analysis
using XRF. Chemical compositions of all the rock samples by XRF were evaluated with respect
to the different depths in the downhole. Fig. 22 shows that the elemental compositions of the
collected rock samples are enriched in Si, Al, Ca, Fe, K, and Sb. In the wells with the rock
samples collected from the north of the GGF, Si values increase, while Al values decrease. The

increase/decrease of the elements is related to the reservoir rocks at the depth where the rock
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sample was collected. For example, Ca, Si, and Al values increased in rock samples collected
from depths close to the schist marble contact. On the other hand, an increase was observed in
Si, Al, Sb, and Fe values in rock samples collected from depths close to gneiss and schist units.

The findings obtained from the XRD and XRF results show that the Sb scale observed

in the preheater system in the GGF is related to the gneiss and schist units in the reservoir rocks.

W_TR_009
0]
counts .

W_TR_007

;n

Somple dapth: 400 - 320 m

‘Sampa: mepth: 1265 - 1265 m

anon

||||

Muscavia (KALSIs«[GHE}

o §

Pustovine [KASiOHOH

Duarta 55|

Mumecits (KA1 S10< (L)
T Muncoeitn (EALS0 <[THES

Mustowils (KALSLOHOHI

——Buar (510

LITHOLOGY

- Alluvium

- Conglomerate

- Clay

- Reddish conglomerate
- Gneiss

- Micaschist

- Calcschist

- Marble

Quartzite-micaschist

- Graphiteschist

egend

Province horder
eothermal well
4 Production well
f Reinjection wall
acations
© Residential area
&  Township center
Bly(k Mendares Rivel

W TR 002

caunts.

Sanyle dopth: 2095 1 a0 ‘Samale death: 2125 - 2528 m

Y

Figure 21: XRD results of the rock samples
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Figure 22: Elemental composition of rock samples in the well obtained by XRF as a function
of depth of the collected samples. The rock samples were collected from the geothermal
wells.

2.3.2.2 Scale sample in the preheater system

The Sb scale in the preheater system was subjected to elemental analysis using XRD,
XRF and SEM. Fig. 23 shows the photographic image of the Sb deposit in the preheater. The
red color of the deposit, which is composed of a fine powder, is evident. The photographic
image indicates the scale has reddish-orange amorphous stibnite. The thickness of the Sb
deposit is between 1 and 4 mm (Fig. 23).

The diffractogram has a broad signal centered around 25° and a very broad reflection
around 52°. XRD pattern shows amorphous particles, which means there is no crystalline
reflection for stibnite (Fig.24a).

SEM analysis was also done to see the morphology of the scale. It shows heterogenous
spherical colloids the size of whichis 1.1 £ 0.5 um (Fig. 24b). This type of morphology is quite

similar to amorphous stibnite particles that have been reported previously many times in the
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literature (Ciftgi et al., 2020; Gill et al., 2013; Pan et al., 2009; Zakaznova-lakovleva et al.,
2001).

The elemental composition of the scales shows that Sb and S are mostly observed at
56.57% and 21.87%, respectively (Fig. 25). These rates are compatible with stibnite
stoichiometry in terms of the Sb/S ratio, which is 2.5. The Sb/S ratio varies depending on the
sulphide concentration, and it is consistent with the ratios in the literature (Spycher and Reed,

1989; Zotov et al., 2003).

Figure 23 : Sb scale encountered at preheater in the ORC-binary system in the GGF
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Figure 25: Elemental composition of the scale sample (as mass percentage)
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2.3.3 Reservoir Temperatures of the GGF - Geothermometer Applications

The general purpose of geothermometers is to predict fluid temperature. As it is known,
there are many different areas of use of hot water according to the temperature of the surface.
The hot water in the deep reservoir cools considerably until it reaches the surface and mixes
with cold groundwater in different proportions. It is clear that the temperature of the deep fluid
will be much higher than the temperature at the surface. If the path of the geothermal waters is
short and the flow rate is high, their temperature is close to the reservoir rock temperature.
Therefore, estimating reservoir temperatures with geothermometer methods is an important part
of geothermal studies. Some researchers have developed experimental geothermometers
(Arnorsson, 2000; Arnorsson et al., 1983; Fournier, 1977; Fournier and Potter, 1979, 1982;
Fournier and Truesdell, 1973; Fournier, 1992; Giggenbach, 1988; Fouillac and Michard, 1981;
Kharaka et al., 1982; Kharaka and Mariner, 1989; Nieva and Nieva, 1987; Tonani, 1980;
Truesdell, 1976).

Silica geothermometers

Silica geothermometers are widely used in determining reservoir temperature. These
geothermometers give good results at temperatures between 150-225°C (Fournier, 1977). At
higher temperatures, rapid silica precipitation can be observed in the hot fluid moving from the
aquifer towards the surface. Therefore, the for reservoirs with temperature is above 225°C the
silica geothermometer does not always reflect the real temperature in the geothermal water.
Silica geothermometers are based on the temperature-dependent solubility of silica in water.
Different geothermometer equations have been developed since the solubility of different silica
forms such as quartz, cristobalite, chalcedony, and amorphous silica in water is different
(Appendix I). For the -calculated geothermometer calculations according to quartz
geothermometers, silica solubility is controlled by chalcedony if the reservoir temperatures are
between 120-180°C in volcanic environment (Arnorsson et al., 1983). If chalcedony
geothermometers give a geothermal reservoir temperature between 100°C and 120°C, they can
give the correct temperature value, but at temperatures below 100°C, the solubility of silica is
controlled by amorphous silica. In this case, it is necessary to take into account the amorphous
silica geothermometer values (Fournier, 1977).

Within the scope of the study, SiO> concentrations (as ppm) were obtained from the

chemical analysis results evaluated in the GGF. SiO2 concentrations are ranged from 125 to 165
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ppm in the GGF. The reservoir rock temperatures calculated for the geothermal waters

representing the geothermal aquifer with the silica geothermometer equations are presented in

Table 5. As can be seen in Table 5, the reservoir temperatures calculated according to quartz-

silica geothermometers vary between 130°C and 167°C.Consequently, quartz geothermometers

likely reflect more accurate temperature values than other silica geothermometers (chalcedony).

Equations 2 and 3 are more used for springs at sub-boiling temperatures, well discharges, and

vigorously boiling springs (Fournier, 1977). Therefore, temperature values in equations 1 and

4 can be used for reservoir temperatures in the GGF.

Table 5: Reservoir temperatures (2C) calculated with silica geothermometers for the GGF

Geothermometer Equations

Location Well ID SiO:
1* | 2| 3 |4 5| 6 89|10

(ppm)
W_TR 001 | 125 150 | 150|143 |139| - | - 7T
W_TR_002 | 145 159 | 159151149 | - | - 7T
W_TR_003 | 140 157 157|149 | 146 | - | - T
W_TR 004 | 155 163 | 163|154 153 | - | - 7T
Germencik | W_TR 005 | 150 161 |161 | 153|151 | - | - B I
Geothermal | W_TR_ 006 | 145 | 159 | 159 | 151|149 | 135 - ol
Field W_TR 007 | 165 167 | 167 | 158|158 | - - ST T
(GGF) | W_TR 008 | 165 | 167 |167| 158|158 | 144 | 140 - - -
W_TR_009 | 165 167 | 167 | 158 | 158 | - | - T
W_TR_010 | 140 157 | 157|149 | 146 | - | - T
W_TR_011 | 135 154 | 155|147 | 144 | 130 | - o

- :lower than or equal to the outflow temperature

* . reservoir temperatures calculated in the GGF (more accurate results)
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Cation geothermometers

Cation geothermometers are geothermometers based on ion exchange. Ion exchange is
a function of the reaction equilibrium constant (K), which depends on temperature. The ratio of
ion-exchanged cation concentrations depends on the change of the equilibrium constant with
temperature. Cation geothermometers give different reservoir temperatures, especially for hot
water sources, due to processes such as the cold-water mixture and the water-rock interaction
affecting the chemical composition of the fluid during the rise of hot water. The cation

geothermometer relations proposed by various researchers are given in Appendix I1.

Na/K geothermometers

Na/K geothermometers are based on cation exchange reactions between albite and K

feldspars (Fournier, 1979). The cation exchange reaction is given Eq. 1.

NaAlSi;Og (albite) + K < KAISi3Os (K-feldspar)+ Na* (1)

The geothermal waters with high chloride content from high-temperature reservoirs (> 180°C)
are suitable for this type of geothermometer. However, it can also be applied at low
temperatures where geothermal water remains longer time in the reservoir. Since these
geothermometers depend on the ratio of Na” and K™, they are less affected by dilution and steam
loss due to the cold-water mixture. Therefore, in systems with cold water mixtures, they give
more accurate results than silica geothermometers (Fournier, 1979). The Na/K geothermometer
results show that a reservoir temperature for geothermal fluid in the GGF ranges from 116 to

188°C (Table 6).

K-Mg geothermometer

The K-Mg geothermometer is applied in conditions where dissolved Na* and Ca** are
not equilibrated between geothermal water and rock (Giggenbach, 1988). Unlike Na/K
geothermometers, the K-Mg geothermometer is more affected by temperature and quickly re-

equilibrated at lower temperatures. The relevant reaction is as follows;

0.8K-mica + 0.2chloride + 5.4silica + 2K* <> 2.8K-feldspar + 1.6H,0 + Mg**  (2)
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Temperature values calculated using these geothermometers are not included in the

calculation as they give lower values than the outlet temperature.

Na-K-Mg geothermometer

The Na-K-Mg triangular diagram was proposed by Giggenbach (1988). This diagram
consists of a combination of Na/K and K-Mg geothermometers. As can be seen from the
Giggenbach diagram (Fig. 26), the geothermal waters in the GGF tend to approach the Na and
K line. This is related to the Menderes Metamorphic Massif, including gneiss and schist units.
These metamorphic rocks are enriched by feldspar minerals (NaAlSi3Os and KAISizOs).
According to the Giggenbach triangular diagram, it is seen that the geothermal waters in the
GGF are in partial equilibrium with reservoir rocks (Fig. 26). Therefore, Na/K
geothermometers can be applied to geothermal water samples of the GGF. The cation
temperatures are shown in Table 6 comply with the temperatures estimated by the Giggenbach

diagram (Fig. 26). Giggenbach diagram suggests a deeper or longer circulation for the GGF.

Explanations
A W_TR_001
VY W_TR_002
W_TR_003
Il W_TR_004
€ W_TR_005
W_TR_006
W_TR_007
- W_TR_008
- W_TR_009
W W_TR_010
W_TR_011

Na/1000

Full
equilibrium

820 Partially equilibrated water

Immature water

K/100 % % o o Sqr(Mg)

Figure 26: Distribution of water samples from the GGF in Na—K—Mg triangular diagram
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Table 6: Reservoir temperatures (°C) calculated with cation geothermometers for the GGF

Geothermometer Equations

Location Well ID 1 2 3 4 5 6 7 8 |19/10| 11
W_TR 001 | 121 | 124 | 131|164 | 162|150 | 180 | 147 |- | - | 135

W_TR 002 | 119 | 123 | 130 | 163 | 160 | 149 | 179 | 146 | - | - | 14]

W_TR 003 | 116 | 119 | 126 | 161 | 158 | 146 | 176 | 143 | - | - | 141

W_TR 004 | 118 | 122 | 129|162 | 160 | 148 | 178 | 145 | - | - | 151

Germencik | W_TR 005 | 125 | 128 | 135|167 | 165|153 | 183|150 | - | - | 138
Geothermal [ ' W_TR_006 | 130 | 134 | 140 | 172 | 170 | 158 | 188 | 155 | - | - | 125
Field W _TR_007 | 120 | 124 | 130 | 164 | 161 | 149 | 180 | 146 | - | - | 157
(GGF) | W_TR_008 | 121 | 125 | 132|165 | 162 | 150 | 181 | 147 | - | - | 141
W_TR 009 | 125 | 129 | 135|168 | 165|153 | 184|150 |- | - | 155

W_TR 010 | 126 | 130 | 136 | 169 | 166 | 154 | 185 | 151 | - | - | 132

W_TR 011 | 122 | 126 | 133|166 | 163 | 151 | 182|148 |- | - | 143

Other geothermometers could be also used: Na-K-Ca-Mg (Fournier and Potter, 1979)
gives estimations of temperature ranging from 141 to 177°C for all the waters, Na-Li (Fouillac
and Michard, 1979) gives estimations around 170°C.

Reservoir temperature modelling was made in the GGF using wells that have static
temperature data. According to the numerical and block diagram obtained, the highest
temperatures are in the north of the GGF (Fig. 27a and Fig. 27b). As seen in the numerical
model, reservoir temperatures in the north of the geothermal field vary between 150°C and
200°C. These values comply with the reservoir temperatures obtained using geothermometer

calculations.
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Figure 27 : Reservoir temperature modelling: a) Numeric model, b) Block model
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2.3.4 Saturation indexes of the geothermal waters

Silica, calcite, and sulfide scaling are the most important problems of geothermal power
plants, reducing power plant efficiency. The water-mineral equilibrium state of geothermal
fluids changes with temperature and partly pressure for each mineral from the depth to the
surface. The mineral equilibrium approach is based on the relation of calculating the saturation
index for each temperature value and various minerals as a result of the chemical analysis of
fluid. To interpret this chemical content gained by the geothermal fluids, the saturation states
of geothermal fluids according to various minerals were evaluated using the PhreeqC and
WATCH (Parkhurst and Appelo, 1999) software. Mineral equilibrium states in the geothermal
fluid at 10 different temperature values were investigated in the PhreeqC and WATCH
software. In PhreeqC, LLNL (The Lawrence Livermore National Laboratory) database was

used, relying on the accuracy to be within £0.5. The results are given in detail below.

2.3.4.1 Geothermal wells

For the GGF, saturation indexes were calculated at different temperatures from 20°C to
200°C using the chemical model PhreeqC for the geothermal fluids, where reservoir
temperatures are less than 190°C. The geothermal fluids are supersaturated with quartz and
chalcedony minerals in all wells below 140°C and 120°C, respectively (Fig. 28). Otherwise,
geothermal fluids are under-saturated with amorphous silica above 40°C. However, as the
temperature decreases (< 40°C), amorphous silica precipitation can be expected. The formation
of silica forms in geothermal systems is strongly dependent on pH and temperature. Silica
formation can also vary according to the amount of silica dissolved in the reservoir and the type
of power plant (Brown, 2013; Demir et al., 2014; Utami, 2011, Zarrouk et al., 2014).

In terms of anhydrite (CaSO4) mineral, the geothermal fluid is under-saturated at all
temperatures. Therefore, there is no risk of anhydrite precipitation in geothermal wells.
Geothermal fluids are supersaturated with respect to calcite at all temperatures. However,
W_TR 001, W_TR 002, W_TR 009, and W_TR 010 are under-saturated below 100°C,
120°C, 120°C, 60°C, respectively. As the amount of CO; dissolved in the geothermal fluid
increases, the amount of dissolved calcite increases. Therefore, as the geothermal fluid rises to
the surface, the decrease in the amount of CO; will cause calcite precipitation with the decrease

in pressure (Brown, 2013; Tarcan et al., 2016). It depends on controlling the degassing of CO».
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From production depth to the flashing point, geothermal fluid flows as liquid phase. After

flashing point, non-condensable gases (NCG’s) are separated and multi-phase (NCG, steam,

liquid) flow starts. After flashing, CO> is removed from the liquid phase and CaCOs

precipitates. Therefore, the supersaturation depends on the pCO; conditions.
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2.3.4.2 Preheater system

For the preheater system in which stibnite scaling is observed, the saturation index model
at the preheater in and the preheater out was implemented. The physical properties of the
geothermal fluid vary from production to reinjection. In particular, the temperature of the
geothermal fluid decreases from the production well until it reaches the power plant. The inlet
temperature of the geothermal fluid in the preheater is 80°C, while the outlet temperature of the
geothermal fluid in the preheater is 65°C. Fig. 29 shows that the geothermal fluids are
supersaturated with stibnite (Sb) minerals below 90°C in the preheater system. Wollastonite
(CaSi03) and anhydrite (CaSOs) are under saturated at all temperature values. Amorphous silica
(S102) and fluorite (CaF>) in the preheater system are under saturated at all temperature values
like wollastonite and anhydrite. Calcite (CaCO3) solubility decreases with increasing
temperature. Therefore, calcite scaling should not be expected in the low-temperature preheater
system.

Considering the inlet and outlet temperatures of the preheater system, silica and calcite-

based scaling should not be expected in the GGF.

8 T T T T T T T T T T
— Anhydrite 6 il Anhydfile i
® Calvite ® Calcite
6 A Fluorite m N (—dh— Fluorite:
—w— Wollasionite N ¥ Wollastonite
hous Silica

L
“—H— ——————
20 40 8D 80 100 120 140 180 180 200 20 40 80 80 100 120 140 160 180 200

t——

Temperature (°C) Temperature (°C)

Figure 29: Mineral saturation-temperature diagrams for thermal waters in the GGF.
a) Preheater in, b) Preheater out

2.3.5 Behaviour of stibnite in the geothermal waters

Knowledge of the speciation and thermodynamics of minerals in a geothermal fluid is
crucial to the understanding and accurate modeling of the geothermal fluid. It is known that
geothermal reservoir fluids often contain small concentrations of antimony. Antimony is found
in sulphide deposits as stibnite, sulfosalts, and in some cases, natural Sb (Williams-Jones and

Norman, 1997). In natural geothermal systems, antimony usually occurs in two oxidation states.
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These are trisulphide, Sb*" and pentasulphide, Sb>" (White, 1967; Stauffer and Thompson,
1984).

Stibnite (Sb2S3), known as antimony trisulphide, is a sulphur mineral and is the main
component of hydrothermal systems (Brown, 2011). In hydrothermal systems, stibnite
precipitation is controlled by pH and temperature. For this reason, stibnite scaling is common
in condensers, heat exchangers where the temperature and pH are low in binary cycle power
plants. Although the concentration of antimony in the brine is low, antimony sulphide scaling
is a major problem at low temperature and pH in binary cycle power plants. Typical antimony
concentrations are less than 1 ppm in brine (Brown, 2011). However, studies have shown that
antimony can be stored as stibnite in natural geothermal systems (Wilson et al., 2007).

In geothermal systems, stibnite dissolves in water in the form of hydroxide, and as the
storage of stibnite increases, the hydrogen sulphide concentration increases. This situation can

be expressed simply by the following equation;

_ [sb(oH)3]%[H,S]®
T [H,018[Sby55] (4)

Where K is the equilibrium constant

The fundamental criterion for chemical equilibrium in a thermodynamic system is that the total
Gibbs free energy be at a minimum. At constant temperature and pressure, the Gibbs free energy

change in a chemical reaction is given by:

AG =X Uplp — ) Urly ©)

Where both v, and i, are chemical potentials for the product and reactant species, respectively,
and v, and v; are the corresponding stoichiometric coefficients. The chemical potentials are
given by,

Up = Up + RT Ina, (6)

tr = Ur + RT Ina, (7)

where the superscript/indicates the standard state;
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R is the gas constant; T is the absolute temperature; and. opand o are the activity of the product

and reactant species, respectively. Substituting, we find that:

AG = AG + RT };In(a;"t) = AG + RT In[](a;"9) (8)
Where AG is the Standard Gibbs free energy of reaction, and the summation goes over all
reactants and products; v; is positive for products and negative for reactants.
The ion activity product is defined by:

Q = (a7 = Latee ©)

anManN...

At equilibrium, AG = 0 and Q = K, where K is the equilibrium constant. For mineral-solute

equilibrium, this constant is usually called the solubility product constant. Thus;

AG = —RTInK +RTInQ = RTIn% (10)

Where Q is the ion activity product for the mineral-water reaction, K is the equilibrium constant,

R is the gas constant and T is the temperature.

We have undertaken a study of the simultaneous solubilities of stibnite in brine from 50
to 200°C in the presence of 18.19 ppm H»S in the GGF to provide a thermodynamically
consistent (Kaypakoglu et al., 2015). In Germencik geothermal waters, the HoS level in the gas
phase is 0.21% (Haizlip et al., 2013). Stibnite concentrations ranged from 0.0009 to 1.23 ppm
in brine. The molecular weight of H,S is 34.1 g/mol. It has a density of 4.63 g/ml. The melting
point is 550°C. We assumed that the activity coefficient a, of H>O is 1. The solubility of stibnite
in a geothermal fluid is constant between 290°C and 320°C (Zakaznova-lakovleva et al., 2001).
Therefore, it took the temperature ranges between 50°C and 200°C in the geochemical model.
Antimony (Sb) concentrations were evaluated to develop a predictive model for stibnite
precipitation in the geothermal power plant. The aim of this was to obtain thermodynamic
information on Sb speciation in different temperatures in order to be able to observe the

behaviour of antimony in the hydrothermal system.

At 50°C and 90°C solubility of the stibnite is controlled by the thioantimonite, HSbaS4
, Sb2S4". Hydroxothioantimonite species, Sb(OH)3, Sb(OH)s™ become more dominant at 150°C
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and 200°C in the geothermal fluid. As the temperature and pH values decrease, the
predominance of stibnite in the geothermal fluid increases. This means that stibnite precipitates
at low temperatures and pH values. In the study area, the pH values of the geothermal fluid vary
between 6.7 and 8.54. We know stibnite starts to precipitate below 90°C from saturation indexes
modeling in the GGF. As can be seen in Fig. 30, at 90°C, thioantimonite species begin to
dominate. Acidification occurs in the geothermal fluid due to the oxidation of hydrogen sulfide
(H2S) in this region. The red dashed ellipses were used to show the emergence of different
stibnite species at low (50°C) and high temperatures (200°C). Acidification of the liquid causes
a dramatic decrease in solubility and leads to stibnite precipitation. Therefore, in the dominant
region of thioantimonite species (pink rectangle at 90°C), pH has a significant effect on stibnite
solubility.

According to the model, in addition to the red amorphous stibnite (metastibnite) in the

preheater system, different stibnite species may occur.
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2.4 DISCUSSION

2.4.1 Possible mineral precipitation tendencies in geothermal wells

It is interpreted that there is different mineral precipitation from production to reinjection
at different temperatures in the GGF (Fig. 31). According to Fig. 31, calcite precipitation can
be expected in the production wells. While the geothermal fluid flows from the reservoir
through the entire system in the GGF, there is no risk in terms of amorphous silica precipitation
between 95°C and 195°C. However, as the temperature decreases, amorphous silica
precipitation can be expected. Therewithal, chalcedony, and quartz may precipitate below

135°C. No stibnite was detected in the production wells at the GGF.

2.4.2 Stibnite scaling in preheater system

From the speciation diagram of stibnite, it is seen that different stibnite forms can be formed
together with metastibnite in the preheater system. According to the thermodynamic model, it
is predicted that thioantimonite (H2Sb.S4) species may be present in the system with the
decrease in temperature and pH. Brown (2013) attributed the formation of thioantimonite
stibnite species to the presence of H»S in geothermal systems. The same author stated that
increasing H>S concentrations would lead to a decrease in pH, and with the rapid decrease in
temperature, stibnite scaling will occur. The H>S concentrations in the Germencik geothermal
field are high compared to other geothermal fields in the BMG and are 0.21% (Haizlip et al.,
2013). Also, Osborn et al. (2007) attributed the low pH of the geothermal waters in the GGF
compared to other geothermal fields in the BMG to marbles.

In the GGF, stibnite formation starts at 90°C in the preheater system. The geothermal fluid
enters the preheater system at 80°C and at this temperature, the geothermal fluid is
supersaturated with respect to stibnite. (Fig. 31). Fig. 31 shows that the calculated reinjection
temperature is around 95°C to prevent stibnite scaling in the preheater system for the GGF.

The results obtained show that stibnite precipitates in low temperature and pH conditions,
and these results are consistent with many studies in the literature. Wilson et al. (2007) stated
that stibnite precipitation is the major problem at the Rotokawa and Ngawha power stations. It
has been stated that pH and temperature change in Rotokawa and Ngawha plants is the main
reason for stibnite precipitation in the preheater system. According to Wilson et al. (2007), the

temperature lower than 100°C and pH < 8 provides optimum conditions for stibnite
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precipitation. In another study, Brown (2009) informed that temperatures lower than 90°C and

pH < 9.7 are the best conditions for stibnite precipitation.
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Figure 31: Critical mineral precipitation tendencies from production to reinjection in the GGF

2.5 CONCLUSION

In geothermal power plants, different types of scaling may occur in geothermal wells and
surface equipment due to temperature, pH, and pressure changes in the geothermal fluid. The
types of scaling vary according to the reservoir rocks and power plant type. Especially in the
binary cycle power plants, the geothermal fluid entering the heat exchanger or preheater system
directly after the production well causes the temperature of the fluid to drop rapidly. Heat
exchanger and preheater systems of the binary cycle plant act as a sink, creating optimum
conditions for stibnite scaling. Stibnite scaling causes efficiency and economic losses in the
power plant by clogging the tubes of the heat exchanger. Therefore, determining the correct
reinjection temperature is important in terms of scale formation.

Periodic mechanical cleaning is performed with high-pressure water jets, which is the most

effective method to prevent stibnite scaling in the GGF. However, since this method requires
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the power plant to be completely shut down, it is very time-consuming and, at the same time,
means loss of production. Although research and chemical companies are currently working on
different chemical development studies for stibnite scaling, currently, the most suitable method
appears to be to use inhibitors before preheater by dosing appropriately. Therefore, caustic

(NaOH) dosing can be an alternative for this.

2.6 ONGOING STUDIES

Reflect partners from IZTECH are working on Tuzla and Germencik geothermal fields,
which are located in the west of Turkey. Within the scope of the study, [IZTECH partners will
examine in detail the main problem of stibnite scaling in the Germencik geothermal field and
silica scaling in the Tuzla geothermal field. In both fields, it is aimed to understand the processes
of the hydrothermal fluid with the help of geochemical and conceptual models by determining
the physical and chemical parameters of the fluid. So far, 11 water samples have been collected
from the GGF, and a conceptual model has been created for the GGF, and other water analyses
are ongoing. Samples were collected from 4 wells from Tuzla geothermal field, and conceptual
model and water analysis evaluations are ongoing.

More detailed information about the ongoing studies is given in Table 7.

Table 7: Sampling dates, completed and ongoing studies for the Germencik and Tuzla fields.

Field Sampling Completed Ongoing
Name Date studies studies
v’ Physical and chemical
Germencik Site properties of the fluids
v" Conceptual Model
Sampling Point: 17/06/2020 | v* Isotopes analysis
(9 production +2 reinjection) (180, *H and tritium)
v Saturation indexes
modelling
v Physical and chemical
Germencik Site properties of the fluids in
preheater and 3 extra wells
Sampling Point: (Preheater in, v Dissolved sulphate
Preheater out 24/02/2021 analysis for all wells
3 extra production wells) v' 13C-CO; analyses for all
wells
v' Reservoir temperature
investigations

v" Geochemical modelling

for all wells
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v Physical and chemical |v" Conceptual Model

Tuzla site properties of the fluids | v~ TIsotopes analysis
22/09/2020 (180, ?H and tritium)
Sampling Point: v’ Saturation indexes
(3 production + 1 reinjection) modeling

v" Geochemical modelling
for all wells

Tuzla site v Dissolved sulphate
analysis for all wells
Sampling Point: 04/03/2021 v' BBC-CO, analyses for all
(3 production + 1 reinjection) wells

v Reservoir temperature
investigations
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3 DEEP FLUIDS FROM THE BOUILLANTE HIGH-TEMPERATURE
GEOTHERMAL FIELD (FRENCH WEST INDIES)

Even though the first exploration works have been carried out in the 1970s in the French West
Indies territories, the Bouillante geothermal power plant in Guadeloupe is the lone example of

this type of power plant in the Caribbean area since 1986 (Fig. 32).

The Bouillante geothermal plant, which exploits about 650 tons/h of hot fluid (Tiwes. close to
260°C) from two deep deviated wells BO-5 and BO-6 (about 1000 m deep; Fig. 33) and
produces about 20% of steam, since 2005, is constituted of two production units (Fig. 34),
representing a total capacity of 15 MWe. Its present annual production is close to 110 GWh
(about 5-6% of the island’s electricity needs). For the moment and since 2015, the water
reinjection is partial, and the majority of the produced fluid is discharged in the sea, after mixing

and cooling with seawater and without important environmental impact.

Platform of the wells
BO-4, BO-5, BO-6 and
BO-7

Steam pipe and
phase separator

Ravine Blanche Pumping
station

- 2 L B EE.
Bouillante 1
(4.75 MWe) and
well BO-2

Figure 32: Global view of the Bouillante geothermal power plant in Guadeloupe.

The history of this power plant is summarized in Figure 35. Exploited between 1995 and 2016
by the Géothermie Bouillante (GB) Company, a subsidiary of BRGM and EDF (literally
Electricity of France), the Ormat Company has become the majority owner and operator of this
power plant since 2016 (GB-Ormat). In 2009, a 50 year-concession, covering a large part of the

Bouillante commune territory and integrating these areas, was granted by this company.
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Numerous studies of geothermal exploration, reservoir modelling and field monitoring were
carried out by BRGM between 1995 and 2016 within the framework of co-funded projects with
ADEME (French Agency for Ecological Transition), European Union, and Guadeloupe

Regional council.
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Figure 33: a) Location map of the Bouillante geothermal wells and main faults. Projection at
surface of the deviated wells BO-5, BO-6 and BO-7. b) Vertical NW-SE cross-section showing the
vertical wells BO-2 and BO-4 and the deviated wells BO-6 and BO-7. BO-5 is in a perpendicular
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Figure 34: The two production units of the Bouillante geothermal power plant.
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Figure 35: History of the Bouillante geothermal power plant.
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About 20 scientific international papers, 60 technical reports, 60 participations to congresses
and 5 PhD theses were carried out between 1996 and 2016 within the framework of these
research projects. Among these works, the geochemical monitoring of the fluids discharged
from the Bouillante geothermal wells and from the thermal manifestations located near the

power plant was conducted by BRGM.

The major objectives of this chapter are to summarise the main geochemical characteristics of
the deep fluids discharged from the Bouillante geothermal wells acquired during this
monitoring and compare them with the analytical results of a water sample collected from the
BO-6 wellhead in January 2021 in order to observe the evolution of the chemical composition
of the deep geothermal water during its exploitation and take it into account for the works of

geochemical modelling foreseen in the REFLECT project.

3.1 BOUILLANTE GEOTHERMAL FIELD

The success story of the current Bouillante geothermal field development is due to several
factors. Its geographical position close to the sea, its geological location between two major
tectonic accidents (Fig. 36), the presence of surface hydrothermal manifestations and the
relatively low depth of the geothermal reservoirs have probably favoured its discovery and its

development.
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Figure 36: Maps of regional and local tectonic settings of the Bouillante field, and associated
volcanism (Thinon et al., 2010, and Feuillet et al., 2001, 2002). Left: Regional structural sketch
of the Montserrat-Bouillante-Les Saintes and Marie-Galante tectonic systems. Right: Location
of the Bouillante geothermal field (western Basse-Terre) at the intersection of the NNW-SSE
Montserrat-Bouillante-Les Saintes strike-slip system and the Marie-Galante graben system.

However, the research projects aiming at stimulating, supporting and developing the
exploitation of the geothermal field have also been a key parameter of this success and crucial
for its future development. The thermal stimulation of a former well with high amounts of cold
seawater (Correia et al., 2000). The geological, geochemical, geophysical, and hydrogeological
works for geothermal exploration and the tests of innovative methods carried out between 1996
and 2005 (Traineau et al., 1997; Sanjuan, 2001; Sanjuan et al., 2004; 2005; Truffert et al., 2004;
Fabriol et al., 2005), have contributed to increasing from 2 to 6% the percentage of

Guadeloupe’s annual electricity production in 2005 (Fig. 35).

The drilling of three new wells (BO-5, BO-6 and BO-7; Fig. 33 and Fig. 37) and the creation
of a 3D-geological model have allowed a better knowledge of the Bouillante geothermal
reservoir in terms of geology (Fig. 38), mineralogy (Fig. 39a), temperature (Fig. 39b), and
volume (Fig. 39¢).

These studies have also highlighted new promising areas for geothermal production, such as
the north of the Bouillante Bay (Pointe a Lézard, Bouillante 3) and the Anse Thomas area, at
the south of Bouillante Bay (Fig. 40). Within the current state of knowledge, the geothermal
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developments could potentially represent about 40 to 50 MWe installed, covering more than

20% of the electricity consumption of this island.
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Figure 37: Example of the main data obtained from well BO-5 (from Lachassagne et al.,
2009, and Sanjuan et al., 2004). The productivity (Prod.) scale is relative, based on mud
losses observed during drilling. I/S R=1: R1-ordered interstratified illite/smectite, with 50 to
70% lllite. I/S R>1:R2 or R3-ordered interstratified illite/smectite, with 80% or more of illite.

Figure 38: Superposed views of the different lithological units in the 3D-geological model of the
currently exploited Bouillante geothermal reservoir, using the EarthVision® software (Dynamic
Graphics) (from Sanjuan et al., 2004).
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Figure 39: 3D-geological model of the currently exploited Bouillante geothermal reservoir,
using the EarthVision® software (Dynamic Graphics): a) Mineralogical distribution of the
clays: smectite amounts in the left picture and chlorite amounts in the right picture.

b) Temperature repartition. c) Reservoir water volume (from Sanjuan et al., 2004).
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Figure 40: Main zones of deep geothermal water outflows in the Bouillante area and
estimations of the proportions of seawater and deep geothermal water using chemical data

(adapted from Sanjuan, 2001).

The further research works carried out by BRGM (development of exploration methods adapted
to these territories, of reservoir modelling and monitoring) have contributed to better knowing
this field and understanding how it works (Lachassagne et al., 2009; Sanjuan et al., 2010; 2013;
Bouchot et al., 2010; Millot et al., 2010; Calcagno et al., 2011; Verati et al., 2014; Gailler et al.,
2014; Sanjuan and Brach, 2015; Traineau et al., 2015; Hamm et al., 2016). They have also

confirmed the interest of the new promising areas.
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Bouchot et al. (2010) have proposed a conceptual model of the Bouillante geothermal system
based on multidisciplinary borehole and surface exploration data (Fig. 41). Calcagno et al.
(2011) have performed a 3D-geological model of this system (Fig. 42). The latter could have
started 300’000 years ago, as suggested by several adularia samples collected from the Marsolle
hydrothermal breccia (Verati et al., 2014) and by the relatively recent volcanism of the
Bouillante chain (0.5 - 0.8 My). A synthetic map of the current global knowledge of the
Bouillante geothermal system is reported in Figure 43 (Traineau et al., 2015).

Bhreatic explosion breccis pipe
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Figure 41: Conceptual model along a N-S section of the Bouillante geothermal system
(from Bouchot et al., 2010).
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Figure 42: 3D-geological and structural model of the Bouillante geothermal system using
Geomodeller (Calcagno et al., 2011) and data from Thinon et al. (2010).
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Figure 43: Synthetic map of the Bouillante geothermal area with the location

of the wells, main hydrothermal manifestations and faults, and volcanism
ages (from Traineau et al., 2015, and adapted from Bouchot et al., 2010).
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3.2 MAIN FLUID GEOCHEMICAL CHARACTERISTICS

3.2.1 Previous results

The geochemical monitoring of the deep fluids discharged from the Bouillante production wells
carried out by BRGM between 1995 and 2013, for which the analytical data have been
integrated in the REFLECT database (within the framework of WP3), has shown that:

e the geochemical composition of all these fluids (waters and incondensable gases) is

similar (Sanjuan et al., 2004; 2008; 2010; 2013; Fig. 44);

e the deep water, NaCl-type, with a TDS of about 20 g/l and a pH value close to 5.3,
discharged from the Bouillante geothermal reservoir, is constituted of 58% seawater and
42% freshwater, as suggested by the CI-Br, CI-3D and CI-8'80 diagrams (Sanjuan,
2001). The reconstructed chemical and isotopic compositions of the reservoir fluid
given by Sanjuan et al. (2010) are reported in Table 8 (water) and in Table 9

(incondensable gases);

e this fluid has acquired its chemical and isotopic composition after interaction with
volcanic rocks at 250-260°C, as suggested by the main chemical and isotope
geothermometers and geochemical modelling (Sanjuan, 2001; Sanjuan et al., 1999;

2001);

e a relatively high water/rock ratio is suggested by the absence of '*Omo isotope

enrichment from rock dissolution (Sanjuan et al., 1999; 2001);

e no significant variation of geochemical composition was observed during the
geochemical monitoring of the exploitation of these fluids between 1995 and 2013

(Fig. 44).
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Table 8: Reconstructed chemical and isotopic compositions of the Bouillante reservoir
water (from Sanjuan et al., 2010).

Species Value Species Value
pH 5.3+0.3 [Sr(mgll) 16.0 + 2.0
TDS (g/l) 20.0 + 1.0 |Ba (mg/l) 6.5+1.0
Cl (g/) 12.0+ 0.6 |Mn (mg/l) 48+1.0
Na (g/1) 5.1+0.3 |Li(mgll) 45+0.5
Ca (g/l) 1.8+0.1 |Rb (mg/l) 22+0.3
K (mg/l) 750 + 40 |Cs (pgll) 260 + 30
HCO; (mg/l) 50 +20 |Al (ug/l) 60 + 10
Mg (mg/l) 1.6+0.2 |Fe (mgll) 32+1.0
S0, (mgll) 16+1 |Cu(mgll) 15.0+ 1.0
Si0, (mg/l) 500 + 30 [Ni (mg/l) 20405
H,S (mg/l) 34+3  [Zn (ugl) 650 + 100
Br (mg/l) 42+5 As (ug/l) 350 + 50
B (mg/l) 12.5+ 1.3 |As(lll) (ug/l) 280 + 40
F (mg/l) 0.9+0.1 |As(V) (ug/l) 70 + 15
NH, (mg/l) 1.7+0.2 |Cr (ug/) 15+ 2
NO; (mg/l) <05 |Co (ugll) 13+ 1
NO, (mg/l) <0.01 |Pb (ug/l) 40+1.0
POy (mgll) _____: <01 ___[Be(ugl) <01
8D (%o) -1.2+0.8 |50 (%o) 11402
5%S (SO4) (% 19.1+0.4 |5'°0 (SO4) (%o) 56+0.2
5"3C (%o) -3.9+0.2 (5B (%) 16.3 + 0.2
&'Li (%o) 44+03 |sr/*sr 0.70496 + 0.0001

Table 9: Reconstructed chemical and isotopic compositions of the Bouillante reservoir
incondensable gases. CO2 is the predominant gas. GSR is the weight gas/steam ratio (from
Sanjuan et al., 2010).

Gas % Gas %
co, 93 |He 0.0035
0, 0 |H,S 2.8
N, 3.5 |CH, 0.4
Ar 0.04 |C,Hg  0.006
H, 0.3 |CsHs 0.0008
GSR 04 [6%C  -2.6%0
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Figure 44: Chloride, sodium, calcium and silica concentrations analysed in the waters
collected from the Bouillante geothermal wells, after phase separation at 160°C (about
20% steam and 80% water; from Sanjuan et al., 2013).

Moreover, Sanjuan et al. (2001) and Millot et al. (2010) have shown that the waters of all the
submarine thermal springs in the Bouillante geothermal area are constituted of a mixing
between this type of fluid and seawater at different proportions (Figs. 39 and 45), suggesting
the existence of a big common deep geothermal reservoir in the Bouillante geothermal area.
The latter could be still deeper according to the Li isotopic signature of the deep waters and the

Li isotopic fractionation between water and rocks at 260°C (Millot et al., 2010).
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Figure 45: Cl-SO4, Cl-Li and Li/CI-8’Li diagrams for seawater, submarine thermal springs of the
Bouillante Bay and the Bouillante reservoir geothermal water, indicating that all the thermal
submarine waters results from a mixing between the deep reservoir water and seawater at
different proportions (from Sanjuan et al., 2001, and Millot et al., 2010). These proportions

can be easily calculated (see Figure 39).

In addition to the geochemical monitoring of the fluids discharged from the geothermal wells,
the thermal waters, fumaroles and hot soils located near the power plant were also monitored

(Sanjuan et al., 2002; 2004; 2008; 2010, 2013; Sanjuan and Brach, 2015).

3.2.2 Analytical results obtained during this study

Because of the Covid situation and travel restrictions to the Guadeloupe Island, colleagues from
the University of Antilles and GB-Ormat staff carried out the sampling of Bouillante water on
19" January 2021. These water samples were directly collected from the BO-6 wellhead (Fig.
46) to have fluid samples of only this well and not after the High Pressure (HP) phase separator
at 160°C, in order to avoid sampling a mixing of fluids discharged from BO-5 and BO-6.
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46: Fluid sampling point (red circle) located just
after the BO-6 wellhead.

The water samples were stored in 100 ml polyethylene bottles and conditioned on site,
according to the specifications for chemical analysis (0.45 pm filtered for major and some trace
anions, or 0.45 um filtered and acidified for the other species). Conductivity and pH (+ 0.05)
were also measured on site. The corresponding water samples were sent to BRGM laboratories
for chemical analyses of major, trace and infra-trace species and to GFZ for analysis of

radionuclide elements.

The chemical analyses (major cations and anions, dissolved SiO, trace and infra-trace
elements) were carried out in the BRGM laboratories, using standard water analytical
techniques such as ion chromatography, inductively coupled plasma-atomic emission
spectroscopy (ICP-AES), potentiometry, colorimetry, and inductively coupled plasma-mass
spectrometry (ICP-MS). The precision for the major species is better than + 5% and that for
trace and infra-trace close to 10-15%. All the chemical results are reported in Table 10 and
Table 11. The analytical results of radionuclide elements will be presented, discussed and
interpreted by GFZ, but we can notice that the concentrations of these elements are very low,

as already observed by Sanjuan et al. (2013).

When compared to analytical results previously obtained in similar conditions (fluid water
directly collected after BO6-wellhead), most of the chemical composition is close to those of

the previous water samples (Table 10 and Table 11; Fig. 47). The bromide concentration is
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surprisingly higher. For some trace (Fe) and infra-trace elements, problems of contamination

or instability are probable.

Table 10 : Chemical composition (major species) of the water sample collected from the BO-6
wellhead in January 2021 compared with those previously obtained for other water samples
collected at the same location (Sanjuan et al., 2008; 2013).

Fluid sample Date Cond. 25°C pH Ehg: Na K Ca Mg Cl SO, Alk. Si0, TDS I.B.

mS/cm mV  mg/l mg/l mg/l mg/l mg/l mg/l mg/l HCO; mgl/l g/l %
BO6-05-TPS-2-1E  23/03/2005 12:00 38.8 7.35 -152 6250 930 2180 1.4 14700 20.3 22.0 615 248 -2.58
BO6-05-TPS-2-2E 24/05/2005 14:30 38.8 7.20 -104 6035 939 2306 1.5 14400 21.8 23.8 600 244 -1.23
BO6-05-TPS-2-3E  28/09/2005 9:40 37.9 7.35 -215 6338 960 2173 1.3 14500 22.1 214 646 247 -0.17
BO6-05-TPS-2-4E 13/12/2005 10:30 33.7 6.04 -254 6352 924 2127 2.0 14400 18.7 26.8 600 245 -0.13
BO6-06-TPS-2-1E 22/02/2006 11:00 33.3 539 -184 6039 923 2195 2.3 13707 19.5 21.4 606 235 227
BO6-06-TPS-2-2E  04/04/2006 14:00 37.9 7.07 -231 6167 974 2266 1.4 14286 28.9 24.4 647 244 0.7
BO6-06-TPS-2-3E 24/08/2006 10:00 38.1 7.38 -247 6300 927 2312 1.5 15600 23.0 35.0 649 259 -6.44
BO6-06-TPS-2-4E 11/10/2006 10:45 40.4 725 -302 6567 968 2183 2.7 15074 22.0 22.6 696 256 -1.45
BO6-07-TPS-2-1E 27/02/2007 15:50 36.0 549 199 5742 826 2057 1.9 13752 215 26.2 582 231 -3.87
BO6-07-TPS-2-3E 11/12/2007 10:00 37.5 510 90 5880 827 2200 1.8 13891 19.8 29.9 576 229 -1.43
BO6-08-TPS-2-1E 12/03/2008 37.0 6.11 -139 5750 852 2032 1.7 13000 21.4 25.0 641 223 1.68
BO6-08-TPS-2-2E 07/07/2008 10:45 35.9 6.85 -177 6065 865 2025 1.1 14000 21.2 25.0 579 236 -2.13
BO6-08-TPS-2-3E 09/12/2008 14:50 35.0 598 -127 5877 883 2050 1.4 13819 211 28.1 590 22.7 -2.53
BO6-09-TPS-2-1E 01/10/2009 36.6 6.42 -140 5853 881 1993 1.0 13754 16.3 15.3 615 231 -3.05
BO6-10-TPS-2-1E_ 19/01/2010 15:00 31.9 476 -106 5123 788 1766 <0.5 12300 15.2 21.4 534 205 -4.79
B06-21-TPS-2-1E 1/19/2021 31.1 5.59 5515 809 2111 1.2 13599 18.5 22.0 561 226 -4.81

Table 11: Chemical composition (trace and infra-trace species) of the water sample collected
from the BO-6 wellhead in January 2021 compared with those previously obtained for other
water samples collected at the same location (Sanjuan et al., 2008; 2013).

Fluid sample Date PO, F Br B NHg Li Sr Ba Mn Fe Al As Rb Cs Ge Co Cr Ni Cu Zn Ag Cd Pb w

mg/l _mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l pg/l pg/l mg/l upg/l pg/ll  ug/l po/l  pgll pg/l pg/l ugll pgll pg/l ugll

BO6-05-TPS-2-1E  23/03/0512:00 <0.1 1.6 495 1500 1.1 469 1765 7.61 532 0.120 21.0 414 246 300 10 <5 4.6 1" 13 45 <05 <05 <05

BO6-05-TPS-2-2E  24/05/0514:30 <0.1 1.4 454 1459 11 461 1744 743 523 0.220 28.0 400 287 347 12 <2 <5 <5 3 <5 <5 <20 <20

BO6-05-TPS-2-3E  28/09/0509:40 <0.1 1.6 51.0 1478 13 488 1839 722 512 <02 315 397 238 340 <10 58 <5 21 <2 <5 <5 <5 <5

BO6-05-TPS-24E  13/12/05 10:30 14 486 1541 13 455 1818 7.92 577 0.190 49.0 426 270 318 13 <2 <5 <5 <2 <5 <5 <2 <20

BO6-06-TPS-2-1E  22/02/06 11:00 <0.1 1.0 443 1385 06 453 1650 6.55 4.98 0.180 61.0 363 2.76 325 14 <2 <2 <5 <2 5 <5 <2 <2

BO6-06-TPS-2-2E  04/04/06 14:00 <0.1 1.0 57.2 1446 <05 439 17.36 7.83 540 0.140 18.0 437 259 302 14 <2 <5 7 5 1 <5 <2 <2

BO6-06-TPS-2-3E  24/08/06 10:00 57.2

BO6-06-TPS-24E  11/10/06 10:45 <0.1 1.6 50.3 1509 <05 460 1870 848 580 0.120 13.0 621 271 353 12 <2 <5 <5 <2 6 <5 <2 <10

BO6-07-TPS-2-1E  27/02/07 15:50 49.1 <1 497

BO6-07-TPS-2-3E  11/12/07 10:00 45.4 <1 510

B0O6-08-TPS-2-1E 12/03/2008 1.6 1280 1.5 490 1894 7.19 490 0.120 92.0 1 02 24

BO6-08-TPS-2-2E  07/07/08 10:45 <0.1 1.3 1454 1.3 485 1854 7.12 496 0.120 254 453 3.02 348 8.6 0.1 0.2 3 0.2 1 <01 <01 0.1

BO6-08-TPS-2-3E  09/12/08 14:50 <0.1 1.0 466 1218 14 4.82 1760 7.75 548 0.910 22.0 395 279 342 10 0.2 04 164 <03 21 <01 <01 <0.1

B0O6-09-TPS-2-1E 01/10/2009 <01 1.1 483 1240 15 4.05 1590 6.88 501 444 117 340 237 322 10 0.5 26 19 1 6 019 <0.1 0.8

BO6-10-TPS-2-1E_ 19/01/2010 15:00 48.0

BO6-21-TPS-2-1E 1/19/2021 <01 14 631 1525 16 489 2044 7.70 537 1.63 721 406 249 323 105 0.56 34 129 094 16.1 <0.01 <0.01 043 7.97
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Figure 47: Concentrations of dissolved chloride, sodium, calcium and silica of the water
sample collected from the BO-6 wellhead in January 2021 compared with those of other
water samples previously collected at the same location.

For most of the water samples collected directly after the wellheads, the phase separation
between water and steam is worse than for the water samples collected after the phase separator
at 160°C. Consequently, their TDS values and elemental concentrations (Tables 12 and 13) are
generally lower than those of the samples collected after the HP phase separator (Tables 14 and
15), with approximately 20% of steam and 80% of water, because the steam condensate

remaining in the water of the wellhead samples has a slight dilution -effect.

Table 12: Chemical composition (major species) of water samples collected after the HP phase
separator at 160°C (Sanjuan et al., 2013).

Fluid sample Date Cond. 25°C pH Ehye Na K Ca Mg Cl SO, Alk. Si0O, TDS I.B.

mS/cm mV  mg/l mg/l mg/l mg/l mg/l mg/l mg/l HCO; mg/l g/l %
B0O56-13-MEHP-1 21/05/2013 39.0 735 -295 6150 930 2167 1.7 14988 21.3 18 535 248 -5.75
BO56-14-MEHP-1 15/10/2014 09:15 40.1 714 -304 6481 983 2356 <0.5 15373 20.4 31 616 259 -2.24
BO5-13-MEHP-1 11/12/2013 39.7 7.00 -140 6109 920 2173 0.6 14500 20.3 26 578 243 -2.93
BO5-14-MEHP-1 29/04/2014 6267 935 2207 0.9 14500 22.0 19 610 246 -0.67
BO6-13-MEHP-1 11/12/2013 39.5 6.99 -179 5962 883 2110 <0.5 14200 23.1 24 547  23.7 -3.51
B06-14-MEHP-1 30/04/2014 6290 936 2256 55 15096 31.4 19 610 252 -3.75

Table 13: Chemical composition (trace and infratrace species) of water samples collected after
the HP phase separator at 160°C (Sanjuan et al., 2013).

Fluid sample Date PO, F Br B NH, Li Sr Ba Mn Fe Al As Rb Cs Ge Co Cr Ni Cu Zn Ag Cd Pb
mg/l _mg/l mg/l mg/l mg/l _mg/l _mg/l mg/l _mg/l mg/l pg/l pg/l mg/l pg/l pg/l  pgll  pg/l pg/l pg/l  pg/l pgll pg/t  pgll

B0O56-13-MEHP-1 21/05/2013 1.4 14.75 124 511 1929 7.74 570 0.250 49.1

BO56-14-MEHP-1 15/10/2014 09:15 <0.05 1.6 49.2 16.19 1.19 518 19.88 8.47 0.020 2.68 336 11.5 0.66 <0,1 <0.5 <0.05

BO5-13-MEHP-1 17/09/2013 1.4 1464 124 475 1940 7.84 535 0.106 12.7

BO5-13-MEHP-2 11/12/2013 <01 14 56.0 1464 097 523 2015 7.77 548 0197 347 399 276 336 11.0 <05 <1 <1 <5 <01 016 <05

BO5-14-MEHP-1 29/04/2014 1.5 495 1370 1.21 481 1837 730 532 0.142 26.9

BO6-13-MEHP-1 18/09/2013 1.4 1443 1.09 466 19.03 7.39 484 0.132 217

B0O6-13-MEHP-2 11/12/2013 <01 14 554 1504 097 514 1989 743 501 0123 216 400 279 343 109 <05 <1 <1 <5 <01 041 <05

BO6-14-MEHP-1 30/04/2014 16 495 1422 115 499 1912 757 493 0.117 17.3
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As expected, most of the chemical geothermometers applied on the water sample collected in
January 2021 give estimations of reservoir temperature close to 250-260°C (Table 16), similar
to the previous estimations and to the measured well temperatures (Sanjuan et al., 1999; 2001;
2008; Millot et al., 2010).

Table 14: Reservoir temperatures estimated using the main chemical geothermometers for
the water sample collected from the BO-6 wellhead in January 2021.

Fluid sample Date Taz Thak(1) Thak(2) TNakcamg TkMg TNali Tkr Testimated
°C °C °C °C °C °C  °C °C

B0O6-21-TPS-2-1E 19/01/2021 263 251 265 254 261 246 266 260 +20

Toz: Fournier (1977). Tk-m: Giggenbach (1988).

Tnax (1): Fournier (1979); Tyax (2 Giggenbach (1988). Tnasi: Sanjuan et al. (2014).

Tnak-cavg: FOUrnier and Potter (1979). Tke: Michard (1990).

All these results indicate that the chemical composition of the fluids discharged from the
Bouillante wells is more or less unchanged after more than 15 years of production of the power
plant commissioned in 2005. Consequently, for the works of geochemical modelling envisaged
within the framework of the REFLECT project, relative to the scale deposits which could occur
during the exploitation of the Bouillante reservoir, especially for amorphous silica precipitation,
similar chemical compositions as those used in previous studies (Serra et al., 2004; Azaroual et

al., 2005; Dixit, 2014; Dixit et al., 2016; 2020) can be selected.

3.3 CONCLUSION

Numerous studies of geothermal exploration and monitoring have been carried out by BRGM
in the high-temperature Bouillante geothermal field between 1995 and 2016 and have
contributed to better know and understand this geothermal system. Among these studies, the
works of geochemical exploration and fluid geochemical monitoring have allowed acquiring
the main characteristics of the fluids discharged from the geothermal wells and from the thermal
springs and fumaroles located in the Bouillante geothermal field. The analytical data obtained
for all the geothermal wells have been integrated within the framework of WP3 in the

REFLECT database.

The water sample directly collected from the BO-6 wellhead in January 2021, which has been
analysed in the BRGM laboratories during this study, indicates that the chemical composition
of the fluids discharged from the Bouillante wells is unchanged after more than 15 years of
production of the power plant commissioned in 2005, when compared with other water samples

previously collected and analysed. Consequently, for the works of geochemical modelling

REFLECT_D1.1 Page 73/101



REFLECT )

foreseen within the framework of the REFLECT project, relative to the scale deposits which
could occur during the exploitation of the Bouillante reservoir, especially for amorphous silica

precipitation, similar chemical compositions as those used in previous studies can be selected.
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4 GEOTHERMAL FLUIDS FROM ICELANDIC HIGH-TEMPERATURE
FIELDS

Iceland has been a world leader in geothermal utilization, an important alternative sub-surface
energy source, with 6.26 MWt per 1000 habitants (Lund and Boyd, 2016). Geothermal areas
have been commercially exploited for electricity production since the 1960s, with the
development of the first plant at Namafjall, located in the Northern Volcanic Zone (NVZ)
(Gudmundsson, 1983). Today, Iceland has an installed electricity generation capacity of 753
MWe (Ragnarsson et al., 2020).

The country has been divided into volcanic zones based on the volcanic eruption style, the
magmatic products, and the position relative to the mid-ocean ridge (MOR) and the Icelandic
mantle plume. The volcanic rift zones are the Reykjanes Volcanic Zone, the Eastern and
Western volcanic zones, set along the two southern branches of the North Atlantic MOR, and
the Northern Volcanic Zone, on the main active MOR rift in the northern part of Iceland
(Sigmundsson et al., 2018). The Northern Volcanic Zone has been the main spreading zone in
the north of Iceland for the past 6-7 Ma, characterized by oblique extension creating five en
echelon spreading segments in the NVZ. Each segment has a fissure swarm and an associated
central volcanic that is the focus of volcanic and high-temperature geothermal activities. These
volcanic centers are Kverkfjoll, Askja, Fremrinamar, Krafla, and Theistareykir (Pedersen et al.,
2009), of which high-temperature fluids were sampled from geothermal fields of the latter two
in the context of the REFLECT project.

4.1 KRAFLA GEOTHERMAL FIELD

The Krafla geothermal area is located within the caldera of the Krafla central volcano, which
lies astride one of five en echelon fissure swarms (Stefansson, 1981; Figure 48). The fissure
swarm that intersects the Krafla caldera, which was formed about 100 thousand years ago, is 5-
8 km wide and about 100 km long (Seemundsson, 1974, 1978, 1983). Two other fracture
systems have been identified in the Krafla area. Near Hvitholar, curved caldera rim fractures
are exposed, and NW-SE trending fissures are found in the Sudurhlidar wellfield that have been
related to intrusive activity into the roots of the central volcano (Seemundsson, 1983; Arnason
et al., 1984). The main surface activity is near Leirhnjukur in the center of the caldera and in its
southeastern part in Hveragil and Viti (Stefansson, 1981; Armannsson et al., 1987). Thus, the

surface activity is associated with the two main volcano-tectonic fissures within the caldera
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(Gudmundsson and Arnorsson, 2002). The water discharged from wells at Krafla is very dilute
with the dissolved solids content generally lying in the range of 1000 — 1500 ppm. The gas
content of individual well discharges is very varaiable (Gudmundsson and Arnorsson, 2002).
Based on stable water isotopes, the hydrothermal fluid is likely derived from local precpitation

(Sveinbjornsdottir et al., 1986; Darling and Armannsson, 1989).

A major volcanic-rifting episode started on the Krafla fissure swarm in late 1975. The first
eruption started on 20 December 1975. A total of nine volcanic eruptions took place during this
episode over a period of nine years, the last one in September 1984. An 80 km segment of the
plate boundary was affected by ground deformation, intense earthquakes, and magmatism

(Bjornsson et al., 1979; Armannsson et al., 1987).
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Figure 48. The Krafla and Namafjall geothermal areas and associated central volcano and fissure
swarm (Gudmundsson and Arndrsson, 2002).
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This high-temperature geothermal area has been exploited for steam production since the late
1970s. Power generation was 30 MWe until 1998, when it was increased to 60 MWe. The
drilled area has been divided into three wellfields, Leirbotnar, Sudurhlidar, and Hvitholar
(Figure 49). A total of 34 wells have been drilled into the Krafla geothermal reservoir with the
highest temperatures recorded downhole at 350 °C. Gudmundsson and Arnoérsson (2002)
observed that the decrease in geothermometry temperatures over time is largely caused by cold
recharge and not so much by cooling from extensive boiling in producing aquifers. Colder water
recharge was most prominent in wells in the Leirbotnar wellfield immediately west of Hveragil,
as well as in well K-21 in Hvithélar, with only well K-14 in the Sudurhlidar wellfield affected
since 1995.
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Figure 49. The three wellfields at Krafla (Gudmundsson and Arndrsson, 2002).

4.2 THEISTAREYKIR GEOTHERMAL FIELD

The most recent geothermal field developed for energy production is the Theistareykir
geothermal field, which lies in the Theistarekyir fissure swarm in the NVZ in NE-Iceland, ca.
20 km north of the Krafla caldera. The high-temperature geothermal activity is connected to
recent magma intrusions, with the most recent volcanic activity in the area occurring some 2500
years ago. Armannsson et al. (1986) divided the Theistareykir geothermal area into five N-S

oriented subareas (from east to west: A — Kertilfjal, B — Bondholsskard, C —
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Theistareykjagrundir, D — Tjarnaras, and E — Theistareykjahraun) (Figure 50) on the basis of
geology and geochemistry of fumaroles with isotopic composition of fumaroles confirming this
division (Darling & Armannsson, 1989; Sveinbjornsdottir et al., 2013). Based on stable water
isotopes, Darling and Armannsson (1989) suggested that Theistareykir was recharged by a
combination of surface water and groundwater flowing from the south.

The development of the geothermal field began with nine wells drilled between 2002 and 2011.
Based on this first set of wells, Oskarsson et al. (2013) determined a reservoir temperature range
of 270-290 °C, although the bedrock temperature exceeds 300 °C. Exploitation of the field
began in 2017, after a total of 18 wells had been drilled to depths ranging from 1723 m to 2799
m. The plant currently has two generating units of 45 MWe, making Theistareykir the fourth

largest station in Iceland in terms of power generated (Saby et al., 2020).
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Figure 50. Simplified map of the Theistareykir geothermal field with major alteration zones and
positions of wells, mudpots, and fumaroles. Numbers on the X- and Y-axes indicate the latitudinal and
longitudinal geographical coordinates. NVZ = Northern volcanic zone, WVZ = Western volcanic zone,
EVZ = Eastern volcanic zone (Saby et al., 2020).
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4.3 METHODS

4.3.1 Sampling and analysis of geothermal fluids

Fluid samples were collected from the Theistareykir and Krafla geothermal fields in October
2020. Seven samples were collected from production wells, one sample from an injection well,
and a sample from the cooling tower next to the power plant at Krafla (Figure 51), while seven
samples were collected from production wells and two samples from injection wells at
Theistarekykir (Figure 52). Sampling and preservation methods of geothermal fluids were as
described by Olafsson and Armannsson (2006) and Arnérsson et al. (2006) and analysed at the
ISOR laboratory unless otherwise specified. Liquid and vapor phase samples from production

wells were separated by using a Webre separator.
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Figure 51. Map of the Krafla geothermal field with major alteration zones and positions of wells and
their well tracks, hot springs, and fumaroles. Wells sampled are labelled in red.
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Figure 52. Map of the Krafla geothermal field with major alteration zones and positions of wells and
their well tracks, hot springs, and fumaroles. Wells sampled are labelled in black.

Liquid phase samples from both production and injection wells were cooled down using an in-
line cooling coil and filtered through a 0.2 pm filter (cellulose acetate). Major cations were
measuring using ICP-OES on acidified samples (1% HNO3, Suprapur). Major anions were
measured by ion chromatography. Two sets of anion samples were collected; one was left
untreated and used for F and Cl determination and 1 ml of 2% Zn-acetate solution was added
to the other per 100 ml sample to precipitate dissolved sulphide, which was subsequently
filtered off followed by SO4 determination. Total dissolved inorganic carbon (DIC) was
analysed using a modified alkalinity titration method (Stefansson et al., 2007) by Landsvirkjun.
Total dissolved sulphide was measured on-site with mercury precipitation titration and
dithizone indicator (Arnorsson et al., 2006). The pH and conductivity were analysed on-site and

in-line using a flow-through cell.

Vapor samples were collected into evacuated gas-bulbs containing 50% w/v KOH. The
concentrations of CO2 and H2S in the vapor condensate within the gas-bulbs were determined

using the modified alkalinity method and titration method previously mentioned. The non-
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condensable gases including H2, N2, Ar, and CH4 were analysed by gas chromatography.
Vapor condensate were also collected using an in-line cooling coil, filtered, and acidified for
analysis on ICP-OES.

Liquid phase samples were collected for UNINE for analysis of microorganisms. Samples were
also collected for GFZ for Total Organic Carbon/Dissolved Organic Carbon as well as the
determination of anions (F, Br, NO2, NO3, SO4, PO4, and formate, acetate, propionate,
butyrate, valerate, oxalate/fumarate) by ion chromatography. Lastly, stable water (6180/62H),
carbon (813C-DIC), and sulphur (& 34S-H2S, §180-S0O4) isotopes were collected from four
production wells at the Theistareykir geothermal field for analysis by Hydrioisotop. All are
partners within REFLECT.

4.3.2 Geochemical calculations

The composition of the deep liquid from the two-phase production wells was calculated using
the chemical speciation program WATCH (Arnérsson et al., 1982; Bjarnason, 2010) and the
results of analysis of the samples. The deep liquid composition is calculated at a certain
reference temperature determined for each well. The reference temperature of production wells
with a measured discharge enthalpy <1500 kJ/kg was determined by the calculated quartz
temperature. For these wells, it may be assumed that the calculated concentrations of deep fluid
dissolved solids will be approximately correct if the composition of the deep liquid is calculated
using an enthalpy corresponding to the enthalpy of liquid water at the aquifer temperature

(Fridriksson and Giroud, 2008; Arnorsson et al., 2007).

The reference temperature of wells with “excess enthalpy” (measured discharge enthalpy >1500
kJ/kg) was determined by comparing the measured temperature at the depth of producing
aquifers in the well with the calculated quartz temperature of the deep liquid. In most cases, the
excess enthalpy is due to segregation of the liquid and steam phases in the feeding aquifers of
the well, which results in increased steam to liquid ratio. Another process is that the discharge
fluid extracts heat from the reservoir rock as it undergoes depressurization boiling on its way
to the surface. In this case, the above assumption for lower enthalpy wells would not be valid

as the calculated concentration of dissolved gases might be overestimated.

Therefore, the deep liquid composition of “excess enthalpy” production wells is computed

using a two-step procedure. It is assumed that the phase segregation occurs at a temperature
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where the steam fraction has reached 80% by volume. At this point, the liquid phase is
practically immobile (Preuss, 2002), leading to the addition of “excess steam” to the well
discharge, e.g., from a steam-rich shallow aquifer. In the first step, the composition of
coexisting liquid and steam at the point of phase segregation is computed from the two-phase
analysis, using a steam fraction calculated from the measured discharge enthalpy. Here, the
assumption is made that the composition of the “excess steam” is the same as the composition
of steam formed by boiling of fluid from the deeper aquifers, i.e. that the sample composition
is representative of steam from both aquifers. In the second step, the deep liquid composition
is computed using the liquid and steam composition at the phase segregation point and a steam
fraction calculated assuming liquid enthalpy at the reference temperature. This yields a single
liquid phase at the reference temperature. The mathematics of this approach are described in

detail by Arndrsson et al. (2007).

Note that although liquid phase samples were obtained from wells K-38 and K-41, they were
diluted by condensate from the vapor phase. These wells are mostly dry steam wells with some
liquid in the bottom of the borehole, particularly for well K-41. Therefore, the deep fluid

composition was not recalculated for these samples.

4.4 RESULTS

The measured chemical compositions of all samples collected are shown in Tables 15 and 16
from the Krafla and Theistareykir geothermal fields, respectively. The stable water, carbon, and
sulphur isotope results from Hydroisotop are shown in Tables 17 to 19, respectively. The
calculated chemical composition of the deep liquid from the two-phase production wells based
on the methods described in Section 4.3.2 is then shown in Tables 20 and 21 for Krafla and
Theistareykir, respectively. The data in Tables 15 to 19 will be entered into the REFLECT fluid

database. Evaluation and interpretation of the results are ongoing.
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Table 15a. Chemical composition of geothermal fluid samples from the Krafla geothermal field.
Concentrations are given in mg/L unless otherwise stated.

Cooling Injection
Location name K-16 Tower K-06 K-13A Well K-26
Date 2020-10-08 2020-10-08 2020-10-08 2020-10-08 2020-10-07
Sample id 20200202 20200199 20200198 20200197 20200195
Pressure (PS) [bar-g] 12.9 - 2.2 7.7 -
Temperature (TS) [°C] - 22.4 137.7 174.5 106.8
GT ratio @ 25 °C 1 - 0.1009 0.1669 -
Discharge [kg/s] 2.81 - 40 30.59 51.4
Enthalpy [ki/kg] 2560 - 1184 1260 -
Water
pH[/°C] - 6.96/22.4 9.51/15.3 9.39/16 9.32/27.6
Cond. [puS/cm] @ 25 °C - 162.2 1152 1142 1116
Al - - 1.29 1.47 1.4
As - - <0.01 <0.01 0.0147
B - - 0.463 0.964 1.13
Ba - - 0.0012 0.00136 0.0016
Br - - 0.06 0.11 0.09
CO; - 8.8 62.9 66.2 69.6
Ca - - 1.93 2.66 2.22
cl - - 31.6 53.4 49.9
Cr - - <0.005 <0.005 <0.005
Cu - - <0.005 <0.005 <0.005
F - - 1.32 1.66 1.56
Fe - - <0.002 <0.002 0.0029
H2S - . 33.8 62.5 40.2
K - - 29.9 34.1 35.2
Li - - 0.15 0.2 0.185
Mg - - <0.001 0.00193 0.0023
Mn - - <0.0005 0.000622 0.0011
Mo - - <0.005 <0.005 0.007
NHs - - 0.06 0.05 0.04
Na - - 238 248 250
Ni - - 0.154 0.208 0.0892
S - - 88.9 - -
SO, - - 227 240 221
SiO, - - 590 582 540
Sr - - 0.012 0.0121 0.0107
Ti - - <0.005 0.00553 <0.005
TDS - - 1167 1388 1281
Zn - - <0.0005 <0.0005 <0.0005
Gas
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Ar [%] 0.08 1.49 0.5 -
CHa [%] 0.98 5.65 1.5 -
H, [%] 95.84 19.58 60.95 -
N2 [%] 3.1 73.27 37.05 -
0, [%] <0.01 <0.01 <0.01 -
Steam

CO; 16400 943 1180 -
H,S 1220 164 315 -
Condensate

Cond. [pS/cm] @ 25 °C 24.6 16.3 25.1 -
Al 0.00288 0.00732 0.00726 -
As <0.01 <0.01 <0.01 -
B 0.0547 <0.005 0.0109 -
Ba <0.0005 <0.0005 0.000544 -
Ca 0.19 0.106 0.0943 -
cl 0.06 0.16 0.12 -
Cr <0.005 <0.005 <0.005 -
Cu <0.005 <0.005 <0.005 -
Fe 0.026 0.0187 0.0826 -
K 0.371 0.293 0.285 -
Li <0.01 <0.01 <0.01 -
Mg 0.00336 0.00111 0.00329 -
Mn 0.00093 <0.0005 0.00139 -
Mo <0.005 <0.005 <0.005 -
NH3 0.22 0.06 0.05 -
Na 0.76 0.956 0.619 -
Ni <0.0005 <0.0005 <0.0005 -
SiO, 2.94 2.74 2.6 -
Sr 0.00113 <0.001 <0.001 -
Ti <0.005 <0.005 <0.005 -
Zn <0.0005 <0.0005 <0.0005 -
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Table 15b. Chemical composition of geothermal fluid samples from the Krafla geothermal field.

Concentrations are given in mg/L unless otherwise stated.

Location name K-41 K-32 K-38 K-40
Date 2020-10-07 2020-10-07 2020-10-07 2020-10-07
Sample id 20200194 20200193 20200192 20200191
Pressure (PS) [bar-g] 21.5 7.4 30.7 11.1
Temperature (TS) [°C] 218.7 174.4 236.6 -
GT ratio @ 25 °C 0.7961 0.0397 0.0884 0.4888
Discharge [kg/s] 6.53 - 9.7 19.14
Enthalpy [ki/kg] 2774 - 1840 2755
Water

pH[/°C] 9.05/46.2 9.34/18 7.21/9 -
Cond. [puS/cm] @ 25 °C 582 1224 698 -
Al 0.719 1.47 1.38 -
As <0.01 0.013 <0.01 -

B 2.16 0.609 0.545 -
Ba 0.00237 0.0086 0.00191 -
Br 0.05 0.06 0.08 -
CO; 147 45.8 114 -
Ca 1.29 4.32 2.05 -
Cl 9.82 49.9 49.9 -
Cr <0.005 <0.005 <0.005 -
Cu <0.005 <0.005 <0.005 -

F 1.48 1.34 1.24 -
Fe 0.00598 <0.002 <0.002 -
HaS 32.9 83.6 127 -

K 11.1 41.8 19.5 -

Li 0.0946 0.3 0.125 -
Mg 0.00454 0.00141 0.00289 -
Mn 0.0013 0.000754 0.00249 -
Mo <0.005 <0.005 <0.005 -
NH3 0.06 0.06 0.07 -
Na 81.9 280 150 -
Ni <0.0005 0.189 0.128 -

S 3.96 - 25 -
SO4 13.3 282 83.2 -
SiO, 143 554 418 -
Sr 0.00617 0.0152 0.00975 -
Ti 0.00877 0.0177 0.00503 -
TDS 515 1445 934 -
Zn 0.000697 <0.0005 0.000561 -
Gas
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Ar [%] 0.11 1.39 0.39 0.29
CH4 [%] 0.41 0.37 0.65 0.56
H, [%] 92.36 10.22 79.59 84.75
N2 [%] 7.11 88.02 19.37 14.4
02 [%] <0.01 <0.01 <0.01 <0.01
Steam

CO; 9460 70.1 3140 8630
H.S 789 357 228 1680
Condensate

Cond. [pS/cm] @ 25 °C 24.7 23.1 24.8 134.4
Al 0.00247 0.00587 0.00803 0.445
As <0.01 <0.01 <0.01 0.0108
B 0.0621 <0.005 0.0242 1.52
Ba 0.000841 0.000862 0.00168 0.00125
Ca 0.106 0.0507 0.0671 0.279
cl 0.03 0.04 0.05 1.34
Cr <0.005 <0.005 <0.005 <0.005
Cu <0.005 <0.005 <0.005 <0.005
Fe 0.0462 0.0453 0.0897 0.101
K 0.201 0.118 0.211 3.25
Li <0.01 <0.01 <0.01 0.0196
Mg 0.00459 0.00318 0.00464 0.00964
Mn 0.000915 0.000938 0.00164 0.00356
Mo <0.005 <0.005 <0.005 0.00759
NH3 0.04 0.05 0.05 0.07
Na 0.386 0.281 0.33 18.1
Ni <0.0005 <0.0005 <0.0005 <0.0005
SiO, 0.488 0.611 0.505 133
Sr <0.001 <0.001 <0.001 <0.001
Ti <0.005 <0.005 <0.005 <0.005
Zn <0.0005 <0.0005 0.00116 0.00994
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Table 16a. Chemical composition of geothermal fluid samples from the Theistareykir geothermal field.
Concentrations are given in mg/L unless otherwise stated.

Injection Injection
Location name bPG-15 PG-09 bPG-03 Well PN-01  Well bG-14
Date 2020-10-06  2020-10-06  2020-10-06  2020-10-06  2020-10-06
Sample id 20200190 20200189 20200188 20200187 20200186
Pressure (PS) [bar-g] 10.8 1.1 6.5 - -
Temperature (TS) [°C] 187 - - 102.9 160
GT ratio @ 25 °C 0.0302 2.3213 2.9145 - -
Discharge [kg/s] 25 13 13 - 12.2
Enthalpy [ki/kg] 950 2660 2577 - -
Water
pH[/°C] 9.33/15.3 - - 8.54/25.8 7.75/15
Cond. [puS/cm] @ 25 °C 623 - - 333 603
Al 1.45 - - 0.995 1.88
As <0.01 - - <0.01 <0.01
B 0.749 - - 0.602 1.1
Ba 0.00152 - - <0.0005 0.000587
Br 0.16 - - 0.09 0.17
CO; 50.2 - - 27.2 76.2
Ca 0.622 - - 0.142 0.237
cl 58.8 - - 33.1 63.1
Cr <0.005 - - <0.005 <0.005
Cu <0.005 - - <0.005 <0.005
F 1.24 - - 0.63 1.24
Fe 0.00412 - - 0.00331 0.00388
H2S 51.9 - - 38.0 72.7
K 18.5 - - 12.6 21.8
Li 0.1 - - 0.0693 0.118
Mg 0.00204 - - 0.00133 0.00289
Mn 0.000595 - - <0.0005 0.00137
Mo <0.005 - - <0.005 <0.005
NHs 0.05 - - 0.04 0.05
Na 138 - - 64.7 112
Ni 0.137 - - 0.0528 0.11
SO4 26.3 - - 10.4 18.8
SiO; 426 - - 352 657
Sr 0.00147 - - <0.001 <0.001
Ti 0.0173 - - <0.005 <0.005
TDS 826 - - 549 1092
Zn 0.000695 - - <0.0005 0.00102
Gas
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Ar [%] 1.13 0.02 0.04 -
CH4 [%] 0.22 0.03 0.12 -
H, [%] 25.08 98.67 97.89 -
N> [%] 73.58 1.29 1.95 -
0, [%] <0.01 <0.01 <0.01 -
Steam

CO; 643 850 6890 -
H.S 211 3360 2620 -
Condensate

pH[/°C] - - 42/17.1 -
Cond. [uS/cm] @ 25 °C 9.7 61.2 37.7 -
Al 0.00319 0.012 0.0116 -
As <0.01 <0.01 <0.01 -
B 0.00946 <0.005 <0.005 -
Ba 0.00105 0.00101 0.00106 -
Ca 0.0251 0.0643 0.0447 -
cl 0.03 0.02 0.04 -
Cr <0.005 <0.005 <0.005 -
Cu <0.005 <0.005 <0.005 -
Fe 0.0506 0.0559 0.199 -
K 0.0772 0.125 0.272 -
Li <0.01 <0.01 <0.01 -
Mg 0.00115 0.00401 0.00459 -
Mn 0.000866 0.00176 0.00115 -
Mo <0.005 <0.005 <0.005 -
NH3 0.06 0.12 0.03 -
Na 0.0914 0.142 0.56 -
Ni <0.0005 <0.0005 <0.0005 -
SiO, 0.521 1.82 5.31 -
Sr <0.001 <0.001 <0.001 -
Ti <0.005 <0.005 <0.005 -
Zn <0.0005 0.000842 0.00143 -
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Table 16b. Chemical composition of geothermal fluid samples from the Theistareykir geothermal field.
Concentrations are given in mg/L unless otherwise stated.

Location name PG-04 PG-17 PG-01 PG-05B
Date 2020-10-05 2020-10-05 2020-10-05 2020-10-05
Sample id 20200185 20200184 20200183 20200182
Pressure (PS) [bar-g] 8.5 8.2 8.6 8.6
Temperature (TS) [°C] 178 176.5 178.4 178.1
GT ratio @ 25 °C 0.6318 0.216 0.1801 0.0882
Discharge [kg/s] 35.28 32.32 22.26 62.12
Enthalpy [ki/kg] 2708 2294 1653 1181
Water

pH[/°C] 8.37/28.6 8.44/21.1 8.81/18.5 9.37/12.2
Cond. [puS/cm] @ 25 °C 324 500.5 567 643
Al 2.27 2.38 1.82 1.88
As 0.0616 <0.01 <0.01 <0.01
B 9.02 1.77 1.1 0.688
Ba 0.000563 0.000835 <0.0005 <0.0005
Br 0.1 0.22 0.23 0.16
CO, 16.7 28.4 26.4 47.4
Ca 0.305 0.153 0.286 0.442
cl 32.9 79.1 86.2 58.3
Cr <0.005 <0.005 <0.005 <0.005
Cu <0.005 <0.005 <0.005 <0.005
F 1.93 1.03 0.89 1.42
Fe 0.0097 0.00683 0.00331 0.00645
H2S 39.1 32.2 27.7 36.7

K 12.5 22.4 21.7 24.2
Li 0.125 0.186 0.117 0.135
Mg 0.00622 <0.01 0.00433 0.00802
Mn <0.0005 <0.0005 <0.0005 <0.0005
Mo 0.0115 <0.005 <0.005 <0.005
NH3 0.03 0.05 0.06 0.06
Na 69 95.7 117 138
Ni <0.0005 0.116 0.303 <0.0005
S 1.12 0.949 4.5 10.6
SO4 6.3 2.51 13.1 32.4
SiO, 664 913 729 643
Sr 0.00142 <0.001 <0.001 0.00137
Ti 0.00996 0.0109 0.00942 <0.005
TDS 907 1342 1109 1033
Zn 0.00349 0.000974 0.00231 0.00426
Gas
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Ar [%] 0.1 0.24 0.32 1.45
CH4 [%] 0.09 0.38 0.14 0.92
H, [%] 94.53 84.37 80.17 19.36
N> [%] 5.28 15.02 19.37 78.26
0, [%] <0.01 <0.01 <0.01 <0.01
Steam

CO,; 348 1880 735 1300
H,S 821 580 275 193
Condensate

Cond. [pS/cm] @ 25 °C 83 61.8 61.8 59.8
Al 0.00218 0.00249 0.00739 0.00519
As <0.01 <0.01 <0.01 <0.01
B 0.112 0.0258 0.0181 0.0155
Ba <0.0005 0.000793 0.00166 0.00118
Ca 0.0288 0.0605 0.0562 0.0861
cl 0.1 0.16 0.09 0.08
Cr 0.00503 0.0144 0.0326 0.143
Cu <0.005 <0.005 <0.005 <0.005
Fe 0.261 0.636 1.76 2.91
K 0.168 0.235 0.191 0.201
Li <0.01 <0.01 <0.01 <0.01
Mg 0.00126 0.00313 0.00173 0.0028
Mn 0.000998 0.00215 0.00334 0.0049
Mo <0.005 <0.005 <0.005 0.00628
NH; 0.02 0.03 0.03 0.04
Na 0.341 0.487 0.358 0.259
Ni 0.000654 0.000832 0.0019 0.0181
SiO; 1.7 1.99 1.81 2.26
Sr <0.001 <0.001 <0.001 <0.001
Ti <0.005 <0.005 <0.005 <0.005
Zn 0.00106 0.0025 0.00214 0.00612
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Table 17. Stable water isotope (6150-H20 and &,H-H>0) results from four geothermal production wells
from the Theistareykir geothermal field.

Liquid phase Vapor phase
Sample Location pH/C 8180-H20 = 62H-H20 | &2H-Excess | 8180-H0 | 8:H-H,0 | 82H-Excess
Yoovsmow | Joovsmow %0 Yeovsmow | Yoovsmow Y60
20200182 PG-05B 9.37/12.2 -10.31 -100 -17.52 -13.02 -105.2 -1.04
20200183 PG-01 8.81/18.5 -9.73 -100.9 -23.06 -11.8 -104.7 -10.3
20200188 pPG-03 -16.25 -115.7 14.3
20200190 | bG-15 9.33/15.3 -9.34 -99.5 -24.78 -12.08 -104.6 -7.96

Table 18: Carbon (613C-DIC) isotope results from four geothermal production wells from the
Theistareykir geothermal field.

Sample

20200182
20200183
20200188
20200190

Location

PG-05B
PG-01
PG-03
PG-15

Liquid phase
pH/°C CO;
ppm
9.37/12.2 47.4
8.81/185 | 26.4
9.33/15.3 | 50.2

613C-DIC

%OVPDB

-17.2
-18.9

-15.7

Vapor phase
CO; 613C-DIC
ppm YoovppB
1300 -14.0
735 -12.4
6890 -7.3
643 -9.8

Table 19. Sulphur (6345-H,S and 6345-S0,4) isotope results from four geothermal production wells from
the Theistareykir geothermal field.

Sample

20200182
20200183
20200188
20200190

Location

PG-05B
PG-01
PG-03
PG-15

Liquid phase Vapor phase
pH/°C H2S SO4 634S-H2S 6345-S04 Ha2S 634S-H2S
ppm | ppm YoovcoT YoovcoT ppm YoovcoT
9.37/12.2 36.7 324 1.9 3.2 193 4.0
8.81/18.5 27.7 13.1 1.6 1.6 275 3.9
- - - - - 2620 -1.0
9.33/15.3 51.9 26.3 0.8 4.5 211 LOD
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Table 20. Deep fluid composition of two-phase production well samples from the Krafla geothermal
field. Concentrations are given in mg/L unless otherwise stated.

Location name K-32 K-13A K-06
Date 2020-10-07 2020-10-08 2020-10-08
Sample id 20200193 20200197 20200198
Ref. Temp [°C] 244 250.6 245
pH 7.68 7.40 7.38
Al 1.24 1.22 0.999
B 0.512 0.800 0.359
CO,; 49.7 259 263
Ca 3.64 2.22 1.52
cl 41.9 44.2 24.5
F 1.13 1.37 1.02
Fe 0.009 0.016 0.006
H2S 127 106 63.4
K 35.1 28.3 23.2
Mg 0.00169 0.00217 0.00102
NHs 0.0584 0.0500 0.0600
Na 235 205 184
S04 237 198 175
SiO, 465 482 457
TDS 1213 1148 902
CH4 0.02 0.28 0.85
H, 0.05 1.45 0.37
N> 6.41 12.3 19.2
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Table 21. Deep fluid composition of two-phase production well samples from the Theistareykir
geothermal field. Concentrations are given in mg/L unless otherwise stated.

Location name

PG-05B

PG-01

PG-17

PG-04

PG-15

Date 2020-10-05 2020-10-05 2020-10-05 2020-10-05 2020-10-06
Sampleid 20200182 20200183 20200184 20200185 20200190
Ref. Temp [°C] 260.2 270° 280° 290° 227.6
pH 7.34 7.41 7.15 7.15 7.56
Al 1.53 1.42 1.74 1.25 1.32
B 0.561 0.860 1.29 4.96 0.681
CO; 284 88.6 203 40.3 105
Ca 0.375 0.22 0.11 0.17 0.567
Cl 47.3 67.4 57.8 18.1 53.4
F 1.15 0.696 0.752 1.06 1.13
Fe 0.554 0.0026 0.005 0.0053 0.008
H,S 66.2 55.1 91.1 127 66.6
K 19.7 17.0 16.4 6.88 16.8
Mg 0.007 0.004 0 0.004 0.0020
NHs 0.0562 0.02 0.01 0 0.0509
Na 112 91.5 69.9 38.0 125
SOq 26.3 10.2 1.83 3.47 23.9
Si0; 522 570 667 365 387
TDS 838 867 980 499 750
CHq 0.1 0.02 0.05 0.04 0

H> 0.27 1.22 1.46 5.2 0.06
N2 15.2 4.08 3.58 4 2.36

@ Production wells with measured discharge enthalpy >1500 ki/kg, composition calculated according to
“excess enthalpy” method.
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5 APPENDICES

5.1 APPENDIX I: SILICA GEOTHERMOMETER EQUATIONS

No | Geothermometer | Geothermometer Equations | Temperature Reference
°C=-42.2+0.288325- Fournier and Potter
1 Quartz 3.6686x10* 5%+ 3.1665x10" 25-900 1982 ’
7$3+77.034logS
Quartz t°C=(1309/(5.19-10gS))- .
2 (no steam loss) 273.15 25-250 Fournier, 1977
3 Quartz (at 100°C t°C=(1522/(5.75-10gS))- 25.950 Fournier, 1977
max steam loss) 273.15
t°C =-55.34+0.365595-
4 Quartz 5.3954x10* 8%+ 5.5132x10" 0-350 Arnorsson, 2000
7§%+74.360l0gS
Chalcedony t°C=(1032/(4.69-10gS))- .
> (no steam loss) 273.15 0-250 Fournier, 1977
6 Chalcedony t°C=(1112/(4.91-10gS))- 25-180 Arnorsson et al.,
(no steam loss) 273.15 1983
7 a- cristobalite *C=(1000/(4.78-log8))- Fournier, 1977
273.15
8 - cristobalite t°C=(781/(4.51-logS))-273.15 25-250 Fournier, 1977
9 Amorph silica t°C=(731/(4.52-10gS))-273.15 25-250 Fournier, 1977
t°C=-121.6+0.2694S5-
10 Amorph silica 1.8101x1048%+7.5221x10" 0-350 Arndrsson, 2000
853+55.114logS
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5.2 APPENDIX II: CATION GEOTHERMOMETER EQUATIONS

No Geothermom Geothermometer Equations Temperat Reference
eter (t=°C) ure (°C)
Na-K t°C =(856/(0.857+log(Na/K)))-273.15 100-275 Truesdell, 1976
2 Na-K t°C =(833/(0.780+log(Na/K)))-273.15 Tonani, 1980
3 Na-K t°C =(933/(0.993+log(Na/K)))-273.15 25 -250 Arnorsson et al., 1983
4 Na-K ©C =(1319/(1.699+log(Na/K)))- 250-350 Arnorsson et al., 1983
273.15
5 Na-K t°C =(1217/(1.483+log(Na/K)))- Fournier, 1979
273.15
6 Na-K ©C =(1178/(1.470+log(Na/K)))- Nieva and Nieva, 1987
273.15
o p— + _
7 NaK t°C =(1390/(1.750+1log(Na/K))) Giggenbach, 1988
273.15
t°C =733.6-770.551Y+378.189Y? .
8 Na-K 295.753Y° + 9 544 0-350 Arnorsson, 2000
o — _ 2 _
9 K-Mg" t°C =(2330/(7.35-log(K*/Mg))) Fournier, 1992
273.15
o — 2 _
10 K-Mgt t°C =(1077/(4.033+log(K?/Mg))) Fournier, 1992
273.15
11 K-Mg t°C =(4410/(14-log(K*/Mg)))-273.15 Giggenbach, 1988
o — _ : 0.5)Y)_
12 Li-Mg € =(2200/(5.47-log(LiMg™7))) Kharaka and Mariner, 1989
273.15
e F i d Truesdell
13 | NaK-Cal | =(1647/(log(Na/K)+B[log(NCa/Na) ourmier ’1‘373 ruesaet
+2.06]+2.47))-273.15
14 K-Ca t°C =(1930/(3.861-log(K/NCa)))- Tonani, 1980
273.15
15 Na-Li ee=1 590/((;77 37 91~glog(Na/L1)))— Kharaka et al., 1982
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