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ABSTRACT 
 

 

Acidic wells are reported from several high temperature geothermal fields around the 

world, including the Geysers, Larderello, Miravalles, Los Humeros, Tatun, Taiwan, Saint 

Lucia, Windward Islands, and the Krafla. General corrosion rates can significantly 

influence the production, and in the case of well failures can lead to catastrophic 

consequences. The designer of the well has to choose whether to use expensive but 

corrosion resistant materials during the well completion, sacrifice the casing and the 

production liner and choose a cheaper grade steel or try to solve the corrosion problem by 

chemically treating the well. This work will try to determine the best potential corrosion 

resistant materials that can be applied during the completion of a geothermal well, review 

state of the art information about scaling inhibition due to increased iron concentration and 

calculate the potential dose rate of caustic injection in the case of well KJ-36.  
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1 INTRODUCTION 

Geothermal steam containing volatile chloride has been reported in steam fields 

throughout the world, such as at Larderello, Italy; Tatun, Taiwan; Saint Lucia, Windward 

Islands, The Geysers, Los Humeros, Palawan and Tiwi and Krafla Iceland. These 

geothermal systems vary greatly in reservoir characteristics, including vapor-dominated, 

liquid-dominated and volcanic related fields, but all have produced measurable levels of 

chloride in dry steam from certain wells without the associated quantities of alkali metals 

or alkaline earth metals (Na, K, Ca, Mg). Only a few reported cases exist of geothermal 

systems in which it can be conclusively stated that the volatile chloride species is hydrogen 

chloride (HCl), although the presence of HCI has been well documented for high-

temperature volcanic gases (Rivera 1990). The presence of some NCGs, particularly 

hydrogen chloride (HCl), strongly affects the corrosion of metal components in steam 

production, transport, and electrical generating systems. The corrosion of the downhole 

equipment however, can lead to several iron silicate scaling in the case of a temperature, 

pressure or pH change, which directly affects the production characteristics of a given 

well. In other cases such as well KG-12 and KJ-36 the complete production is stopped 

because of too high corrosion rates. To understand the corrosion phenomenon general 

types of corrosion are summarized below (After (Roberge P. 1999); and related chapters of 

Wikipedia): 

 

1.1 General Corrosion 

General corrosion is characterized by a uniform attack over the entire exposed 

surface of the metal. The severity of this type of attack can be expressed by a corrosion 

rate. This type of corrosion is typical for hot reducing acid solutions, such as hydrochloric 

and hydrofluoric acid. Oxidizing agents and certain multi-valent metal ions have the ability 

to passivate the metal in environments where the metal may be subject to general 

corrosion. In some cases, it may be possible to inhibit corrosion by the addition of suitable 

passivating agents. Anodic protection has proven to be quite effective in suppressing 

corrosion of metals in many acid solutions. Almost complete passivity can be maintained 

at almost any acid concentration by the proper application of an anodic potential dependent 

on the corrosion rate. This procedure is most often employed in acid solutions having a 

high breakdown potential such as sulphates and phosphates. In halides and some other 

media there is a danger of exceeding the breakdown potential, which can result in severe 

pitting. This method is only effective in the area immersed in the solution. It will not 

prevent attack in the vapor phase. 
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1.2 Crevice corrosion 

 

This is a localized type of attack that occurs only in tight crevices. The crevice may be the 

result of a structural feature such as a flange or gasket, or it may be caused by the 

buildup of scales or deposits.  Oxidizing species present in the solution are depleted in a 

restricted volume of solution in the crevice. These species are consumed faster than they 

can be replenished by diffusion from the bulk solution. As a result, the potential of the 

metal in the crevice becomes more negative than the potential of the metal exposed to the 

bulk solution. This sets up an electrolytic cell with the metal in the crevice acting as the 

anode and the metal outside the crevice acting as the cathode. Metal dissolves at the anode 

under the influence of the resulting current. The presence of small amounts of other 

multivalent ions in the crevice of such metals as nickel, copper or molybdenum, which act 

as cathodic depolarizers, tends to drive the corrosion potential of the metal in the crevice in 

the positive direction. This counteracts the effect of oxidizer depletion and low pH and 

effectively prevents crevice corrosion. Gaskets impregnated with oxides of these metals 

have proven to be quite effective in suppressing crevice corrosion. Alloying with elements 

such as nickel, molybdenum, or palladium is also an effective means of overcoming 

crevice corrosion problems.  

 

 

1.3 Stress corrosion cracking 

SCC is the unexpected sudden failure of normally ductile metals subjected to a 

tensile stress in a corrosive environment, especially at elevated temperature in the case of 

metals. SCC is highly chemically specific in that certain alloys are likely to undergo SCC 

only when exposed to a small number of chemical environments. The chemical 

environment that causes SCC for a given alloy is often one which is only mildly corrosive 

to the metal otherwise. Hence, metal parts with severe SCC can appear bright and shiny, 

while being filled with microscopic cracks. This factor makes it common for SCC to go 

undetected prior to failure. SCC often progresses rapidly, and is more common among 

alloys than pure metals. The specific environment is of crucial importance, and only very 

small concentrations of certain highly active chemicals are needed to produce catastrophic 

cracking, often leading to devastating and unexpected failure. The stresses can be the result 

of the crevice loads due to stress concentration, or can be caused by the type of assembly 

or residual stresses from fabrication (e.g. cold working); the residual stresses can be 

relieved by annealing. Certain types of chemicals such as hydrogen NaOH and H2S can 

enter into the base metal structure and can weaken it enough to lead to fatigue and 

cracking. The stress corrosivity is material dependent; for example high carbon steels are 

resistant to stress corrosion, while austenitic stainless steels are vulnerable. SCC depends 

on the material and also the Chrystal structure and impurities. 
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1.4 Anodic breakdown (pitting) 

Pitting corrosion, or pitting, is a form of extremely localized corrosion that leads to 

the creation of small holes in the metal. The driving power for pitting corrosion is the lack 

of oxygen around a small area. This area becomes anodic while the area with excess 

oxygen becomes cathodic, leading to very localized galvanic corrosion. The corrosion 

penetrates the mass of the metal, with limited diffusion of ions, further pronouncing the 

localized lack of oxygen. The mechanism of pitting corrosion is probably the same as 

crevice corrosion. It is supposed by some that gravitation causes downward-oriented 

concentration gradient of the dissolved ions in the hole caused by the corrosion, as the 

concentrated solution is denser. This however is unlikely. The more conventional 

explanation is that the acidity inside the pit is maintained by the spatial separation of the 

cathodic and anodic half-reactions, which creates a potential gradient and electromigration 

of aggressive anions into the pit. This kind of corrosion is extremely insidious, as it causes 

little loss of material with small effect on its surface, while it damages the deep structures 

of the metal. The pits on the surface are often obscured by corrosion products. Pitting can 

be initiated by a small surface defect, being a scratch or a local change in composition, or 

damage to a protective coating. Polished surfaces display higher resistance to pitting. 

1.5 Galvanic corrosion 

 

Galvanic corrosion is an electrochemical process in which one metal corrodes 

preferentially when in electrical contact with a different type of metal and both metals are 

immersed in an electrolyte. Conversely, a galvanic reaction is exploited in batterries to 

generate a voltage. A common example is the carbon-zinc cell where the zinc corrodes 

preferentially to produce a current. When two or more different sorts of metal come into 

contact in the presence of an electrolyte a galvanic couple is set up, as different metals 

have different electrode potentials. The electrolyte provides a means for ion migration 

whereby metallic ions can move from the anode to the cathode. This leads to the anodic 

metal corroding more quickly than it otherwise would; the corrosion of the cathodic metal 

is retarded even to the point of stopping. The presence of an electrolyte and a conducting 

path between the metals may cause corrosion where otherwise neither metal alone would 

have corroded. Even a single type of metal may corrode galvanically if the electrolyte 

varies in composition, forming a concentration cell. 

1.6 Acid dewpoint corrosion 

This is a well described phenomenon in the power industry. During cooling the first 

moisture droplets to appear are generally enriched with acids – especially hydrogen 

chloride and sulphuric acid. This is due to the high incompatibility of these gases to the 

vapor phase and especially good solubility. Furthermore, these gases in the steam have the 

affinity to reduce the dew point of the total mixture, therefore condensation starts at a 

higher temperature than would be expected from a pure water steam. The local condensate 

can be enriched up to wt% magnitude of acids, therefore locally it is very corrosive. If 

strong acids are presented even in ppm order of magnitude it can lead to corrosion rates of 

5-100mm/year.
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2 GEOLOGICAL BACKGROUND 

Tectonics and geodynamics of the Krafla Volcanic System: 

In North Iceland the neovolcanic zone has a north-south direction. Towards the north it is 

offset to the west about 100 km by the Tjörnes Fracture Zone and joins the Kolbeinsey 

Ridge. The structure of the neovolcanic zone in North Iceland is dominated by large 

swarms of faults and fissures which pass through a central volcano, which together form a 

volcanic system. Volcanic fissure eruptions, silicic rocks and high temperature geothermal 

fields concentrate in the central volcanoes. Two central volcanoes in North Iceland, those 

of Krafla and Askja, have developed calderas. The volcanic systems are arranged en 

echelon subparallel to the north-south direction of the main zone. The northernmost parts 

of the fissure swarms are intersected in the area of Axarfjördur by the Tjörnes Fracture 

Zone. 

The volcanic shield itself is approximately 25 km in diameter and connected to a 

100-km-long basaltic fissure swarm . A caldera is situated in the center of the compex. The 

caldera measures about 10 km east-west and about 8 km north-south. It probably formed 

during an interglacial period and has since been almost filled by repeated emissions of 

basaltic flows (Sigvaldason 1983). About 18 eruptions have occured in and around the 

caldera and a further 15 in the south of the volcanic system since its formation. 

2.1 Volcanic Episodes: 

2.1.1 Glacial 

The eruptions of the Krafla volcanic system began under the ice. The oldest exposed rocks 

in the Krafla central volcano are hyaloclastites dating from the second last glacial period 

(Gudmundsson 1993)  

A lava shield with a diameter of about 20 km existed prior to the caldera formation. 

Remnants of this shield structure enclose the caldera on the east and west sides exposing 

lavas and breccias dipping outward at low angles. The shield is mainly composed of 

subglacial tuffs and palagonitic basalts, as well as of voluminous tholeiitic basalt flows. 

The first rhyolitic volcanism phase at Krafla occured about 100,000 years ago, and 

produced around  1 km
3
 magma (Jonasson, 1994) and probably triggered the collapse of a 

8 × 6 km caldera. The eruption generated a rhyolitic dome at Hágöng and a 2.5-km
3
 dacitic 

welded airfall tuff, and comprises 1 km
3
 of rhyolitic magma that was incompletely mixed 

with basaltic magma.  The older basaltic formations are interspersed by layers of  these 

welded dacitic fragments that were expelled when the broad summit caldera collapsed. The 

second phase also occurred during the last glacial period and formed three subglacial 

rhyolite ridges just outside the caldera rim. These are Jörundur, Hliðarfjall and 

Gaesafjallarani, which are about 300 m above the environment and have a total volume of 

0.7 km
3
. They consist of rhyolitic lava lobes and quench hyaloclastite.The third phase 

involved a small-volume (< 0.05 km
3
) rhyolitic eruption that formed Hrafntinnuhryggur 

(Obsidian Ridge) at about 24 ka (Ar/Ar date from Saemundsson et al., 2000) a minor 
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eruption near Krókkóttuvötn that generated mixed dacitic–andesitic lavas and 

hyaloclastites.  

2.1.2 Postglacial 

Postglacial volcanism in the Krafla area has been divided into two main periods. The 

first period was in early postglacial times and ended about 8000 years ago. Since the 

beginning of the postglacial volcanism, 20 eruptions have taken place within the Krafla 

caldera; six of them belong to the second period, with 250–1000 years passing between 

eruptions. The volcanic material is mostly basaltic, although silicic magma has also been 

erupted – like the Hveragil tephra at about 9000 B.C. Lavas erupted from fissures in the 

area surrounding Krafla are also mainly basaltic but icelandite and dacite flows have also 

formed (Stefansson, 1981). Basaltic and silicic eruptions occurred in subglacial times in 

the area of the Krafla central volcano around and within the caldera itself.  

The second period started about 3000 years ago and is still ongoing (Saemundsson, 

1984).  It began about 2500 years ago when a phreatic explosive eruption formed the maar 

of Hverfjall.  About 2100 years ago eruptions along two major fissures formed the great 

pair of cone rows of Ludentsborgir and Threngslaborgir (Rittman 1938). Historic times:  

Two major volcano-tectonic episodes have occurred at the Krafla volcanic system 

in historical times, both within the last 250 years: the 1724–1729 Mývatn Fires and the 

1975–1984 Krafla Fires, signifying periodic rifting and faulting along the plate boundary 

confined to a single system. Both rifting episodes included a series of four (Mývatn Fires) 

and nine (Krafla Fires) small (<0.2 km
3
) effusive eruptions that occurred on fissures within 

the Krafla caldera volcano as well as on the nearby sectors of the fissure swarms 

(Saemundsson, 1991). The Mývatn Fires also featured one phreatic central vent eruption at 

the start of the rifting episode. Thus, the tally of historical eruptions within the Krafla 

system is 14 and the volume of erupted magma is 0.5 km
3
.  

Myvatn Fires 

A similar pattern was repeated between 1724 and 1729 during the Myvatn Fires, 

which sprang from the Leirhnjukur fissure on Krafla (Grönvold 1984). The episode was 

inaugurated on 17 May 1724 with a brief phreatic explosion. First rhyolitic ash and then 

basaltic cinders and lapilli exploded from the vent. The Viti maar, 300 m across and 33 m 

deep formed in the hollow during the summer. The rifting caused many earthquakes which 

developed faults toughs and up-thrown fault blocks and lowered Lake Myvatn by about 2 

m. Six smaller hydrovolcanic eruptions formed aligned craters in the immediate 

neighbourhood at the same time. The real Myvatn fires started on 11 January 1725 when 

very minor eruptions of mud and lava began on the Leirhnjukur fissure in the western part 

of Krafla caldera. This fissure was the main source of activity when the Myvatn display 

began in earnest in August 1727. The lava fountains, in both curtains and individual jets, 

were accompanied by the emission of copious helluhraun (pahoehoe) basaltic lava flows 

that covered 35 km
2
 northeast of Lake Myvatn. From time to time other parallel fissures 

nearby joined together, including the Hrossaldur cone row in 1728 and the Bjarnarflag 

cone row in 1729. After the Myvatn fires burnt out in August 1729 their sole magmatic 

aftermath was a small eruption north of Leirhnjukur in 1746. However, mudpots and 

solfataras continued to issue from many of the vents for the rest of the eighteenth century; 
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and some have maintained extensive fumarole activity until the present day (Oskarsson 

1984). 

Krafla Fires 

The volcano-tectonic episode of the Krafla Fires began in December 1975 and lasted 

until September 1984 (and Saemundsson, 1991). Signs of renewed activity within the 

Krafla volcanic system were an increase in earthquake activity in June 1975. The first 

eruption broke out from a short fissure at Leirhnjúkur, producing a small lava flow and a 

few craters. The pattern of gradual inflation and sudden deflation recurred several times 

during the episode. During the Krafla Fires, the rifting began by failure of the crust beneath 

the caldera and then migrated along the fissure swarm as indicated by the outward-

propagating earthquake swarms (e.g. Brandsdottir and Einarsson, 1979). Magma flowed 

into and filled the open cracks and in some instances erupted. During the rifting episode, 

magma rose into a shallow reservoir about 2.6 km or 3 km that may have been supplied by 

a magma layer lying 8-30 km below (Einarsson 1978, Beblo and Brjörnsson 1980, 

Gudmundsson 1987). The rifting fissures opened below the surface and magma was 

quickly inserted blade-like, into them at a rate approaching 500 m3 per second to the 

accompaniment of earthquakes. The fissures were 4 km or more deep and often over 50 km 

long in a major swarm and were arranged more or less vertically (Marquart and Jacoby 

1985). In total 21 rifting events occurred during the 1975–1984 Krafla volcano-tectonic 

episode (Bjornsson, 1985). The total widening of the Krafla fissure swarm during the 9-

year volcano-tectonic episode was in the order of 900 cm or almost three orders of 

magnitude greater than the long-term average spreading rate of the plate boundary in 

Iceland, which is 1.8 cm/year (Tryggvason, 1984 and Sigmundsson 2006). The Krafla and 

Mývatn Fires show that the rifting and spreading along the plate boundary is not a 

continuous process, but is periodic and confined to relatively short volcano-tectonic 

episodes that make up for previous periods of tectonic quiescence (e.g.Bjornsson, 1985). 

Several wells changed their production characteristics and well chemistry after the Krafla 

fires – some of them are still affected. This is due to the fissure zones, in which the wells 

came inot contact with fresh magma. However, surface eruptions do not happen today. 

Changes in the location of the magma chamber, direct migration of the temperature front 

from west to east, and sometimes direct contact with fresh magma can be traced 

chemically in the wells of Krafla.  The changes can be traced in elevated chlorine, CO2, 

and H2 concentrations – the typical reservoir substances which react first for steam 

formation. Further details are described in section 2.3.1 or (Armannsson 1987)(A. 

Gudmundsson 2001). 

2.1.3 Tectonics 

The Krafla central volcano, within which the Krafla geothermal area is located, lies 

astride one of five en echelon-arranged NNE-trending fissure swarms within the zone of 

active volcanism and tectonism in northern Iceland. The fissure swarm that intersects the 

Krafla caldera, which was formed about 100,000 years ago, is 5–8 km wide and about 100 

km long (Saegmundsson, 1974, 1978, 1983). Two other fracture systems have been 

identified in the Krafla area. Curved caldera rim fractures are exposed and WNW–ESE 

trending fissures are found in the Sudurhlídar wellfield that have been related to intrusive 

activity into the roots of the central volcano (Fig 1). (Arnason et al., 1984). 
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Fig 1: Schematic tectonical map of Krafla Central volcano 

 

2.2 Petrography and bulk rock geochemistry: 

The petrography and bulk rock geochemistry of the rock formations presented in 

Krafla show a classical middle ocean ridge chemical composition, with slight patterns 

indicating the effect of the mantle plume beneath Iceland . Elevated amounts of  Fe, 

decreasing amounts of Mg, and increasing but rather low amount of alkalines and calc-

alcaline elements distinguishes the Krafla basalts as tholeiites. Further evolution of the 

magma into dacitic and rhyolitic composition is a more complex phenomenon. The 

formation representing the most primitive, high Mg content magmas are the Theistareykir 

picrites. Theistareykir volcanic area mainly represents high Mg content olivine tholeiites, 
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while in the Krafla Caldera quartz-normative tholeiites are more widespread; however, 

olivine thoeliites can be also found. During the Myvatn Fires episode in the Krafla the 

southern part of the Caldera was active, producing rhyolitic and quarz-normative thoeliitic 

basalts; while during the Krafla Fires in the central caldera quartz-normative tholeiites 

were formed, and in the northern rim of the caldera olivine tholeiites were erupted. 

Evidence therefore suggests that magmas originating from the shallow 3km depth magma 

chamber under the Krafla are undergoing melt evolution, while more primitive, olivine 

thoeliitic magmas are originated primarily from the deeper Theistareykir magma chamber 

from the North.  Major-element
 
compositions suggest that fractional crystallization exerts

 

the main control over the differentiation process. The first solid phase appearing in the 

melt is the Mg rich olivine, represented by the olivine thoeliites in the region. According to 

the Skaergard trend, the evolving melt is rich in Fe, which produces Fe-rich thoeliites and 

finally icelandites (Fe – rich basaltic andesit). The continuing evolution of magma is 

results in a further decrease in Mg content, however from the icelandite region the amount 

of Fe in the bulk rock composition is further decreasing towards more alkaline 

compositions. 

 

Fig 2: The Skaegard trend of differenciation 

There are certain signs of mixing, and the assimilation of rhyolitic crustal melts is 

ongoing during the formation of dacites and icelandites in Krafla (Nicholson 1991) 

(Jonasson 1994). Assimilation of crustal rhyolitic melts results in the mixing of rhyolitic 

magmas with the original basaltic magmas. However,
 
K2O and the very incompatible trace 

elements Rb, Th, and U
 
are all enriched beyond the extent expected by closed-system

 

fractional crystallization. Jonasson, 1994 explains the origin of silicic rocks by near solidus 

differentiation of altered crust. That the drastically increasing amount of K2O and LREE 

(light rare earth elements) with increasing amounts of Fe also cannot be explained with 

fractional crystallisation from olivine, plagioclase or clinopyroxene from a single shallow 

astenosphere magma source gives an indication of imperfect mixing between shallow 

astenospheric and plume originated magmas.  
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Basic rock types can be grouped into:  

 

Picrites:  

Basalts  

Olivine tholeiites 

Fe-rich quartz - normative tholeiites 

Icelandites and basaltic andesites:  

Andesites and dacites:  

Rhyolites and Granophyres 

2.3 Basic reservoir characteristics 

The Krafla geothermal system is a high temperature geothermal system with 

temperatures ranging from 170 °C to 320 °C. The wells produce steam for the nearby 

Krafla power plant, which produces 60 MWe. In July 1998, the total discharge from 

producing wells at Krafla was 274 kg/s. Presently, most of the wells producing at Krafla 

predominantly have a single feed or 2–3 feeds with similar temperature. Only well K-13 

has multiple feeds of significantly different temperature. The origin of heat in the area is a 

magma chamber located ~ 3km beneath the surface. Geothermometers from most of the 

wells show extensive cooling due to boiling occurring with the depressurization of the 

aquifers.  Deuterium and oxygen-18 contents of the hydrothermal fluid at Krafla indicate 

that the geothermal water in the area is derived from local precipitation (Sveinbjornsdottir 

1986) (Darling 1989). The main paths of fluid migration are the fractures related to the 

extensional tectonics of the rift valley, therefore vertical rather than horizontal permeability 

is controlling the local fluid circulation.  Cold water recharge occurs mainly in the 

Leirbotnar field and two wells locatd in the Suduhlidar and Hvitholar wellfields. The 

recharge probably comes from a relatively shallow body of groundwater flowing towards 

the south (Darling 1989) (Arnorsson 1995). 

The subsurface geology has been studied by (Kristmannsdottir 1978), and 

(Armannsson 1987). Some major lithological units have been identified; two hyaloclastite 

units reaching to depths of 800–1000 m separated by basaltic lavas, underlain by a lava 

succession to 1100–1400 m depth, which sometimes have thick hyaloclastite interbeds. 

Small basalt and dolerite intrusions forming dykes and sills are common in the lava 

succession. Below 1100 and 1400 m depth they dominate the succession. Below 1800 m 

the small intrusions are replaced by larger intrusive bodies of gabbro and occasional 

granophyre. The degree of alteration is very variable among the rocks. Hyaloclastites are 

more susceptible to alteration than basalt and some of them have been almost completely 

transformed mineralogically. On the other hand, many of the smaller intrusives are quite 

fresh (Kristmannsdottir 1978). 

The drilled area at Krafla – according to production characteristics chemistry and 

isotopic composition – has been divided into three distinct well fields: Leirbotnar, 

Sudurhlidar and Hvitholar. 

The reservoir in Leirbotnar has been divided into two distinct zones. Wells 

discharging from the upper zone have liquid enthalpies, 800–1000 kJ/kg, and a mass flow 

of 5–50 kg/s.  Below 1000–1300 m the reservoir is two-phase. Boiling conditions extend 
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down to at least 2400 m, which is the maximum depth penetrated by wells in the field. 

Temperatures in the lower zone reach 350 °C and well discharge enthalpies vary from 

1900 to over 2700 kJ/kg (dry steam). The deuterium composition of the waters produced in 

Leirbotnar area (87,6% average)  are significantly different from the deuterium 

composition of waters from the Suduhlidar and Hvitholar wellfields (92,1% average). 

(Darling 1989) It was concluded that the Leirbotnar field receives its water from the nearby 

plateau stretching NW from the well field. Colder water recharge is most prominent in 

wells in the Leirbotnar wellfield immediately west of Hveragil. The most pronounced 

colder water recharge into the Krafla reservoir is associated with wells in the central part of 

the drilled area but not near its boundaries, suggesting that the recharging water comes 

from above. The recharge probably comes from a relatively shallow body of groundwater 

flowing towards the south (Darling 1989); (Arnorsson 1995). The upper sub-boiling zone 

at Leirbotnar is probably a mixture of this groundwater body and rising fluid from the 

lower two-phase zone. The Leirbotnar and Sudurhlidar fields are considered to be 

connected by the major upflow zone below Hveragil, a gully of explosion craters that 

separates the two well fields.  

In the Hveragil upflow zone and in Sudurhlidar well field two phases are represented 

from the surface to the depth of the deepest well (Armannsson 1987). Reservoir 

temperatures according to geothermometry are as high as 290 °C and discharge enthalpy of 

above 2500 kJ/kg (K-30). In the Sudurhlıdar well field, colder water recharge was 

observable for the first time in 1995 in well K-14, which lies by the western margin of the 

well field; it is the only well affected so far in that well field. 

 In the Hvitholar well field a boiling reservoir reaching 250–260 °C extends from 

the surface down to approximately 600 m. Bellow this depth the temperature decreases 

sharply and a deep water-saturated zone, with a temperature of 170–190 °C is entered. The 

temperature slowly rises again with increasing depth below 1300 m, as can be seen from 

the idealized temperature profiles for the three fields (Armannsson 1987). The Sudurhlidar 

and Hvitholar fields share a common inflow derived from the Hagong area in the east  

(Arnorsson 1995); (Darling 1989). Colder water recharge mainly affects well K-21 in the 

area.  
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Fig 3:Idealized temperature profiles for the three wellfields at Krafla. From (Armannsson 

1987) 

Numerical simulation studies of the generating capacity of the geothermal reservoir in 

Krafla, described by (Bodvarsson 1984) reveal that the average transmissivity is low, or 

2.0 Dm (darcy-metre). The values for this transmissivity were obtained from a detailed 

analysis of injection tests. Permeability seems to be controlled by vertical fractures rather 

than by horizontal zones. The best match with well flow data was obtained when assuming 

high vertical permeability. It was also necessary to assume that the permeability in the 

upflow zones at Hveragil and Sudurhlidar are one order of magnitude higher than the 

average value for the reservoirs. 

 

2.3.1 Reservoir chemistry and alterations: 

 The origins of dissolved solids and gases in Krafla are mainly influenced by the 

degassing of the magma chamber and equilibrium reactions between the hot aquifer water 

and steam and the reservoir rocks.The chemical characteristics of the Krafla geothermal 

water are based on 1100 samples collected in 20 years.  

The amount of dissolved solid in the geothermal field of Krafla-Namafjall is 

relatively diluted, ranging from 1000-1500 ppm; however dissolved gases far exeeds this 

amount. The most abundant dissolved solids are silica Cl
-
, SO4

2-
 and Na

+
, while the most 

abundant gas is CO2. In the high enthalpy production wells H2 also appeared in significant 

amounts, showing the presence of equilibrium steam fraction in the reservoir (Arnorsson 

1995). The reservoir‘s chemical characteristics went through great change during the 

Krafla Fires volcanic episode. In early 1976 the gas content, especially the CO2 content of 

the fumarole steam in Hveragil and Leirhnukur zones, rose considerably due to the 
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degassing of new magma that intruded into the geothermal system. (Armannsson 1987). 

Since then steam from the wells and CO2 content has declined in most of the wells, but 

some wells around Hveragil are still affected (Armannsson 1987); and magmatic fluxes of 

CO2 are increasing in the wells in Sudurhlidar, showing an eastward migration of high CO2 

fluxes.  Temporal variations in the concentrations of Cl, SO4 and SiO2 and in Na/K ratios 

in water from wells show the extent of colder or hotter recharge into the reservoir, and/or 

re-equilibration in the depressurization zone around the wells, where cooling occurs with 

extensive boiling.  

 

Fig 4: Map of the production fields after (Armannsson 1987) 

 

Chloride is mainly originated from magma degassing forming an acidic steam zone above 

the magma chamber. The acidic steam is then transported along the fracture zones to the 

upper reservoirs. Typical chloride concentrations from the Krafla geothermal area range 

between 0,43-4,38 mmol/kg. In Leirbotnar field, wells which are producing from the upper 

aquifer showing extremely low chloride concentrations under 1 mmol/kg.  In wells from 

Leirbotnar and Sudurhlidar field (K-11, K-12, K-13, K-14, K-20 and K-30), which produce 

from hot aquifers, the Cl concentration is higher than 1 mmol/kg. (A. Gudmundsson 2001)  

Temporally, the concentration of chloride remains constant or decreases steadily in most of 

the wells drilled in Krafla. This phenomenon is due to the cooling of the reservoir, either 

by recharge of colder water to the aquifer or decreasing the contribution of the deeper 

aquifer system.  

 

Sulphate content is likely originated from the acid steam pillow above the magma 

chamber. Characteristic concentrations of sulphate in waters range from 10-450 ppm. The 

aquifer composition is close to anhydrite saturated for most of the wells, and only the 

hottest wells show significant undersaturation (A. Gudmundsson 2001). An overall 

increase in sulphate concentration with time is observed for nine wells at Krafla in 

Leirbotnar, Sudurhlidar and Hvitholar fields. (K-9 Leir, K-11 Leir, K-13Leir, K-14 

Leirbotnar/Sudurhlidar, K-15, K-17 Sudurhlidar, K-19 Sudurhlidar, K-21 Hvitholar and K-

24 Leir) but three have remained constant (K-5, K-12 and K-20). As long as sulphate 

solubility is retrograde, colder water recharge and aquifer cooling decreases the sulphate 

solubility.  (A. Gudmundsson 2001) 

 

Silica, sodium and potassium originate primarily from the hydrothermal alteration of 

basaltic rocks in Krafla. Silica solubility increases with increasing temperature and pH. 

Sodium and potassium are mainly the alteration products of alkali feldspars and 
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clinopyroxenes. At high temperatures, albite – K feldspar and clay minerals control the 

Na/K exchange between the solid and liquid. The typical range of silica concentration in 

the Krafla hydrothermal wells is 6,04-13,56 mmol/kg. Most of the Krafla wells show 

decreasing silica concentrations with an increasing Na/K ratio, indicating cooling of the 

reservoirs. The characteristic sodium and potassium concentrations of Krafla wells range 

from 4,89-12,16 mmol/kg sodium and 0,14-1,12 potassium respectively. The temporal 

variation of the silica content and Na/K ratio shows increasing SiO2 levels and decreasing 

Na/K ratios in three wells at Leirbotnar field (K-17, K-19 and K-24), and increasing Na/K 

ratios and decreasing SiO2 content in three wells in Leirbotnar and Hvitholar fields. (K-

13,K-14, K-21) (A. Gudmundsson 2001)  

   

The solubilities of Ca, Al, Fe, and Mg increase with decreasing temperature. High 

concentrations are generally found in groundwater, or in areas where geothermal water 

mixes with groundwater. In the Krafla geothermal system the concentrations of the 

abovementioned metals are extremely low, ranging from 0,15->0,01 mmol/kg Ca,   

0,075-0,031 mmol/kg Al, 0,00254-0,00006 mmol/kg Fe and 0,002->0,0001 mmol/kg Mg.  

 

2.3.2 Changes in gas concentrations 

 

H2S is mainly derived from reactions between SO4 and the aquifer rocks. Typical H2S 

concentrations in steam from Krafla range between 2,5-52,5 mmol/kg. The H2S 

concentration in steam from wells at Krafla has remained approximately constant in most 

of the wells there, except for decreasing trends in wells K-9 and K-13 and increasing trends 

in wells K-14 and K-20. This increase is considered to be caused by an increased 

contribution to respective well discharges of fluid from deeper levels in the reservoir. 

The H2S geothermometer shows significantly higher temperatures than other solute 

geothermometers for wells K-13 and K-14 at Leirbotnar field, indicating two feed zones 

for the wells,  each of which have different temperatures. (A. Gudmundsson 2001) 

 

H2 originates from the magma and redox reactions between the reservoir rock and water. 

Typical values of H2 concentration in steam range from 0,2-33,9 mmol/kg. Trends for H2 

are the same as for H2S, except for four wells at Leirbotnar and Sudurhlidar fields (K-11, 

K-13, K-17 and K-19). H2 is clearly partitioned into the equilibrium steam fraction in the 

aquifer, and the explanation of constant H2 concentration with decreasing H2S 

concentration is the increasing equilibrium steam fraction with decreasing reservoir 

pressure (K-11). In well K-13, H2 concentrations in the steam have remained almost 

constant, and this originates from the increasing equilibrium steam fraction with potentially 

increasing temperature. (A. Gudmundsson 2001) 

 

CO2 comes primarily from the degassing of melts reaching the bottom of the Krafla 

aquifer systems, and secondarily from meteoric origin. CO2 concentrations in steam 

typically vary between 59-887 mmol/kg. The CO2 concentration in the steam from the 

Krafla wells has either remained constant or decreased, except for well K-20 where it has 

increased due to increased input from the new magma intruded into the roots of the 
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geothermal system during the volcanic-rifting episode in 1975–1984. The decrease is most 

pronounced in wells K-11 and K-15 but is smaller in wells K-9, K-13 and K-14. The 

decline is the result of diminishing CO2 flux from the intruded new magma. Wells in the 

Sudurhlidar well field (K-19, K-20 and K-30) and in the eastern border of the Leirbotnar 

well field at the Hveragir upflow zone (K-12, K-14 and K-15) show very high CO2 

temperatures compared to other solute and gas thermometry data, suggesting that CO2 is 

coming from a newly intruded magma – making nonequilibrium conditions between 

aquifer CO2 composition and the quartz-calcite-epidote-prehnite buffer, which is assumed 

to control the aquifer composition during the geothermometer calibration (S. G. Arnorsson 

1989). During the early period of production, deep wells in the Leirbotnar field were the 

ones most affected by the CO2 from the new magma. The magmatic flux seems to have 

migrated eastwards with time, so that today some wells in Sudurhlidar are the most 

affected whereas the Leirbotnar wells have recovered partly or fully.
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3 ACID WELLS IN KRAFLA 

 
Since the development started several wells have produced acid fluids, which have 

damaged and blocked the wells. Some of the acid wells were good steam producers in the 

beginning but because of the damage to well liners and casings and precipitation in the 

wells the production decreased rapidly.  Recently, an additional 7 wells have been drilled 

for a planned increased capacity of the plant.  Some of the new wells have also reached 

acid aquifers, causing damage to the wells. This has limited the possibility of new well 

locations and put the proposed expansion of the plant into jeopardy. It is therefore of the 

utmost importance for further development of the Krafla field to find a way to exploit the 

acid aquifers.  Until now no satisfactory solution has been found for utilizing the acid 

reservoir in Krafla, but several ideas have been put forward and some were tried with 

unsatisfacory results.  

 

 

Fig 5: Location of acid wells in Krafla 
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Initially the acid wells were drilled in fields north of the power plant (Leirbotnar and 

Vitismor), Fig 5. It turned out that in these areas the reservoir is of dual character. The 

shallow part down to 1000 to 1400 m depth contains hot water (210 to 220 °C). The water 

in this upper zone contains little gas and has alkaline character. Silica and other dissolved 

ions are in close equilibrium with the rock minerals at measured temperature. According to 

the general casing routine early built wells were cased down to 600 m; therefore their 

water is mixed between the upper alkaline aquifer and the hot acidic aquifer downwards.  

 

In these shallow wells the CO2 gas concentration increases towards the Hveragil upflow 

fissure zone that is considered the main up flow path for steam from the deep reservoir to 

the surface. In the shallow wells close to the Hveragil fissure, calcite precipitation causes 

well blocking, while in wells just a few hundred meters to the west this problem is absent 

(Gislason G. 1978). Generally the wells, which are deeper than 2000 m and west of the 

Hveragil fissure, have reached acid aquifers (Fig 6). 

A few months after the construction of the plant started there was an eruption in the 

Leirhnjukur volcano northwest of the power plant. At that time only three wells had been 

flow tested. The well KG-3 had tested to be a good producer and gas concentration in 

steam was low. Soon after the eruption there was a sudden increase of steam gas 

concentration in this well. The output of the well decreased rapidly and the well was 

unusable after few months (A. S. Gislason G. 1976) 

 

Fig 6: Conceptual model for the origin of acidic gases in the region of Hveragil upflow 

zone (Ping 1994) 

Well KG-4 was drilled when the eruption started. Before well completion, high-pressure 

steam from deep aquifers flowed up the well and into the shallower aquifers of the upper 

zone. The well was completed in a hurry but the wellhead was not designed for the high 

pressure and started to leak. The steam contained acid and the wellhead corroded rapidly. 

In the end the situation was uncontrollable and the well went wild and formed a crater. The 

water that flowed from the crater had a pH of 1.86 (A. S. Gislason G. 1976). Further 
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drilling was postponed and the well design revised. The casing depth was increased to 800 

m and the wellhead pressure-class increased.  

The next wells drilled in Leirbotnar and Vitismor (wells KJ-6, KJ-7 and KG-10) turned out 

to be high in enthalpy and high in gas concentration. The water flowing from the wells was 

black in colour. The colour was caused by precipitation of iron sulphide and silica that 

formed in the well when acid fluids, containing iron from the corroding liner, mixed with 

alkaline water from the upper aquifers. The output of these wells decreased rapidly and 

they soon turned into wells producing only from the upper zone and were unusable. The 

wells were reamed and found to be clogged with iron sulphide and silicate scale 

(Kristmannsdottir 1978). When flow tested after reaming operations, the wells clogged 

rapidly again (Steingrimsson B. 1977). The well design was again revised and the casing 

depth increased in order to block the inflow from the upper zone and to avoid the 

precipitation of iron in the wells. 

 

Well KG-12 was drilled to 2222 m depth and cased to 985 m. The flow from the well was 

superheated dry steam. The steam contained hydrochloric acid (HCl) and iron (FeCl
2
). 

Examination of the wellhead showed extensive damage from acid corrosion and erosion. 

The corrosion showed an accelerated rate at sites with conductive cooling (measuring taps 

and flanges) and where the flow speed was high (orifices and bends). To make steam 

usable for the plant, the produced acidic steam was washed with the alkaline water 

produced at a nearby shallow well (KJ-9) (Hauksson T. 1979). 

The well KG-12 was producing for a few years but the enthalpy dropped gradually and 

water started to flow from the well. The steam flow decreased rapidly the first two months 

but was relatively stable until 2004, when the wellhead pressure was too low for practical 

use  (B. J. Hauksson T. 2005).  

The CO2 gas concentration in the steam from wells in Leirbotnar field decreased steadily 

after reaching a maximum soon after the eruption period started. Few wells were drilled 

through the years to check whether the acid character of the deep zone was also decreasing 

(wells KG-25, KG-26 and KJ-29). The flow from the deep aquifers turned out to be acid as 

before, despite the decrease in the CO2 gas concentration of the steam.  

It became evident that the drilling field would have to be relocated in order to supply the 

plant with sufficient good quality steam. Wells were drilled in the southern slopes of the 

Krafla mountains (Sudurhlidar) and in an area south of the power plant (Hvitholaklif), 

where a chemical analysis of steam from fumaroles indicated less magmatic influence than 

in the Leirbotnar and Vitismor (Armannson H. 1980). 

The steam quality was better but the productivity of the wells was insufficient. The plant 

was thus operated at half power for several years.  

Later (1997 to 2000) a new drill field in the west slopes of the Krafla Mountain was 

explored (Vesturhlidar). This field was productive and since then the power plant has been 

operated at full power (Gudmundsson. A. 2001). Wells contain high concentration of CO
2 

and H
2
S gas in steam, but acid in the steam has not been evident.  

Seven new wells were recently drilled to obtain steam for further expansion of the Krafla 

power plant.  
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Well KJ-35 was located northwest of the plant and directionally drilled towards the 

Leirhnukur volcano. It was a good producer but the output declined steadily during flow 

test. The chemical analysis of the fluid collected at wellhead did not show clear evidence 

of acid or iron precipitation in the well (Giroud N. 2008.). Logging of the well showed 

blocking at 1960 m depth and a plug consisting of iron sulphide and silica similar to the 

scale that had blocked other acid wells in Krafla was reamed out of the well.  

 

Well KJ-36 was located southeast of the Viti crater and directionally drilled to the 

northwest under the crater. When flow tested the well was very powerful. The steam 

collected at wellhead was acidic and corrosive to the wellhead. The flow test was stopped 

after 6 days when a hole had formed in the wellhead pipe. The well was tested again after 

32 days with fortification applied on the wellhead. The steam was still acid and the outflow 

soon turned from dry steam into saturated steam. The corrosion rate was very rapid so the 

well was shut in and the acid aquifer blocked off by cementing operation (Hauksson T. 

2008.). Now the well produces from aquifers at 1600 to 1700 depth and the steam is used 

for the plant.  

 

Well KJ-38 is located at the same platform as well 36 and drilled to the north. It has also 

reached acid aquifers and is being flow tested.  

 

Geochemistry 

Collection of representative samples from the deep acid aquifers has been difficult. 

Initially the wells were of dual character and alkaline water from the upper zone obscured 

the character of the deep zone steam. By mass balance calculations it was possible, though, 

to show that the inflow was of acid character (Hauksson T. 1980).  

First, when well KG-12 was drilled with a 985 m deep casing, a sample of the deep steam 

could be obtained (Hauksson T. 1979).  

Later, when well KG-25 was drilled, the casing was 1145 m deep but the upper alkaline 

zone reached deeper and alkaline water flowed into the well at a depth of 1455 m 

(Armannsson H. 1992).  

In well KJ-36 the deep acid aquifer was very powerful and the initial flow from the 

shallower aquifer did not obscure the character significantly (Hauksson T. 2008.).  

 

Well KJ-35 

Hole KJ-35 is situated west of well KG-25. It was directionally drilled and the deepest 

parts reach the southern part of Leirhjukur field. Initially deep wells were cased down to 

600 m depth and the inflow was both from the shallow hot water aquifer and from aquifers 

at around 1800 to 2200 m depth. The temperature of the deep aquifers was measured to be 

300 to 340 °C and the inflow was water and steam and possibly superheated dry steam.  

The drilling crossed 3 main fractures at 1485, 1745 and 2250 m depth respectively. The 

main upflowing fracture was found to be the one at 2250 m depth. (Mortensen A. K. 2008) 

The well was opened in august 2007 and produced with regular yield; however the 

performance of the well has decreased steadily during the operation. High pressure steam 

flow has reduced from 20 kg/s to 6 kg/s in 6 months. Water flow has diminished quickly to 

3 kg/sec and decreased forward. Chemical sampling was made of the well to explain the 
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decreasing performance. The ionic strength of chloride was great, but not greater than 

other producing wells in Krafla (i.e. KJ-20). Chloride precipitation in the well is unlikely, 

however by deterioration of the equipment it is possible – and that has an effect on scaling. 

The effect of OH
-
 ions is small, as awaited from acidic environment. 

The concentration of iron is rather small in the water samples and it is unlikely that acidic 

damage is occurring in the equipment.  

Silicate concentrations exceed the equilibrium quartz saturation – it is likely that intensive 

scaling is happening downhole. 

Al and Ca concentrations do not exceed the average measured concentrations around 

Krafla. 

Gas concentrations in steam are as high as 0,73%, but the composition differs from the 

chemical composition of the neighbouring wells.  

The logical conclusion is that the shrinking performance of the well is coming from the 

massive precipitation of silica. The analysis on precipitates from ~2295 m depth showed 

magnetite, chrystobalite, pyrite ilvaite and other amphiboles. However the corroded liner 

parts which were taken up during the cleaning of the well were just 1-2 mm long, but to 

perforate the 10 mm thick liner a corrosion rate in the same order of magnitude is required. 

The straightforward conclusion was that iron containing precipitates are forming because 

of the corrosion. (Mortensen A. K. 2008) 

 

Well KJ-36: 

Well KJ-36 is located southeast of the Viti crater. The well was directionally drilled 

to the northwest to a depth of 2501 m (Fig 8). The main aquifers reached during drilling 

were at 1600 m and 2300 m well depth (actual depth 2080 m).  Shortly after well 

completion wellhead pressure reached 128 bar. This was because the high temperature 

fluid (>340 °C)(Fig 7) in the aquifer at 2000 m depth was flowing up the well and into the 

aquifer at 1600 m depth. (Gudmundson A. 2008) According to the cuttings, the upper 

aquifer is mainly built up from hyaloclastites and altered basalts – the degree of alteration 

is reaching that of the amphibolites facies. There is no information from the lower aquifer 

because of the loss of circulation during the final stage of drilling. 
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Fig 7: Temperature log of hole KJ-36 before the first flow test (Egilson Th. 2008) 

 

Fig 8: Deviation of well KJ-36 (A. J. Gudmundsson 2008) 

 

Well KJ-36 was first flow tested on December 12, 2007. Pressure changes were 

measured with time and different production rates (Egilson Th. 2008). Pressure tests found 

a fracture zone at 1700 m depth. At the first pressure test a stable 40 l/s production could 

be utilized, however the test had to be stopped because of intensive corrosion and probable 

erosion of the wellhead. The steam was suspected to contain high concentration of 

hydrochloric acid (HCl), which corroded the wellhead rapidly. The test was stopped after 6 

days, when a hole had formed in the wellhead pipe. (G. N. Armannsson H. 2007) 

Examination of the wellhead showed great damage by acid corrosion and erosion. The 

corrosion was most rapid at sites with conductive cooling and where the flow speed was 

high (Palsson B. 2007).  The second flow test was made in January 2008. The shut in 
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pressure was 85 bar, but it quickly decreased to 40. The well produced water at first, then 

superheated steam. The degree of superheating reached its highest value at 15 °C above 

saturation. According to the pressure logging the boiling occurred at the depth of 500 m in 

the wellbore during shut in (Fig 9). Since the 19
th

 of January the superheating has 

decreased and the first signs of corrosion have appeared. Even with insulation and 

fortification the superheating was not maintainable and the well had to be killed.  The 

wellhead pressure instantly went up to 100 bar and started to decrease after 24 hours. 

 

Fig 9:Pressure logging of the well KJ-36 (Egilson Th. 2008) 

 

When the flow test started the steam plume that came out from the silencer was black, and 

black dust from it coloured the snow around the well. The dust did not contain silica, but 

contained mostly iron oxides and sulphide. Samples from the silencer also contained iron 

chloride.  

The steam plume from the silencer was dark, but lightened during the test. During October 

2008 a plug was cemented at 1800 m depth and today well KJ-36 is producing 8 kg/s 

useable steam.  
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4 POSSIBLE SOLUTIONS 

 Caustic injection 

 Caustic Injection is a generally applied technique in the Philippines, Miravalles (Moya P. 

2005) and The Geysers (Hirtz P. 1991) geothermal field in order to adjust the brine pH by 

a base.  The possible pH modifiers can be: 

 

 Caustic soda (NaOH) 

 Amines 

 Sodium-carbonate 

Amines are used in high pressure power plants to neutralize acid gases from the flue 

gas and steam sequence. The use of these weak bases instead of caustic soda is that the 

volatility of the amines is higher, therefore in a dry steam environment the dissolution in 

the steam phase is easier. Sodium hydroxide would not dissolve easily in the steam phase; 

and if liquid droplets are forming, the concentration of NaOH can be dangerously high for 

the pipe system. However, amines are weak bases and they tend to react with all of the 

acids in the steam. In power plants generally the steam contains less dissolved CO2 than in 

geothermal steam – therefore amines can be feasibly applied. In geothermal steam all of 

the CO2 would be neutralized. The high quantity of CO2 in steam makes amine scrubbing 

unfeasible (Hirtz P. 1991). In the case of liquid neutralization amines cannot be considered 

as too much is required from them to reach the desired pH range 

Sodium carbonates can be considered as the only pH adjusters in the case if the CO2 

concentration of the steam is rather low. However, sodium carbonates are generally 

available in a diluted solution, therefore their application requires a significant pumping 

rate 

Caustic soda is available in dry 96% pastilles and flakes, and can be easily adjusted to 

any concentration in a solution. In the case wherein enough excess CO2 is presented in the 

steam (which is the case in the Krafla) NaOH can be safely applied. The potential excess 

NaOH will react with the CO2 and will not reach the separator or the turbine. However 

caustic soda is a poisonous material. Improper handling can lead to environmental 

catastrophes. In the Geysers, Miravalles and the Philippines caustic soda is applied against 

hydrogen chloride. The typical design of neutralization in Miravalles can be seen in Fig 10. 
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Fig 10: Design of the caustic reinjection system at the Miravalles geothermal field(Moya 

P. 2005) 

 

If the wellhead has to be protected the injection point has to be before the rock catcher, 

possibly on the top of the wellhead too. pH adjustments are considered as pH=8 for Tiwi. 

(Gardner 2001) In Miravalles the ideal pH range was found between 7.18 and 8.01 (Moya 

P. 2005), and in Larderello direct caustic injection is not made into the reservoir. The 

transporting pipe system is, however, protected by caustic injection (Viviani 1995). 

4.1   Material selection 

One of the possibilities to stop the corrosion phenomenon in wells KJ-35 and 36 is 

the change from mild steel (K-55) to corrosion resistant materials. Acid dewpoint 

corrosion is not as highly dependent on the bulk concentration of acidic gases in the bulk 

steam, rather the amount of first condensate and the compatibility of the given gas to the 

liquid and vapour phase. Highly ionic acids such as HCl and HF are generally concentrated 

in the liquid phase. It is generally possible that from a ppm bulk HCl or HF compositional 

steam the first condensate can be enriched into wt% range. As it will be seen in this 

chapter, conventional steels – especially at elevated temperature – are very sensitive to 

such a high concentration. This chapter reviews the basic materials which can be 

considered to withstand even high concentrations of HCl, and therefore can be potential 

casing/wellhead equipments.  

Conventional carbon and mild steel 

Corrosion tests of conventional carbon steels in geothermal environments were 

conducted by several authors. According to the general findings, carbon steel has the 

slightest corrosion resistance towards uniform corrosion and pitting corrosion. In the 

Salton Sea hypersaline brine – which can be determined by an HCl concentration in the 
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surface of 100 ppm – based on a 30 day experiment 1020 type carbon steels reached the 

corrosion rate of 115mm/year in brine and 92 mm/year in steam. (Carter 1979) For 

geothermal fluids, localized corrosions such as crevice and pitting are more dangerous than 

uniform corrosion. Chemicals such as chloride and hydrogen sulphide generally cause 

local failures.  The average of the deepest pits was found to be around 14 mm. The Deepest 

pits were formed near the welding points. Corrosion rates were found to be more severe in 

the brine environment than in steam. Carbon steel showed the highest corrosion rate when 

compared to stainless and alloyed metals. In the case of caustic injection appropriate 

dosage has to be used, as carbon and mild steels are vulnerable to caustic stress corrosion. 

(Fig 11) 

 

 

Fig 11: Caustic soda service graph from http://www.hghouston.com/naoh_gph.html 

Stainless steels: 

The application of stainless steel materials in geothermal fluids have reportedly 

decreased the uniform corrosion rate, but even uniform corrosion rates for stainless steel in 

brine were 20 times greater than the FeMoCr alloys. However after 15 day the corrosion 

rate tends to decrease due to the formation of a passive ferrous oxide under oxidative 

conditions. More serious problems were reported concerning the pitting densities. 

Temperature and the presence of HCl and HF make even high strength stainless steels 

vulnerable to pitting. Austenitic stainless steels show greater corrosion potential in the 

presence of chloride ions and at decreasing pH. The deepest pits were found to be 6,3 mm. 

After the 30 day trial period, 4130 alloy steels continued to corrode (Carter 1979). In the 

case of 316 stainless steel in steam, pit depth increased by a factor of five – showing a 

corrosion rate more than 200 times higher than was stated in the standards. In order to 

prevent the pit corrosion and breaking problems in wellhead valves, geothermal fluids 
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containing high amounts of Cl ions, sulphur and oxygen in solution, it is more suitable to 

use AISI 430 (Ferrite). General corrosion resistance has increased with chromium and 

molybdenum content. The pitting resistance has increased with molybdenum content, 

however nickel did not have a significant effect. Type 316 L stainless steel exhibited stress 

corrosion cracking in all of the environments, while type 410 and 430 exhibited crevice 

corrosion. Austenitic stainless steels are vulnerable to breaking from stressed corrosion in 

the presence of Cl ion at high temperatures. Ferric stainless steels are generally stronger. 

Alloys with nickel can also be affected by stressed corrosion. The addition of Mo and 

silicates have increased the resistance to stress corrosion (Roberge P. 1999). Cracking 

corrosion potential and the low affinity to susceptibility to stress corrosion, especially in 

the presence of chlorine and hydrogen sulphide. Austenitic stainless steels are generally 

immune to H2S stress corrosion, while ferritic steels are very vulnerable. High strength 

stainless steels are very sensitive to H2S concentration, and are therefore not recommended 

to be used for the liner or wellhead equipment.  

Titanium: 

Titanium offers outstanding resistance to a wide variety of environments. Under 

atmospheric conditions titanium is a reactive metal, but the reaction produced titanium 

oxides with variable composition between Ti2O3 and TiO. This resistance prevents the 

metal from further deterioration. According to the transmission electron microscope 

studies of Andreev (Andreeva 1964) the growth rate of the TiO2 film is 250 Angstrom in 

four years. However this is what causes titanium to corrode in reductive environments. 

Alloyed with a more noble metal (typically palladium), titanium can withstand 

hydrochloric acid concentrations up to 27 wt% HCl, and 225°C.  

 

Fig 12: The Pourbaix diagram of Titanium at 25°C (Puigdomenech 2005) 
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The Pitting corrosion potential of titanium is temperature and pH dependent. Lower 

grades of titanium tend to form pits from pH=8 above 90°C, while titanium palladium or 

titanium Ruthenium composites are defended down to pH=2. (Schutz 1996)(Fig 13) 

 

Fig 13:Threshold limit of pure titanium and alloyed titanium to stress and crevice 

corrosion in sweet and sour brines (Schutz 1996) 

According to the field tests at Salton Sea geothermal field, where titanium is used as well 

casing, uniform and pitting corrosion were not detected. The corrosion rates of different 

titanium alloys under boiling HCl are given in Table 1:Corrosion rates of different titanium 

in boiling 10 wt% HCl (TIMET 2008)Table 1 

 

10 wt% 
HCl Temp Corrosion rate (mm/year) 

 Grade  50A 6-4 12 50A .15Pd 

1 Boiling 2.16 - 0.036 0.02 

2 Boiling 7.11 -6.6 0.254 -0.046 

3 Boiling 14 -13.2 10.2 -0.069 

5 Boiling 21.3 -26.2 38.1 -0.254 

8 Boiling (>50.8) -48.3 76.2 -0.61 

Table 1:Corrosion rates of different titanium in boiling 10 wt% HCl (TIMET 2008) 

 

Even unalloyed titanium is resistant against caustic corrosion in high temperatures. At 

pH>12 hydrogen embrittlement can occur (Table 2). 
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NaOH 
wt% T (°C) 

Corrosion rate 
(mm/year) 

5-40 21 0.0010 

40 66 0.0380 

40 93 0.0640 

40 121 0.1270 

50 38 0.0020 

50 66 0.0180 

50 121 0.0330 

50-73 188 (>1.09) 

73 110 0.0510 

73 116 0.1270 

73 129 0.1780 

Table 2:Corrosion rates of unalloyed titanium in caustic soda(TIMET 2008) 

Several titanium alloys exist, such as , to increase the mechanical strength of 

titanium. However, to increase chemical resistance noble metal addition is the best 

practice. The addition of a noble metal to titanium moves the resistance of the alloy in a 

more positive direction. General alloying elements are titanium-palladium and titanium-

ruthenium. The latter needs approximately double the concentration to reach the same 

grade of passivation. The effect of alloying titanium with platinum or palladium can be 

seen in Fig 14 
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Fig 14:Effect of ruthenium addition into titanium in the corrosion rates with HCl (Schutz 

1996) 

The main risk of the use of titanium in the specific environment at Krafla is the fast 

corrosion rate in the presence of hydrogen fluoride, which can lead to several corrosion 

rates even in the ppm range. If this condition occurs, oxidizing inhibitors such as ferric 

chloride, or caustic protection must be used to maintain the TiO2 film on the surface 

undamaged. Furthermore, if the protective film brakes by abrasion or chlorine attack above 

77°C and the pH is 3 or lower, hydride formation starts, which increases the chance of 

fatigue. As long as a minimum 2% moisture is presented titanium can back-passivate, but 

in dry steam hydrogen embrittlement can be a several problem. (H. Satoh 1977) 
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      O N C H Fe Al Si V Ni Mo Nb Cr Sn Pd Ru Zr 

TITANIUM Grade 1 0.18 0.03 0.08 0.015 0.2 - - - - - - - - - - - 
TITANIUM Grade 2 0.25 0.03 0.08 0.015 0.3 - - - - - - - - - - - 
TITANIUM Grade 3 0.35 0.05 0.08 0.015 0.3 - - - - - - - - - - - 
TITANIUM Grade 4 0.4 0.05 0.08 0.015 0.5 - - - - - - - - - - - 

TITANIUM Grade 5 0.2 0.05 0.08 0.015 0.4 
5.5-
6.75 

- 
3.5-
4.5 

- - - - - - - - 

TITANIUM Grade 6 0.2 0.05 0.08 0.02 0.5 
4.0-
6.0 

- - - - - - 
2.0-
3.0 

 - - 

TITANIUM Grade 7 0.25 0.03 0.08 0.015 0.3 - - - - - - - - 
0.12-
0.25 

- - 

TITANIUM Grade 9 0.15 0.02 0.08 0.015 0.25 
2.5-
3.5 

- 
2.0-
3.0 

- - - - - - - - 

TITANIUM Grade 12 0.25 0.03 0.08 0.015 0.3 - -  
0.6-
0.9 

0.2-
0.4 

- - - - - - 

TITANIUM Grade 16 0.25 0.03 0.08 0.015 0.3 - - - - - - - - 
0.04-
0.08 

- - 

TITANIUM Grade 17 0.18 0.03 0.08 0.015 0.2 - - - - - - - - 
0.04-
0.08 

- - 

TITANIUM Grade 19 0.12 0.03 0.05 0.015 0.3 
3.0-
4.0 

- 
7.5-
8.5 

- 
3.5-
4.5 

- 
5.5-
6.5 

- - - 
3.5-
4.5 

TITANIUM Grade 21 0.15 0.05 0.05 0.015 0.4 2.3 3.5  - 
14.0-
16.0 

2.2-
3.2 

 - - - - 

TITANIUM Grade 23 0.13 0.03 0.08 0.0125 0.25 
5.5-
6.5 

- 
3.5-
4.5 

- - - - - - - - 

TITANIUM Grade 26 0.25 0.03 0.08 0.015 0.3 - - - - - - - - - 0.08-0.14 - 

TITANIUM Grade 27 0.18 0.03 0.08 0.015 0.2 - - - - - - - - - 0.08-0.14 - 

TITANIUM Grade 28 0.15 0.03 0.08 0.015 0.25 
2.5-
3.5 

- 
2.0-
3.0 

- - - - - - 0.08-0.14 - 

TITANIUM Grade 29 0.13 0.03 0.08 0.0125 0.25 
5.5-
6.5 

- 
3.5-
4.5 

- - - - - - 0.08-0.14 - 

Table 3: Chemical composition of different grades of Titanium 
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Ni-Cr-Mo alloys 
Other nonferrous alloys are mainly nickel chromium and molybdenum. These transitional 

metals have the general ability to form a more stable passive oxide, or in the case of nickel 

chloride film than iron. Ni-Cr-Mo alloys are suitable materials for high temperature 

geothermal fields based on the Salton sea installations. Based on the field measurement 

Hastelloy C-276 and Inconel 625 showed little evidence of corrosion in HCl concentrated 

brine and steam (Carter 1979). Nickel chromium and molybdenum based alloys showed 

two orders of magnitude lower pitting compared with stainless steel during the experiments 

(Carter 1979). Polarization studies indicated that NiCrMo composites tend to repassivate if 

pitting is initiated. This phenomenon accounted for the broadening of the passive region 

with the addition of molybdenum to the alloy. The addition of Cu sometimes has no effect 

on the vulnerability of the overall alloy to stress corrosion in H2S environments, however 

these alloys must be tested for their applicability. Chromium has a beneficial effect against 

corrosion (Fig 15). It is described that in the presence of hydrogen fluoride the corrosion 

rate of chromium containing alloys can increase. (Galverick L. 1994) 

 
 

Fig 15:The influence of chromium content on the corrosion rate of iron cobalt and nickel 

based amorphous alloys in 1N hydrochloric acid (Metals Handbook, 9. ed. Vol 13, 

Corrosion 1986) 

The following alloys should be taken into account based on their geothermal or oil field 

application: 

 

Inco C-276 

A high nickel and molybdenum content alloy which tends to remain passive in reducing 

media. Molybdenum content also decreases the chance of localized pitting. Low carbon 

content minimizes carbide precipitation during welding; therefore it is resistant towards 

intergranular attack. INCO 276 is used in the industry during downhole operations and 
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recovery of sour H2S enriched natural gas; therefore the chance of hydrogen enbrittlement 

and H2S stress corrosion is relatively low. 

 

Incoloy 825: 

A nickel iron chromium alloy with the addition of molybdenum copper and titanium. 

Molybdenum and nickel content tends to passivate the alloy in reducing environment and 

chloride ion stress corrosion cracking, while copper tends to broaden the passivation range 

of the alloy. Generally, the alloy is applied in nuclear waste fuel reprocessing and 

reinjection. A fact worth noting is that the low copper content of the alloy is not enough to 

initialize H2S stress corrosion cracking. 

 

Alloy 020: Austenitic nickel-iron-chromium alloy with chromium and molybdenum 

addition. Copper and molybdenum together with nickel gives resistance to reducing 

environment. Generally alloy 020 is processed to handle agressive chemical substituents in 

reactor tanks and pipes, however it was not tried in drilling operations. 

 
Alloy 718: An age hardenable nickel; chromium iron alloy combined with molybdenum 

titanium and aluminium, to gain more mechanical strength. Used in sour gas operations 

and downhole environments. 

 

Alloy 600: nickel chromium solid solution with the lowest resistance to general corrosion 

from the abovementioned alloys. Used in sour gas operations. 

 

Alloy 625 (Ni58-Cr 20-23): 

A nickel-chromium molybdenum alloy with additional nyobium and molybdenum to 

strengthen the metal matrix without heat treatment. Especially resistant to crevice 

corrosion. This type of alloy is already in use in the geothermal industry at Salton sea. 

 

Alloy 725:  

The same composition as alloy 625, resisted with heat treatment instead of cold work. 

Used in sour gas operations and high H2S containing environments. 

 

Alloy X750: The basic composition of inconel 600 with additional aluminium and titanium 

for higher physical strength. 

 

Alloy 050: nickel chromium molybdenum alloy with additional niobium. Extremely 

resistant to severe H2S environment. Used as casing in severe sour borehole conditions in 

the oil industry 

 

Alloy 800-800H-800HT: an iron nickel and chromium solid solution for high temperature 

(300-590°C) operating conditions. 

 

Alloy 25-6Mo and 27Mo: nickel iron chromium molybdenum alloy with increased 

resistance against chlorine pitting corrosion. 

 

Incoloy alloy 925: heat treated age hardenable nickel iron chromium molybdenum copper 

alloy developed especially for sour gas operations in the oil industry. 

 

Monel 400: Nickel – Copper alloy with moderate strength but special resistance to 

reductive brines. 
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Hastelloy alloy is a nickel-based alloy, mainly divided into B,C,G of the three series, 

which used in those strong corrosive medium where iron Cr-Ni or Cr-Ni-Mo stainless 

steel, non-metallic materials can not be applied. It is widely used in the  petroleum and 

chemical industries, environmental protection and many other fields abroad. 

Hastelloy C-22 

A corrosion resistant alloy, Hastelloy C-22, has been identified as having the appropriate 

level of corrosion resistance for long term service in a high temperature halide brine. 

 

Hastelloy B-2: The alloy reportedly can withstand strong reduction media, and has 

improved intergranular corrosion resistance. It can be used in hydrochloric acid and 

sulfuric acid with middle concentration at high temperature. According to the Salton Sea 

experiment this nickel chromium iron alloy has extreme resistance to HCl with 1% HCl 0.5 

mm/year having been measured (Carter 1979). 

 

Hastelloy C-276: Described by Carter et al. (Carter 1979) It has an excellent resistance in 

oxidizing and reducing environments against hydrochloric and hypochloric acid. In Salton 

Sea geothermal field this nickel chromium molybdenum alloy is used for piping the sour 

steam to the power plant.  

The basic chemical compositio 

 

Copper and copper alloys: 

Copper is generally not considered as good a resistor against HCl attack because it is easily 

oxidized; therefore in reactions catalysed by the presence of oxygen the corrosion rate of 

copper will be high. Controversially under reducing conditions the corrosion rate of copper 

can reduce to 0.08-0.1 mm/year, because copper is one of the few non noble metals that 

have higher electromotive force than hydrogen. Typical corrosion rates of silicon bronze 

are 1 mm/year in 20% concentrated HCl solution above 70 °C. Unfortunately, copper 

alloys show stress corrosion in the presence of H2S, which completely takes away their 

potential for being an applicable material. 
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Alloy Ni Cu  Fe       Mn   C   Si   S         Co   Al Ti   Cr Mo   W V  P Nb+Ta Source 

Inconel C-276   Balance  -  4.00-7.00   1.00max   0.01max   0.08max   0.03max   2.50max           
14.50-
16.50   

15.00-
17.00   

3.00-
4.50   0.35max   0.04max   - http://www.painc.com/chemical_composition.htm 

Incoloy 825   38.0-46.0   
1.50-
3.00   22.00min   1.00max   0.05max   0.50max   0.03max   - 0.20max   

0.60-
1.20   

19.50-
23.50   2.50-3.50   - - - - http://www.painc.com/chemical_composition.htm 

Alloy 020   32.00-38.00   
3.00-
4.00   Balance 

        
2.00max   0.07max   1.00max   0.035max   -    -    - 

19.00-
21.00   2.00-3.00   - - 

                
0.045max   0.8-1.00 http://www.painc.com/chemical_composition.htm 

Inconel 718 50-55 0.3 Balance 0.35 0.08 0.35 - 1 .2-.8 .65-1.15 17-21 2.8-3.3 - - - 4.75-5.5 http://www.espi-metals.com/tech/Tech-%20Inconel%20718.htm 

Inconel 600   72.0min   0.50max   6.00-10.00   1.00max   0.15max   0.50max   0.015max   -    -    - 
14.0-
17.0   - - - - - http://www.painc.com/chemical_composition.htm 

Inconel 625   58.0min   - 5.00max   0.50max   0.10max   0.50max   0.015max   1.00max   0.40max   0.40max   
20.00-
23.00   8.00-10.00   - - 0.015max   3.15-4.15 http://www.painc.com/chemical_composition.htm 

Inconel 725 55 - Balance 0.35max. 0.03max 0.2max 0.01 - 
0.35 
max. 1 19 7 - - 0.015max 2.75 http://new.bibus.cz/pdf/Special_Metals/Nikl/prehled/inconel-alloy_718a718SPF_725.pdf 

Inconel X750 70 0.5 7 1 0.08 0.5 0.01 1 0.7 2.5 15.5 - - - - 0.95 http://www.espi-metals.com/tech/Alloy%20Composition-%20Inconel%20X-750.pdf 

Inconel alloy 050 50 - 18 - - - - 3 - - 20 9 - - - 1 http://www.sulzerts.com/PortalData/5/Resources/resourcecenter/toolsforyou/Super_Alloy_Compositions_.pdf 

Incoloy 800   30.0-35.0   0.75max   39.50min   1.50max   0.10max   1.00max   0.015max      - 
0.15-
0.60   

0.15-
0.60   

19.0-
23.0   - - - - - http://www.painc.com/chemical_composition.htm 

Incoloy 800H   30.0-35.0   0.75max   39.50min   1.50max   
0.05-
0.10   1.00max   0.015max      - 

0.15-
0.60   

0.15-
0.60   

19.0-
23.0   - - - - - http://www.painc.com/chemical_composition.htm 

Incoloy 800HT   30.0-35.0   075max   39.5min   1.50max   
0.06-
0.10   1.00max   0.015max      - 

0.85-
1.20   

0.25-
0.60   

19.0-
23.0   - - - - - http://www.painc.com/chemical_composition.htm 

Inconel alloy 25-
6Mo 25 1 45 2 0.02 0.5 0.01 - - - 20 6.5 - - 0.03 - http://www.espi-metals.com/tech/Alloy%20Composition-%2025-6MO.pdf 

Incoloy 925 44 2.25 22 1 0.03 0.5 0.03 - 0.3 2.1 21 3 - - 0.03 0.5 http://www.espi-metals.com/tech/Tech-%20Incoloy%20925%20-%20Alloy%20Composition.htm 

Monel 400   63.0min   
28.0-
34.0   2.50max   2.00max   0.30max   0.50max   0.024max      - - -    -    - - - - - http://www.painc.com/chemical_composition.htm 

Hastelloy C22 56 - 3 0.5 0.01 0.08 0.02 2.5 - - 22 13 3 0.35 0.02 - http://www.espi-metals.com/tech/Tech-%20Hastelloy%20C-22%20-%20Alloy%20Composition.htm 
Hastelloy B-2 67 - 2 1 0.02 0.1 0.01 1 - - 1 28 - - 0.025 - http://www.espi-metals.com/tech/Tech-%20Hastelloy%20B-2%20-%20Alloy%20Composition.htm 

Hastelloy C-276 57 - 5.5 1 0.01 0.08 0.01 2.5 - - 15.5 16 4 0.35 0.025 - http://www.espi-metals.com/tech/Tech-%20Hastelloy%20C-276%20-%20Alloy%20Composition.htm 

Table 4: Chemical composition of the Ni alloys 
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4.2 Scaling and scaling prevention  

Amorphous silicate and ferrous silicate scaling is potentially not a severe problem in 

the case of well KJ-36, as the pH is low enough (3.96) to dissolve silicates. However, in 

the case of KJ-35, in which high iron concentrations come from the corroding liner at the 

lower aquifer and there is a high pH (8.28-8.71), the scaling has to be controlled. On the 

other hand if pH adjustment is to be considered as the optimal solution against uniform 

corrosion of the liner, the scaling of amorphous silica and aluminosilicates as side effects 

of the higher expected pH will probably require action. The following chapter summarizes 

the potential scaling inhibitors against amorphous and ferrous silicate scaling based on 

field trials of the merchandized water treatment chemicals. 

4.2.1 Amorphous silicate scaling 

Amorphous silicates present the most severe danger to geothermal energy utilization. The 

easiest and cheapest way to deal with silicate scaling is an appropriate design. Amorphous 

silicate is highly soluble in hot and acidic water; therefore by keeping the brine 

temperature above the opal saturation temperature, scaling can be avoided. However if the 

scaling is happening in the borehole, more sophisticated measures have to be applied. The 

general treatments which can be considered include: 

 hot brine reinjection  

 adjustment of brine pH  

 aging or pond retention  

 crystallization/clarification  

 desilication by controlled precipitation 

 removal of silica by cationic surfactants  

 dilution with low silica water  

 evaporation/percolation ponds 

 organic inhibitors/dispersants  

 reducing agents for iron silicates  

 chelating agents, organic acids, and fluoroborate for aluminum and iron silicates  

Geothermal wells are either treated mechanically, or by pH adjustment, which means 

acidification. For practical downhole operation the only possibility to control silica scaling 

besides the abovementioned practices is the use of organic inhibitors. Amorphous silica 

inhibitors are generally designed to stabilize and disperse colloidal silica particles. The 

active molecules in the inhibitors adsorb on the surfaces of negatively-charged silica 

particles, since the zero-point-of-charge of silica particles is approximately pH 2–3 in 

brines. Harrar et al. (Harrar 1982) postulate that adsorption of dispersants on silica 

particles could involve hydrogen bonding between silanol groups on silica and either O- or 

N-groups present in the inhibitor molecules, or could involve electrostatic attraction 

between a positively-charged organic molecule and negatively charged silica. Either of 

thesemechanisms could form an interfering barrier of adsorbed molecules that would 

hinder silica particle approach and thereby retard aggregation. Since the organic molecules 

need only to coat the particle surface and not all the silica moieties inside the particle, low 
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dosages of inhibitors should theoretically be effective. Considering the price of the 

commercial inhibitors, which is generally 2 USD/kg, silicate removal by this way can be 

economically competitive with acidification, if the dose rate is in the ppm range. Harrar, 

(Harrar 1982) Gallup,  (D. Gallup. 2001) (Gallup. 2005) and Stathoulopoulou 

(Stathoulopoulou. 2007) have conducted intensive research in this area. Based on their 

conclusions a few commercially available silicate scaling inhibitors  can compete with the 

performance of acidification of the wells. The dosing rate was found to be a crutial 

question, since overdosing of the inhibitor in some cases lead to flocculation and 

precipitation of the silicate. Geogard SX and supplied by Philippine National Oil Company 

has reached 70% silica inhibition with the dose rate of 1.5 ppm, however overdosing lead 

to silicate precipitation in this case. According to the pilot tests this inhibitor resulted in a 

sluggish silicate gel which completeley dumped the pipeline; however it was easily 

removable by mechanical treatment. Inhibitors B–I were experimental dispersants supplied 

by Rohm & Haas Company, but only one of them has reached 35% removal efficiency. 

Three tended to dissolve silica in minor quantities, while one has accelerated silicate 

precipitation. Eight inhibitors of Ashland Chemical Company haven‗t showed inhibition in 

the recommended dosage. Four of them lead to silicate precipitation, the other four lead to 

inhibition to a maximum efficiency of 30% by 5 times overdosing (5-25 ppm respectively). 

Nine inhibitors of  Chemco Water Technology have been  analyzed. Seven yielded 

removal efficiency above between 40 and 20%, one resulted in no change and two 

increased the rate of precipitation. Field tests showed that AA, a propietary food additive 

which was applied as blind sample, has reached silica removal efficiency than the 

commercial inhibitors (63%). The average inhibition efficiency of the abovementioned 

products has reached 28%. Chemlogbis has supplied four inhibitors, which have pushed 

down the scaling rate by 49-92% in pH=7 and 63% in pH=7.5. The optimal dosage was 

found to be 10 ppm at pH=7, but overdosage lead to flocculation and silicate precipitation 

in this case too. Milsperse 11-710 yielded 56-63% inhibition at dosages of 5 and 74% 

inhibition at 10 ppm at pH=8. GE Betz inhibitors at pH=7.5 have reached less than 37% 

inhibition efficiency. Polyethyleneimine inhibitors from Sigma-Aldrich have not inhibited 

silicate scaling in the pH of 7.5 however with acidification of pH=6.5 inhibition efficiency 

reached 92% (D. Gallup. 2001). Stathoulopoulou (Stathoulopoulou. 2007), however, 

reached 55% inhibition efficiency at the pH range of 7-8 with 10 ppm dosage of PEI 365-

200 ppm silica remained soluble. Polyallylamine hydrochloride (PALAM) has showed 

65% inhibition efficiency,  while polyacrylamide-co-diallyl-dimethylammonium chloride 

(PALALAM) does not affect the scale growth rate. PowerChem inhibitors performed in a 

wide range between 0-68% inhibition efficiency with poor reproducibility. With the 

inhibitors of Wellon company in pH=8.5 between does ranges of 30-90% inhibition 

efficiency, better results were reached with five times the overdosage of the inhibitor than 

the manufacturer‗s recommendation. Two inhibitors were sensitive to the applied dose rate 

and overdosage lead to silicate precipitation. Entek‗s acid precursor mixture of HCl and 

urea has pushed back the pH to the range of 5.5, leading to 92-97% inhibition efficiency. 

Halogenated hydrocarbons such as carbon tetrachloride yielded 150 ppm. HCl 

concentration downhole yielded brine pH reduction of 1 order of magnitude and inhibition 

efficiency reached 75%. Usage of halogenated fluorocarbons is restricted to alkali-earth 

metal poor environments, otherwise intensive fluoride scaling occured, in which case 

additional fluoride inhibition had to be used.
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4.2.2 Aluminium and ferrous silicate scaling inhibition 

Field results and experiments show that silicate scaling formation is significantly 

enhanced  by trace amounts of aluminium and iron ions. ( (Iler 1973), (Iler. 1979) 

(Yokoyama 1980) (Gallup D.L. 1993)  According to general observations aluminium and 

iron silicate growth is controlled primarily by the pH of the solution, with scaling occuring 

in the pH range of 5-9 ((Yokoyama 1980)). Over the temperature range  99-199 °C the 

aluminum silicate scale solubility curve is 11-29 °C below the solubility curve for pure 

amorphous silica. From low salinity and near neutral pH brines, aluminum rich silica 

scales deposit at an average temperature of 14 °C above, and in the case of iron-rich silica 

49-64 °C above  the saturation point for pure amorphous silica. The solubility of 

amorphous silica is apparently reduced in the presence of iron, manganese and aluminium. 

These ions tend to form an oligomer with the SIO4 structural groups, therefore enhancing 

the precipitation. The valence of the ions is another critical parameter in the silica 

solubility. Fe/II/ silicates are more soluble than Fe/III/ silicates (Manceau 1995). 

Manganese ions do not precipitate directly with silicate, but in the presence of manganese 

ions amorphous silicate precipitiation is hastened because of the ―salting out― effect. 

 

Current chemical processes to control iron silicate scale deposition are brine pH 

modification and crystallization clarification (Featherstone 1995), however the latter does 

not provide a solution for downhole operation. According to the results of (Gallup 1996) 

the optimal pH range to avoid aluminium silicate deposition from high temperature brines 

is 5-9. The reactions between aluminium and iron are pH dependent because in acidic and 

caustic environments stable aluminium and iron hydroxides  are forming (AlOH3)°, and in 

neutral conditions the form aluminium hydroxide ions (Palmer 1993). Acidification of 

brine slows silica scaling (Reaction 1), but does not appear to inhibit the formation of 

aluminum-rich silica scale (Reaction 2) unless the brine pH is decreased to ~<4.  

 

2Si(OH)4->(OH)3SiOSi(OH)3 + H2O  reaction 1. 

 

Al(OH)3+Si(OH)4-> (OH)2AlOSi(OH)3+H2O reaction 2. 

 

Treatment of synthetic brines containing aluminum and supersaturated silica with 

carboxylate complexing agents (in the presence or absence of pH modification) generally 

inhibits aluminum precipitation. Complexing-sequestering agents that show promise in this 

application include EDTA, acetic acid and citric acid. Formic acid sodium formate tartaric 

acid and and glyoxal, has decreased the scaling of aluminium and iron silicates by 14-79% 

with a dose rate of 59 mg/kg.  Salts of the acids and other EDTA-like complexing agents 

may also inhibit reaction with and destabilization of silica by aluminum. Case studies at 

Salton Sea, and the Philippines indicate, that glycolic acid has decreased aluminium 

silicate scale deposition by 48-67% (Gallup 1996). Stumm and Morgan  (Stumm 1981) has 

reached 90 percent inhibitor efficiency with  nitrilotriacetic acid, 

diethylenetriaminepentaacetic acid, fluorides, polycarboxylic acids, pyrocatechol and 

humic acids. Bulk prices of technical grade Al-complexing agents such as acetic acid, 

citric acid, gylcolic acid, formic acid and EDTA range from about US $0.60 to $1.00/kg.  

Complexing-sequestering agents that show promise in this application include EDTA, 

acetic acid and citric acid. The laboratory experimental data do not identify a clearly 

superior agent.  With an  aluminium concentration in brine of less than 2 mg/kg the dose 

rate of acetic acid, citric acid dihydrate and disodium-EDTA dihydrate of 10 mg/kg 
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aluminium silicate scaling was succesfully avoided. Potassium tetraflourucarbonate 

yielded 72% inhibition efficiency. The reaction is considered as at high temperature KBF3 

hydrolyzes to BF2OH- and F- where BF2OH- forms a complex with the SIO4 functional 

groups, while the fluoride ion reacts with the cationic Fe and Al species forming 

complexes, and avoids polymerization (Gallup 1996). The payback is that in the presence 

of alkali earth metals, fluoride ios tend to form fluoride scales; if that happens, low dosages 

of fluoride salts have to be applied. 

 

Iron silicate scaling:  

 The general process of iron silicate scaling is analogous to aluminium silicate 

scaling with the reaction described below: 

 

Fe
2+

 + H2O*Si(OH)4 <-> Fe(OH)3*SiO3 + 2H
+
 + 0.5 H2 

 If hydrogen ions are abundant (pH is low), the reaction tends to progress from right 

to left; therefore acidification is a good treatment possibility against iron silicate scaling. In 

7 bar under pH 3.5 no iron silicate scaling was found.  

The abovementioned complexing sequestering agents work in the case of iron silicate 

precipitation as well. Another excellent sequester for iron ions is alkyl phosphonate, except 

with the hydrolization of phosphonates to phosphates and precipitates with aluminium as 

aluminium phospahtes or orthophosphonates. 

Another possibility to reduce iron silicate scaling if the iron is presented as ferric ions is 

the reduction of ferric to ferrous ions, which are less active and tend to form iron silicates. 

A generally used reducing agent is sodium formate (Gallup 1996).  Other reducing agents 

used included glycolic and lignosulfonic acids, which tended to reduce iron silicate scaling 

between 70-90% in pH=7, however further reduction to elementary iron cannot be 

achieved via these inhibitors under atmospheric pressure.  

In the Salton Sea geothermal field high surface area sacrificial galvanized iron and 

copper wire structures had been applied to remove heavy metal and precious metal scales 

and reduce back Fe3+ ions to Fe2+. Results showed increased precipitation in the wire 

structure and decreasing iron silicate precipitation due to reduction. The average lifetime of 

a wire package was determined to be 30 days – copper wire packages gave poorer results. 

The application of line mines also resulted in decreasing corrosion rates in an acidified 

environment. Although the authors are not sure about the exact mechanism, it is suspected 

that the corrosion rate is decreasing because of the removal of corrosive metal ions. (D. F. 

Gallup 1995) 

 Anodic and cathodic protection: 

To avoid corrosion problems in subsurface structures, anodic protection is the 

generally considered method. A metal behaves like an anode as long as the potential 

difference between the anodic metal and the cathode (in our case the Hydrogen ion) has a 

standard potential difference. If additional current is introduced in the electrochemical cell 

which shifts the anode potential close to the cathode potential, the corrosion stops. The 

protection can be made by sacrificial anodes, or metals that has a higher standard electrode 

potential than iron such as magnesium and zinc. If a direct galvanic cell is formed between 

the drillpipe and the sacrificial anode the anode will be consumed instead of the casing. 

However this method cannot address the dewpoint, corrosion in the wellhead just presents 

a possibility to defend the outside area of the casing against uniform pitting and crevice 

corrosion. 
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In the impressed current method alternating current is rectified to direct current and 

the electrolytic cell is made with a non consumable anode. In this case the current can be 

provided directly from the grid. As long as sacrificial anodes can be applied effectively in 

long horizontal pipelines with adequate spacing, for well casing protection the only method 

which can work is the impressed current. The main difference between a horizontal 

pipeline and a well casing cathodic protection is that in the latter case there is no possibility 

to cover the area of the pipe by multiple anodes situated in the close vincinity of the 

corroding surface. In this case current attenuation with increasing distance plays a major 

role between the surface anodes and the deep protected structure. Two basic cathodic 

protection schemes exist: the use of surface andodes with a depth range of 10 m below 

surface, and deep anode groundbed design – in which anodes are placed under the upper 

high resistivity soil and altered rockmass to avoid high attenuation due to high resistance 

layers. However the general depth of a deep anode groundbed is the upper 200 m of the 

casing. 

  

Fig 16: Shallow and deep groundbed impressed current cathodic protection 

The anode spacing is critical to protecting the deepest parts of the casing. The distance 

between the well casing and the anode determines the penetration depth of the impressed 

current. As soon as the geometry in the case of Krafla wells is complex with considering 

several high and low resistivity stratas and a deviated well casing and liner proper 

calculations of anode spacing were not performed in this work, however to reach 2100 m a 

remote groundbed design should be considered which further increase the attenuation of 

the current from anode to cathode. Resistivity logging shows that the typical resistivity of 

the formations in the case of KJ-36 are found in the range of 8 Ohmm to 80 Ohmm. (G. N. 

Armannsson H. 2007) 

 

Fig 17: Near groundbed and remote groundbed design. 
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The effective radius of the anode bed increases with increasing penetration depth, and 

some of the current will be picked up other subsurface structures in the effective radius, 

such as other well casings or buried pipelines This stray current phenomenon not only 

leads to additional current loss but can initiate or enhance corrosion in the affected pipe 

structure. 

In oil wells a special type of impressed current method called the pulse current 

method is applied. In this case the current provided to the anode is not continuous; pulses 

of high voltage are applied. The theory behind the pulse current method is not well 

understood yet, but it is suspected that, due to the high induced voltage in the casing, the 

metals and the corroding hydrogen ions are reduced back and the diffusion rate of 

hydrogen ions to the metal surface is not fast enough to react with the polarized metal as 

long as the next pulse is arriving. The deepest well protected against H2S is currently 3000 

m deep, in Alberta Canada. However the downhole temperature is much lower than in the 

case of Krafla – it is around (130 °C) (Bauman 2004). Attenuation basically affects the 

pulsed current. As with high attenuation, the sharp current ripples become superimposed 

and the current tends to behave like a conventional low efficiency DC impressed current 

system (Metwallya 2006).  

4.3 Geochemical modeling 

4.3.1 Samples and sample preparation: 

Samples considered in the geochemical models were taken between 1990 and 2008 

from wells KG-12, KG-25, KG-26, KJ-20, KJ-35 and KJ 36. Sampling pressures and 

discharge enthalpies were measured on site. Sampling temperatures have been found from 

the corresponding values of pure H2O from international steam tables. Measured 

compositions are shown in Table 5 
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Condensate/water 

Well Sampling date enthalpy pH SiO2 SO4 B F Na Mg Al Cl K Ca Mn Fe CO2 H2S 
    kJ/kg   mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

KG-12 27.12.1990 2887 3.01 - 9.15 - 0.24 0.17 0.04 - 86.3 0.05 0.18 - 44 - - 

KG-26 28.1.1997 2109 8.94 691.7 99.1 1.25 1.41 258.4 0.757 - 106.2 69.6 2.47 - 2.311 341.9 48.3 
KG-25 29.10.1990 1786 6.8 308 169.9 - 3.61 157.9 0.053 - 69.2 15.4 4.25 - 15 - - 
KG-25 29.10.1990 1786 8.86 337.9 186.4 - 3.96 173.2 0.058 - 75.9 16.9 4.66 - 16.46 28.4 19.6 
KJ-36 29.12.2008 2803 3.96 359 29 3.18 3.3 220 2.21 0.241 885.4 88.2 44.3 37.4 292 - - 
KJ-35 21.1.2008 2515 8.28 845 17 2.09 1.26 144 0.05 0.379 163 33.5 1.14 6.95 0.007 59.8 34.1 
KJ-35 21.1.2008 2515 8.71 930.5 18.7 2.3 1.39 158.6 0.055 0.417 179.5 36.9 1.26 - 0.008 49.1 21.4 
KJ-20 20.4.2004 2543 8.41 862.7 18 2.48 1.6 257.2 0.011 1.058 231.1 53.8 2.08 - 0.045 186.1 40 

Steam 

CO2 H2S H2 N2 CH4 Ar O2 
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

19100 1678 46.8 - - -  

21115 768 25.5 195.3 5.49 - - 
4927 897 8.4 34.3 1.41 -  

4927 897 8.4 34.3 1.41 - - 
8409 1356 27.9 1.41 4.72 2.05  

6577 740 31.2646 3.1668 3.231 0.02262 0.01131 

6489 732 23.3 32.4 19.16 0.33  

24808 1393 48.9 41 3.21   

Table 5:Samples from the studied wells
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4.3.2 Geothermometry, and calculation of Eh 

 

The original temperature of the reservoir fluid has utmost importance during 

geochemical and electrochemical calculations. If A+B reactants are producing C+D 

products: 

A+B=C+D 

The reaction spontaneously proceeds in a left to right direction if the free energy is 

negative. Gibbs free energy for the reaction can be written as: 

 

ΔG = ΔG˚ + RT ln Q 

Where: 

ΔG= Gibbs free energy of a given reaction at a given temperature  

ΔG˚= Gibbs free energy of a given reaction at standard state 

R=Universal gas constant 

T= temperature 

Q= reaction quotient 

At equilibrium  Gibbs free energy for a reaction is 0 and the reaction quotient is equal to 

the equilibrium constant. In this case the equation can be rewritten as: 

 

Therefore the equilibrium constants for the reactions are temperature dependent.  

With an oversimplified case the equilibrium constant and the reaction quotient depend only 

the concentration of the products and reactants, which leads to serious errors in the 

calculations as the conditions are far from the standard state. The real quantity, which 

reflects the changes in the energy of a system, is the chemical potential, which shows how 

much the system‘s free energy is changing with the introduction of a reactant or product 

particle. Chemical potential can be written as: 

 

Where: 

i= chemical potential of a given substance at a given temperature 

i
0
= chemical potential at standard state 

R= universal gas constant 

T= temperature 

ai= activitity (―effective concentration‖) of the substance 

The equation can be rewritten as  
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Practically either the chemical potential of the system or the activity of the substance is not 

known. The activities can be linked, however, to the real concentration by the activity 

coefficient: 

 

Which is a correction factor between the real concentration and the effective concentration. 

Several equation exist to predict the activity coefficient of a given ionic species. SOLVEQ 

and CHILLER use extended Debye Huckel which is briefly: 

 

Where: 

 the ionic strength of the species 

A,B= empirical parameters for a given ion at a given temperature 

a= effective diameter of the given ion in angstrom 

z+,z-= the integer charge of the ion (f.e. 1 for H
+
) 

From the extended Debye Huckel EOS, the ionic strengths and the empirical parameters 

are temperature dependent. From a practical point of view the effect of a temperature 

change from 25 °C to 300 °C results in  a change in the pH from 3.96 to 4.5 because of the 

lower ionic strength of the H
+
 ion at higher temperature.  

 Because of the theoretical background mentioned above a proper determination of 

the reservoir temperature is extremely important, as chemical modeling can lead to serious 

errors. On the other hand thermometers are usually based on an assumption of mineral-

aqueous or mineral gas equilibrium. With high differences between the thermometers it is 

possible to characterize which chemical reactions are not in equilibrium with the reservoir 

conditions and, i.e. in the case of hydrogen can validate the theory that it is mainly coming 

from the corrosion of the casing. 

Based on mineral fluid equilibrium Na-K (Fournier R.O. 1973), Truesdel (Truesdell 

1976), (Fournier 1979), (Tonani 1980), (Arnosson 1982), (S. Arnosson 2000), (Nieva 

1987), (Giggenbach 1988), (Verma 1997), K-Mg ( (Giggenbach 1988), (Fournier 1979), 

Na-Ca (Tonani), K-Ca (Tonani 1980), Na-K-Ca ( (Fournier R.O. 1973),  (Kharaka 1989), 

Na-K-Mg  (Tonani 1980), Na-K-Ca-Mg (Nieva 1987) and SiO2  (Truesdell 1976) 

temperatures were calculated. 

The abovementioned solute geothermometers assume equilibrium between the 

reservoir fluid and reservoir rock mass. In the case of Na/K geothermometers, the 

equilibrium is based on the alteration process between low albite and adularia, low albite 

and microcline and Na-K exchange between montmorrillonites. The key of the 

applicability to temperature estimations is that the equilibrium constant for the reaction 

between the reservoir fluid and the altering minerals is temperature dependent; the pressure 

dependence can be negligible. For Na/K geothermometers the following reaction can be 

derived: 

                                     NaAlSi3O8 + K = KAlSi3O8 
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This simplifies to: 

                                   

 

Activities are considered as unity because pure end members are assumed. However in 

nature several solid solutions exist between albite and K-feldspar. That and the pure 

empirical nature of most of the geothermometers, generally without rigorous 

thermodynamical background, result in varying output accuracy – however the results are 

generally comparable and explainable. Na/K geothermometers work at temperatures close 

to 300 °C, otherwise the reaction is too slow to reach equilibrium in a certain timescale. 

For K-Mg geothermometers the following alteration process is assumed: 

2.8 KAlSi3O8+ 1.2 H2O + Mg
2+

 =0.8 K(Mg,Al)Si4O10(OH)8 + 5.4 SiO2 + 2K
+
 

For Na/K/Ca geothermometers the following reactions are considered: 

K
+
+Na2/3Ca1/6AlSi2O8=1/6 Ca

2+
 + 2/6 Na

+
 + KAlSi3O8 above 100°C 

Another reaction involving plagioclase and potassium is also included in the 

geothermometer with a correction factor  but from practical standpoint this alteration can 

be considered for the samples. 

A quartz geothermometer assumes that the quartz solubility is a function of 

temperature, the effect of pressure is negligible and therefore an empirical correlation 

exists between dissolved quartz and the reservoir temperature. 

 

Gas Geothermometry: 

 Gas geothermometers can be based on temperature dependent equilibria between 

gases and mineral buffers, or upon gas-gas equilibria. (Ping 1994) 

An example for the first one is a CO2-H2S geothermometer, which assumes the equilibrium 

reaction: 

CO2-H2S: 3FeS2 + 2H2 + 4H2O=Fe3O4 + 6H2S; C+ O2=CO2 

Example for the gas gas geothermometers are the CO2-H2 geothermometer. 

CO2-H2: H2+1/2O2=H2O, C+O2=CO2 

CO2 geothermometer is based on the mineral equilibria: quartz+calcite+epidote+prehnite 

H2S and H2: pyrite + pyrrhotite+epidote+prehnite 

 

Results are presented in Table 7 

 

Reduction potential was calculated based on the following reaction: 

 

HS- + 4H2O= SO4
2-

 + 9 H
+
 + 8e- 

 

The stadard electrode potential for the reaction is E0=0.249V 

 

Thus: 

 

Results are presented in Table 6 
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Well Eh (V) 

KG-12 0.0845 
KG-26 -0.744 
KG-25 0.069 
KG-25 0.071 
KJ-36 0.0551 
KJ-35 -0.3362 
KJ-35 -0.3565 
KJ-20 -0.737 

Table 6: Eh values of the well samples based on the sulphate-sulphide redox change 
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Na/K 

Well Fournier Truesdel Truesdel Fournier Tonani Arnosson1 Arnosson2 Nieva-Nieva Giggenbach Verma Santoyo Arnosson3 

KG-12 270 357 240 377 352 327 325 344 255 363 
KG-26 245 326 224 344 324 308 305 326 240 349 
KG-25 127 185 143 192 192 214 202 230 159 403 
KG-25 127 185 143 192 193 214 202 230 159 403 

KJ-36 313 409 265 435 398 356 358 374 280 391 
KJ-35 224 301 211 316 300 292 287 310 227 342 
KJ-35 224 301 211 316 301 292 287 310 227 342 
KJ-20 210 284 201 298 285 281 275 299 217 339 

 

  K/Mg Na-Ca K-Ca Na-K-Ca Na-K-Mg Na-K-Ca-Mg Na-K-Ca-Mg SiO2 

Well Giggenbach Fournier Fournier 2 Tonani Tonani 
Fournier-
Truesdel 

Nieva-
Nieva Nieva-nieva Nieva-Nieva2 

KG-12 182 -9 95 44 134 259 189 40 172 - 
KG-26 155 340 -134 930 580 437 296 118 296 276 
KG-25 151 325 -132 634 370 303 247 84 187 209 
KG-25 153 331 -133 647 374 305 248 84 187 216 
KJ-36 149 313 -131 430 432 424 311 92 259 229 
KJ-35 179 444 -143 817 524 409 304 105 255 296 
KJ-35 181 453 -144 840 531 411 305 105 256 308 
KJ-20 236 832 -158 966 550 408 332 99 231 298 

 

Table 7:Geothermometry results 
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Well H2S H2S H2 H2 CO2/H2 CO2/H2 H2S/H2 CO2 

KG-12 323 284 306 265 291 194 291 338 
KG-26 309 264 302 257 283 174 295 344 
KG-25 311 267 291 237 287 183 273 302 
KG-25 312 267 291 238 287 183 273 302 
KJ-36 319 278 301 257 295 203 286 315 

KJ-35 307 261 303 259 300 213 299 309 
KJ-35 307 261 300 254 296 205 294 309 
KJ-20 320 279 307 266 289 188 295 347 
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4.3.3 Determination of the original pH of the fluids 

In order to find an appropriate defense strategy against corrosion, the original pH of 

the fluid has to be determined. Compared to the original datasets of Gudmundsson and 

Arnosson there is a clear polymodal distribution of iron in the measurements in Krafla. The 

average of the measurements is in the range of 10
-2

 mg/kg, however the wells studied in 

this work range in 10
3
 ppm (Fig 18). The basic assumption was made that the elevated iron 

concentration in the wells are corrosive products of the casings.  

 

 

 

Fig 18: Distribution of iron in the Krafla samples 

 

Fig 19:Distribution of iron in the studied acidic wells 
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To model the original pH the geochemical software code SOLVEQ was used. SOLVEQ is 

a fortran based aqueous speciation model. (Reed 2006)  This software was created to 

calculate multicomponent homogeneous and heterogeneous chemical equilibriums among 

solids, gases and an aqueous phase. They apply a Newton-Raphson numerical method to 

solve a system of mass-balance and mass-action equations. SOLVEQ computes the 

activities of all aqueous species and the saturation indices of solids and gases for a given 

temperature and composition of a homogeneous fluid. 

 

 In the first step the charge balance was adjusted on sodium. This step is inevitable 

because each chemical measurement contains analytical errors. The initial charge balance 

never equals to zero, but the iterations made by SOLVEQ do not converge if a total charge 

balance has not been reached. Charge balance was adjusted in this case on Na to avoid the 

pH modification. Gas analysis is treated separately as long as the program assumes that pH 

is measured from water analysis and the effects of sour gases are just partially included. To 

include gas analysis, an original run had to be made on the measured pH with the water 

samples. If pH is determined, the program does not count the hydrogen ion concentration, 

rather directly taking it from the measured pH. After the hydrogen ion concentration and 

the charge balance has been adjusted on the water samples, the calculated hydrogen ion 

concentration has to be added to the gas and water analysis and a new run has to be done – 

this time without a determined pH. The program calculates the new pH based on the 

hydrogen ion concentration specified.  

 

 After these steps were concluded, the amount of ferrous ions were reduced to the 

baseline determined by the Krafla samples (10
-2

 ppm). The program was adjusted to get the 

new charge balance on the hydrogen ions. The increased hydrogen ion concentration 

directly determines the simulated pH in the case of a corroded iron not being peresented in 

the samples. The original and simulated pH values are summarized Table 9. 

 

Wells Original pH Simulated pH 

KJ-36 3.96 2.41 
KG-12 3.01 2.64 
KG-26 8.94 5.02 
KG-25 6.8 3.4 
KG-25 8.6 4.3 
KJ-35 8.28 7.24 
KJ-35 8.71 7.36 
KJ-20 8.41 6.55 

Table 8:Simulated pH reduction with the reduction of iron in the samples 

4.3.4 Determination of the original HCl concentration based on the pH 

Titration calculations were performed for the sample taken from well KJ-36 in order to 

find out which concentration of HCl would cause a pH drop to 2.41. Direct concentration 

calculations are affected by high inaccuracy due to the neglect of the activity coefficient 

and the potential cross reactions between the HCl and the dissolved ions. Calculations were 

performed in the CHILLER reaction path program (Reed 2006). Results are presented in 

Fig 20, Error! Reference source not found. 
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Fig 20: Titrated amount of HCl needed to adjust the wellhead pH into 2.41 

 

4.3.5 Raw interpolation of the uniform corrosion rate and prediction for the 
ideal pH adjustment. 

 

Based on the electrochemical theory of uniform corrosion a raw extrapolation was 

made to determine the ideal pH range, where corrosion can be avoided. The basic 

assumption for the calculation was that the elevated iron content in the samples is directly 

related to the corroding casing, therefore a uniform cirrisoin rate can be extrapolated from 

it. Furthermore, it was assumed that no ferrous ion escapes from the casing and the 

chemical measurements are representative of the equilibrium iron concentration in the 

borehole of KJ-36. The following half reactions were assumed: 

Fe – 2e- =Fe2+ anodic 

2H+ + 2e-=H2 cathodic half reaction 

Fe has a negative standard electrode potential, while hydrogen is zero, therefore Fe is the 

anode in each case. 

In equilibrium the voltage is reversible – the same amount of iron is oxidizing as it is 

reducing back. This reversible current is called anion and cation exchange density (i0), a 

parameter which is temperature and environment dependent. If the reaction proceeds it 

generates irreversible voltage. The oxidization of Fe into Fe2+ cations goes in a positive 

voltage direction while the reduction of H+  goes in a negative direction. The sum of the 

two half reactions gives the overall voltage and current density (I corr) of the reactions.  

 In practice the ways the voltage change in the cathode and the anode are 

represented graphically in polarization curves.  The abscissa of the curve is the current 

density and the ordinate is the voltage. The reaction starts from the anion and cation 

exchange density points and the anodic and cathodic polarization curves start to converge. 

The meeting point is the corrosion current. The slopes of the anodic and cathodic half 

reactions are called Tafel slopes ( anode and  cathode), which are empirical parameters, 
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temperature, reaction and material dependent constants. The overall reaction can be written 

as: 

 

Where anode is the Tafel slope for the anodic reaction, I corr is the corrosion current 

density, E corr is the corrosion voltage and E anode is the equilibrium anodic cell potential, 

which can be described with the Nernst equation. The equation for the cathodic side is: 

 

From the Nernst equations the Fe2+ and pH are directly related as: 

Log[aFe2+] 

Where E0 anode is the standard electrode potential of the given anode (V) (in our case Fe) 

R= universal gas constant 

T= temperature (K) 

n= number of electrons in the reaction 

F= Faraday constant 

For the cathode: 

pH
2 

 From equation 1 and 2 it can be written as: 

 

The corrosion current density based on Faradays law can be written as 

 

Where: 

m= the mass lost from the cathode (kg) 

n= number of electrons in the reaction 

F= Faraday constant 

A= atomic mass of Fe 

t= time 

In our case if we assume that iron does not leave the area of the casing and the borehole is 

in the same condition since one year the equation can be written as: 

 

With unification and reduction of the equations it can be written that 
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As soon as the Tafel slope parameters and i0 are constant with iteration, direct prediction 

can be given as to how the uniform corrosion reaction will behave. Tafel parameters for 

mild steel are widely reported in the literature and the author chose from the parameters 

listed in Table 9.  With Tafel parameters reported by (Machnikova 2008) and i0 parameters 

taken from (Roberge P. 1999) the calibration of the model was made until it derived 

conclusive amounts of Fe2+ ions in the well. Then with the same Tafel and i0 parameters 

the amounts of Fe2+ ions were iterated to the increasing pH. Results are presented in Fig 

21 andFig 22. 

 

Ref T 
Concentration 

of HCl 
βa βc β 

  (°C) (M) (mV/decade) (mV/decade) mV 

Ashashi-Sorkhabi et al. (2007) 25 1 88 109 21.17 
Zhang & Hua (2008) 30 1 113 94 22.31 
Ismail et al (1999) 30 3.6 38 90 11.62 
Amin et al. (2009) 20 0.5 85 59 15.14 

Amin et al. (2009) 50 0.5 86 55 14.59 

Amin et al. (2009) 60 0.5 88 56 14.88 

Machnikova et al (2007) 25 1 82.5 116.2 20.98 

Table 9: Tafel parameters used for the simulation 

 

Fig 21: Simulated change of iron content in water with pH adjustment (well KJ-36) 
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Fig 22:Simulated decrease of corrosion rate with pH adjustment 

4.3.6 Calculations for the dose rate of NaOH 

The theoretical dose rate will be enough to elevate the brine pH into the range of 6 

and 8 respectively. A simple acid-base should not be considered, as numerous other 

species such as CO2, H2S and SO4 are buffering together the pH. For these 

calculations, the SOLVEQ aqueous speciation program was used. The following 

assumptions were taken into consideration:  

 base conditions such as temperature, fluid flow pressure and volume are 

constant.  

 The given fluid chemistry represents the reservoir fluid 

 Injection of NaOH does not significantly change the enthalpy and volume of 

the fluid 

 Complete dissociation of NaOH and HCl 

 Complete mixing of the base into the fluid. 

With the first run charge balance was adjusted on Cl- as an aqueous species, with 

low scaling potential. Then temperature and pressure were adjusted into reservoir 

conditions. Charge balance was again adjusted on chlorine. Due to the higher activities of 

alkali- and alkali-earth ions at high temperatures, the pH was predicted higher under 

reservoir conditions, hence the second charge balance adjustment. After this step the 

concentration of Na ions was registered, and pH was changed to 6 and 8 respectively. The 

charge balancer was Na+ in the latter case. The increased amount of Na+ then was 

recalculated as NaOH and with different injection scenarios the dose rate was evaluated. 

Results are presented in Table 10. The supersaturated phases with pH adjustment are 

presented in Appendix 1. 
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Fig 23: Dose rate of NaOH in ppm to adjust the pH to 5-8 
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    KJ-36 ppm KG-25 ppm KG-12 ppm KG-26 ppm 

Simulated 
pH 

pH=5 molNaequiv added 0.005210539 1.26E+02 1.39E-03 6.28E+00 1.39E-03 8.22E+00 - - 

pH=6 molNaequiv added 0.01055 2.48E+02 0.00178 9.35E+00 0.00252 15.0041 - - 

pH=7 molNaequiv added 2.48E-02 5.75E+02 0.00351 1.59E+01 0.00351 23.55 3.06E-04 7.0396 

pH=8 molNaequiv added 0.05893 1.35E+03 0.00403 44.866 0.00497 57.87299 2.12E-03 48.6408 

original 
pH 

pH=6 molNaequiv added 0.00621 - 0.00058 - 0.00174 - - - 

pH=8 molNaequiv added 0.05412 - 0.00283 - 0.00284 - - - 
  Flow rate kg/sec 35.90000 - 21.50000 - 6.30000 - 10.2   

 Dose rate(l/h)  -  -      

Simulated 
pH 

pH=5 53.87280235 - 8.613072 - 2.5238304 - -   

pH=6 109.08 - 11.027952 - 4.569058368 - -  

pH=7 256.7279064 - 21.73392 - 6.368544 - 0.8989056  

pH=8  609.29 - 24.9228 - 9.019781568 - 6.2218368  

original 
pH 

pH=5 - - - - - - - - 

pH=6 64.24 - 3.60 - 3.15 - - - 

pH=7 - - - - - - - - 

pH=8 559.59 - 17.49 - 7.03 - - - 

 

Table 10: Calculated amount of 50 wt% NaOH addition to adjust the pH 
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4.4 Casing design: 

The potential exotic alloys and materials considered as potential liners have to show 

adequate physical strength against the downhole pressure and temperature conditions. 

4.4.1 Reaction to thermal stress: 

Changes of temperature during drilling operations, production and killing the well 

may result in severe stresses, and sometimes in failure of the casing – particularly in axial 

compression and tension. In a high-temperature geothermal well, when the casings have 

been run into the well and then heated, the casing is subjected to a period of heating during 

the heating up phase, and a cooling period during subsequent circulation or killing of the 

well. When the casing is heated up or cooled down, one of two things will happen: the 

casing will either expand or contract if allowed to do so. If the casing is fixed at both ends, 

as when the casing is cemented from bottom to surface, compressive and tensile stresses 

are generated as the pipe is not free to move. These stresses may be large enough to exceed 

the pipe yield strength or the coupling joint strength, resulting in casing failure. Steam 

temperatures as high as 300 °C, and pressures up to 100 bar is reported in the case of KJ-

36. If the temperature is high enough, the yield strength of the casing materials will be 

exceeded and the casing will become plastically deformed. Therefore, during the well 

heating phase, the casing may fail as a result of plastic deformation and the connections 

may fail as a result of excessive compressive load. When the casing is cooled, the tensile 

stress generated may be high enough to cause tensile failure of the pipe or the connection. 

When the casing is cooled to its original temperature (as before heating), a permanent 

residual tensile stress will be left in the casing. In addition to creating the potential for 

tensile failure, this residual tensile stress causes the casing to be more susceptible to biaxial 

collapse failure. Maruyama et al. (Maruyama 1990)conducted a series of experiments to 

investigate the behavior of casing pipe body and connections under stimulated thermal 

recovery conditions. The study examined the thermal stress behaviour and leak resistance 

of pipe and connections at temperatures up to 354 °C under severe loading conditions 

similar to those encountered in thermal wells. They also studied the biaxial collapse 

resistance of the casing under the large axial tension force that would exist after the 

cooling period in a steam-stimulation process. The compressive load may be calculated by 

the equation: 

 

Where: 

Lt= Temperature generated load in pipe 

E= Young‘s elastic modulus (GPa) 

K=Coefficient of linear expansion (1/°C) 

 temperature change (°C) 

A= pipe cross sectional area 

Considering an 18,625 inch surface liner diameter similar to what is presented now in the 

case of the KJ-36 well, and a temperature change between production and killing of 300 °C 

the potential alloys can be compared with conventional API K-55 grade steel. 
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Collapse pressure is given according to the equation  

 

 

 

Where: 

Pcollapse=collapse pressure (MPa) 

=axial stress applied in the pipe (MPa) 

S=Pipe yield strength (MPa) 

Pyield=internal yield pressure of the pipe (MPa) 

H= Pipe wall thickness (mm) 

D= pipe diameter (mm) 

 

Loads on a well casing may be of various types and occur during the running of the 

casing, cementing, and drilling. The subsequent string loads on the casing occur after 

completion of the well. These loads may occur both in the axial direction of the casing 

(tension and compression) or in a radial direction – inwards (collapse) or outwards (burst). 

 

 The most severe loading for the casing occurs before and during cementing. While 

the cement sets, the tensile force to the casing should include the weight in the air of the 

string minus the buoyancy effect in the fluid. According to the New Zealand standards 

(New Zealand Standard 1991): 

 

) 

 

Where: 

Fp= Tensile force at the surface from casing weight (kN) 

Lz= Length of the liner or casing below the surface (m) 

Wp= nominal unit weight of the casing (kg/m) 

Lf= Depth below liquid level (m) 

Ap= Cross sectional area of pipe (mm
2
) 

N= Mean specific volume of the hot fluid (l/kg) 

g= gravity acceleration (9.81 m/s
2
) 

 

When running casing, the drag force of the casing against the side of the well, particularly 

in directional wells or in crooked holes, is an alternative to the acceleration loads described 

above. The casing should be designed to withstand axial dynamic forces which should be 

limited by specifying the maximum hook load which may be applied. In a crooked hole, 

the maximum bending stress induced is (New Zealand standard, 1991): 
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Where 

Fb=maximum stress due to bending (MPa) 

E= Young‘s modulus (MPa) 

D=outside diameter of the pipe (mm) 

Q=curvature (degree/30 m) 

 

The above axial loading applied before cementing should be added together where they 

can apply simultaneously. The safety factor is given by: 

 

 

 

The abovementioned physical parameters for the non ferrous alloys and the calculations 

about their possible applicability for the well KJ-36 are summarized in Table 11. In the 

case of  nominal unit weight of  the casing calculations were performed for grade 1 

titanium, which is used in drilling operations (nominal unit weight of the titanium casing is 

assumed to be less than the K-55, therefore calculations are performed for weight 

designations of a 12 ¼ inch K-55 casing, which rather leads to the overestimation of the 

tensile load to the casing). In the case of Hastelloy and Inconel alloys the datasets that were 

used are given by (Corrosion resistant materials for the oil and gas industry 2006). For a 7 

inch casing, which is the greatest diameter for which the author has information, the  mean 

specific volume of the fluid was considered 1/845 kg/m
3 

, the inverse of the density of pure 

water at 280 °C and 100 bar. 
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Thermal load 

Thermal 
load 
GPa 

Young's 
elastic 
modulus 
at 310°C 
(GPa) 

Coefficient of linear 
expansion 
meter/meter/celsius 
at 300°C  

Minimum 
tensile 
strength 
(MPa) 

Minimum 
Yield 
strength 
(Mpa) 

Minimum 
elongation 
over 2 
inches (%in 
2 inches) 

Minimum 
tensile 
strength 
(Kg/mm2) 

Minimum 
Yield 
strength 
(kg/mm2) 

Axial 
load 

bending 
load 

Min. tensile 
strength/max 
tensile load 

API K-55 29.24 20.60 0.0000100 654.72 234.48 19.50 66.80 38.70 211.23 0.1329089 3.0976 
Titanium ASTM 

grade 1 133.02 103.00 0.0000091 240.00 170.00 25.00 24.49 17.40 211.23 0.6645446 1.1326 
Titanium ASTM 

grade 2 112.19 86.87 0.0000091 275.80 275.00 21.00 28.14 28.06 211.23 0.5604756 1.3022 
Titanium ASTM 

grade 3 112.19 86.87 0.0000091 450.00 380.00 18.00 45.91 38.77 211.23 0.5604756 2.1247 
Titanium ASTM 

grade 4 133.54 103.40 0.0000091 480.00 483.00 15.00 48.97 49.28 211.23 0.6671253 2.2652 
Titanium ASTM 

grade 6 148.31 110.00 0.0000095 275.00 265.00 10.00 28.06 27.04 211.23 0.7097078 1.2975 
Titanium ASTM 

grade 7 145.33 128.00 0.0000080 275.00 275.00 20.00 28.06 28.06 211.23 0.8258418 1.2968 
Titanium ASTM 

Grade 9 115.41 107.00 0.0000076 206.67 161.67 15.00 21.09 16.49 211.23 0.6903521 0.9752 
Titanium ASTM 

Grade 11 135.92 104.10 0.0000092 240.00 170.00 24.00 24.49 17.34 211.23 0.6716417 1.1326 
Titanium ASTM 

Grade 12 138.87 103.00 0.0000095 485.00 345.00 18.00 49.48 35.20 211.23 0.6645446 2.2889 
Titanium ASTM 

Grade 16 141.41 106.00 0.0000094 345.00 275.00 20.00 35.20 28.06 211.23 0.6839002 1.6280 
Titanium ASTM 

Grade 17 134.49 103.00 0.0000092 240.00 170.00 25.00 24.49 17.34 211.23 0.6645446 1.1326 
Titanium ASTM 

grade 19 145.97 121.00 0.0000085 206.13 552.00 10.00 21.03 56.32 211.23 0.7806786 0.9723 
Titanium ASTM 

grade 21 90.48 85.00 0.0000075 343.33 321.67 6.00 35.03 32.82 211.23 0.5484106 1.6212 
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Titanium ASTM 
grade 23 139.14 114.00 0.0000086 286.67 263.33 10.00 29.25 26.87 211.23 0.7355154 1.3524 

Titanium ASTM 
grade 26 125.71 103.00 0.0000086 145.00 115.00 20.00 14.79 11.73 211.23 0.6645446 0.6843 

Titanium ASTM 
grade 27 125.71 103.00 0.0000086 120.00 110.00 25.00 12.24 11.22 211.23 0.6645446 0.5663 

Titanium ASTM 
grade 28 135.15 107.00 0.0000089 236.00 200.00 15.00 24.08 20.41 211.23 0.6903521 1.1136 

Titanium ASTM 
grade 29 148.85 114.00 0.0000092 286.67 263.33 10.00 29.25 26.87 211.23 0.7355154 1.3524 

Inconel C276 351.51 192.00 0.0000129 727.00 313.00 70.00 74.18 31.94 479.04 0.9015740 1.5148 
Incoloy  825 393.03 181.00 0.0000153 772.00 441.00 16.00 78.77 44.99 479.04 0.8499213 1.6087 

Alloy 020 402.65 193.00 0.0000147 306.00 661.00 5.00 31.22 67.44 479.04 0.9062697 0.6376 
Inconel 625 361.85 191.70 0.0000133 965.30 479.20 26.00 98.49 48.89 479.04 0.9001653 2.0113 

Inconel N7725 41.90 74.00 0.0000040 362.00 250.00 21.00 36.93 25.51 479.04 0.3474817 0.7551 

Hastelloy C22 362.53 206.00 0.0000124 552.00 310.00 30.00 56.32 31.63 479.04 0.9673138 1.1500 
Hastelloy C276 325.85 205.00 0.0000112 496.00 276.00 4.00 50.61 28.16 479.04 0.9626181 1.0333 

Hastelloy B2 166.05 117.00 0.0000100 524.00 276.00 20.00 53.46 28.16 479.04 0.5493967 1.0926 
MONEL 400 401.39 179.00 0.0000158 552.00 214.00 40.00 56.32 21.83 479.04 0.8405299 1.1503 
INCONEL600 445.38 221.00 0.0000142 655.00 310.00 40.00 66.83 31.63 479.04 1.0377493 1.3644 
INCONEL625 392.61 208.00 0.0000133 931.00 552.00 45.00 94.99 56.32 479.04 0.9767052 1.9395 
INCONEL718 408.74 200.00 0.0000144 1034.00 827.00 20.00 105.50 84.38 479.04 0.9391396 2.1543 
INCONEL725 376.38 204.00 0.0000130 1034.00 827.00 20.00 105.50 84.38 479.04 0.9579224 2.1542 

INCONEL725HS 376.38 204.00 0.0000130 1372.00 1025.00 22.00 139.98 104.58 479.04 0.9579224 2.8584 
INCONELX-750 410.01 214.00 0.0000135 1138.00 758.00 20.00 116.11 77.34 479.04 1.0048794 2.3706 
INCONELG-3 412.34 199.00 0.0000146 896.00 862.00 13.00 91.42 87.95 479.04 0.9344439 1.8668 

INCONELC-276 378.22 205.00 0.0000130 896.00 862.00 13.00 91.42 87.95 479.04 0.9626181 1.8667 
INCONEL 50 367.86 192.00 0.0000135 896.00 862.00 13.00 91.42 87.95 479.04 0.9015740 1.8669 

INCOLOY 825 34.60 27.70 0.0000088 896.00 758.00 13.00 91.42 77.34 479.04 0.1300708 1.8699 
INCOLOY 25- 479.98 190.00 0.0000178 896.00 758.00 13.00 91.42 77.34 479.04 0.8921826 1.8669 
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6MO 

INCOLOY28 422.93 200.00 0.0000149 896.00 758.00 13.00 91.42 77.34 479.04 0.9391396 1.8668 
INCOLOY800 452.93 197.00 0.0000162 896.00 758.00 13.00 91.42 77.34 479.04 0.9250525 1.8668 
INCOLOY825 445.14 205.00 0.0000153 896.00 758.00 13.00 91.42 77.34 479.04 0.9626181 1.8667 
INCOLOY925 422.19 201.00 0.0000148 965.00 758.00 13.00 98.46 77.34 479.04 0.9438353 2.0105 

 

Table 11: Material properties of the corrosion resistant alloys; their thermal load and safety factor during well completion 
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4.5  Cathodic protection design: 

Based on the Tafel parameters and exchange current densities validated in section 

5.1.5, calculations for a potential surface cathodic protection design were made. First the 

minimum protective current density and voltage were calculated for 0.2mm/year, 

2mm/year, 10 mm/year and 20 mm/year corrosion rates. The corrosion current density was 

calculated as follows: 

 

Based on the anodic Tafel slope and exchange current density the corrosion voltage 

was determined to be: 

 

Where: 

i0 is the exchange current density of the anodic half reaction 

EFe= standard electrode potential of Fe 

Ecorr=Corrosion voltage 

As the change in the corrosion voltage E=Ecorr-EFe 

And  

 

The protective current density I protective could be calculated. Results are presented 

in Table 12Table 12 

Based on the attenuation equations reported by (Mitra 2005), the total needed current 

and voltage were determined to reach the desired current density in a given depth. The 

production casing was divided into 11 discreet segments based on the average resistivity of 

the surrounding formations. As soon as the attenuation equation is one dimensional, the 

length of the casing can be transformed into true vertical depth (TVD). The pipe resistance 

was determined by the following empirical equation: 

 

Where L is the pipe length (m) 

W=Weight of the pipe (kg) 

The pipe to soil resistance were calculated based on the Sundae equation, which is: 

 

Where: 

Rearth=resistance to earth of the pipeline 

Rformation=resistance of the surrounding formations 
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L=length of the segment 

D=Outside diameter of the segment. 

The total circuit resistance is the sum of the pipe segment resistance and the pipe to 

earth resistance 

Rcircuit=Rearth+Rpipe 

The total voltage that needs to be applied for the casing is calculated from the sum of 

the circuit resistances multiplied by the total current  

 

The current pickup of a segment part was calculated based on the total voltage and 

the segment circuit resistance: 

 

The current density of the segment was calculated from the current pickup of the 

segment divided by the outside area of the segment. 

 

If the aim is to protect the outside area of the casing then the current that reaches the 

bottom of the casing has to be equal to the protective current calculated above. The total 

current and voltage for the protection were found iteratively for the lowest segment of the 

casing. The applied power was backcalculated as: 

 

Results are presented in Table 12, Table 13, Table 14-13 and Table 16 

 

Corrosion rate Iprot (A/m2) Itot (A) Etot (V) P (kW) 

0.2mm/year <0.01 233.3 0.2 0.04666 
2mm/year 1.76 42431.17179 16 678.8987 
10mm/year 8.95 216811.3167 32.8 7111.411 
20mm/year 16.22 391523.9943 58.87 23049.02 

Table 12: Calculated protective current total current, total voltage and power requirement 

for a cathodic protection system
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Attenuation 
model for 0.2 
mm/year TVD (m) 

Soil 
resistance 
(ohmm) 

resistance to 
earth 
(Ohmm) 

Resistance of the 
pipe segment to 
earth (Ohm) 

Total circuit 
resistance (Ohm) 

Resistance in 
pipe (Ohm) Current pickup (A) Current density (A/m2) 

1 536.3 8 0.01912894 0.039329798 0.044818249 0.00548845 17.57096771 0.022117621 
2 134.8 6 0.110356872 0.311236222 0.319483737 0.008247515 2.649142023 0.017368856 
3 165.9 20 0.224539049 0.85417894 0.863063004 0.008884064 0.91244787 0.007243042 

4 211 10 0.23645119 0.857756785 0.867563948 0.009807164 0.907714067 0.00565151 
5 170.3 20 0.413307182 1.45253274 1.461506863 0.008974123 0.538827439 0.004165489 
6 119 10 0.648424928 3.160954589 3.168878712 0.007924123 0.248510616 0.003799685 
7 85.1 80 1.79040526 8.74727527 8.754505534 0.007230263 0.089953681 0.001935851 
8 271.4 8 0.700740074 3.401086857 3.412130279 0.011043421 0.230794236 0.001533213 
9 298.5 80 0.964030439 4.842414138 4.854012238 0.011598099 0.016223692 0.000979294 

10 90.2 8 2.767839508 14.33036964 14.33770429 0.007334649 0.054925111 0.000975 
11 180.3 8 1.586730117 8.194223952 8.203402753 0.009178801 0.09599675 0.000963401 

Table 13: Attentuation model for 0.2mm/ year uniform corrosion rate 

Attenuation 
model for 
2mm/year TVD (m) 

Soil 
resistance 
(ohmm) 

resistance to 
earth 
(ohmm) 

Resistance of the pipe 
segment to earth 
(Ohm) 

Total circuit 
resistance(Ohm) 

Resistance in pipe 
(Ohm) Current pickup (A) Current density (A/m2) 

1 536.3 8 0.01912894 0.039329798 0.044818249 0.00548845 32029.36399 40.31726359 
2 134.8 6 0.110356872 0.311236222 0.319483737 0.008247515 4493.18646 31.6609427 
3 165.9 20 0.224539049 0.85417894 0.863063004 0.008884064 1663.262118 13.20303081 
4 211 10 0.23645119 0.857756785 0.867563948 0.009807164 1654.633071 10.30189587 

5 170.3 20 0.413307182 1.45253274 1.461506863 0.008974123 982.2054459 7.593090525 
6 119 10 0.648424928 3.160954589 3.168878712 0.007924123 452.999351 6.926282874 
7 85.1 80 1.79040526 8.74727527 8.754505534 0.007230263 163.9727103 3.528779845 
8 271.4 8 0.700740074 3.401086857 3.412130279 0.011043421 420.7049212 2.794827972 
9 298.5 80 0.964030439 4.842414138 4.854012238 0.011598099 295.7347303 1.785113389 

10 90.2 8 2.767839508 14.33036964 14.33770429 0.007334649 100.120631 1.768822 
11 180.3 8 1.586730117 8.194223952 8.203402753 0.009178801 174.9883607 1.756142308 
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Attenuation 

model for 10 
mm/year TVD 

Soil 
resistance 

(Ohmm) 

resistance to 
earth with 

(Ohmm) 

Resistance of the pipe 
segment to earth 

(Ohm) 

Total circuit 
resistance 

(Ohm) 
Resistance in pipe 

(Ohm) 
Current pickup 

TVD (A) Current density A/m2 

1 536.3 8 0.01912894 0.039329798 0.044818249 0.00548845 163661.0135 206.0098422 

2 134.8 6 0.110356872 0.311236222 0.319483737 0.008247515 22958.91514 161.7784847 

3 165.9 20 0.224539049 0.85417894 0.863063004 0.008884064 8498.800163 67.46376244 

4 211 10 0.23645119 0.857756785 0.867563948 0.009807164 8454.708168 52.63978141 

5 170.3 20 0.413307182 1.45253274 1.461506863 0.008974123 5018.792717 38.79855033 

6 119 10 0.648424928 3.160954589 3.168878712 0.007924123 2314.698878 35.39135136 

7 85.1 80 1.79040526 8.74727527 8.754505534 0.007230263 837.8542879 18.03106943 

8 271.4 8 0.700740074 3.401086857 3.412130279 0.011043421 2149.683453 14.28078243 

9 298.5 80 0.964030439 4.842414138 4.854012238 0.011598099 1511.121036 9.121425779 

10 90.2 8 2.767839508 14.33036964 14.33770429 0.007334649 511.5881771 9.0768822 

11 180.3 8 1.586730117 8.194223952 8.203402753 0.009178801 894.1411534 8.973391731 

Table 14-13: Attenuation model for 2mm/year and 10 mm/year uniform corrosion rate 

Table 15 

Attenuation 
model for 20 
mm/year  TVD (m) 

Soil 
resistance 
(ohmm) 

resistance to earth  
(Ohmm) 

Resistance of the 
pipe segment to 
earth (Ohm) 

Total circuit 
resistance (Ohm) 

Resistance in pipe 
(Ohm) 

Current pickup 
(A) 

Current 
density 
(A/m2) 

1 536.3 8 0.01912894 0.039329798 0.044818249 0.00548845 295543.6768 372.0183868 

2 134.8 6 0.110356872 0.311236222 0.319483737 0.008247515 41459.85688 292.1441531 
3 165.9 20 0.224539049 0.85417894 0.863063004 0.008884064 15347.37318 121.8279661 
4 211 10 0.23645119 0.857756785 0.867563948 0.009807164 15267.75061 95.0584028 
5 170.3 20 0.413307182 1.45253274 1.461506863 0.008974123 9063.077524 70.06351712 
6 119 10 0.648424928 3.160954589 3.168878712 0.007924123 4179.948557 63.91070107 
7 85.1 80 1.79040526 8.74727527 8.754505534 0.007230263 1513.020918 32.56101402 
8 271.4 8 0.700740074 3.401086857 3.412130279 0.011043421 3881.959046 25.78863992 
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9 298.5 80 0.964030439 4.842414138 4.854012238 0.011598099 2728.825011 16.47172809 
10 90.2 8 2.767839508 14.33036964 14.33770429 0.007334649 923.8403677 16.368822 
11 180.3 8 1.586730117 8.194223952 8.203402753 0.009178801 1614.665328 16.20440403 

Table 16: Attenuation model for 20 mm/year uniform corrosion rate 
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4.6 Feasibility of the potential actions: 

Based on the lost 9MW potential power, which could be harnessed from well KJ-36, 

general feasibility calculations were performed. 

The cost of caustic injection was calculated based on the references listed in Table 

17. The highest prices were used for the calculation. 

    Lowest Highest   Source: 

NaOH 96 wt% 345.4733 356.8003 Eur/ton http://scflimited.com/Caustic-Soda.php 

NaOH 96 wt% 359 478 Eur/ton 
http://www.alibaba.com/product-
gs/209438204/Caustic_Soda.html 

NaOH 97 wt% 543 551 Eur/ton http://www.icispricing.com/ 

Table 17: Cost of caustic soda per ton 

Based on the dose rate needed for the well of 600 l/s 50wt% NaOH solution, with a 

density of 1 ton/m
3
, the well requires a 0.6 ton/hr NaOH injection. The annual Operation 

and maintenace cost can be calculated as: 

0.96)*Lower/higher price*24*365.25 

Which is with lowest price 944437.5 Eur/year, 1508362.65 Eur/year. 

Based on the calculations represented in chapter 5.3, the calculated power for a cathodic 

protection design was calculated to annual O and M cost. A standard European 0.2 

Eur/kWh pricing was taken. The price was calculated according to the following equation: 

 

Results are presented in Table 19 

Cathodic protection for 0.2mm/year 545 Eur/year 

Cathodic protection for 2 mm/year 4281950188 Eur/year 
Cathodic protection for 10 mm/year 4.48531E+13 Eur/year 
Cathodic protection for 20 mm/year 1.45375E+14 Eur/year 

 

  
 

Table 19: Operation and maintenance cost of cathodic protection 

An initial capital cost analysis for a titanium or super-alloy based casing and wellhead system was performed 

with an assumption that the price difference between the alloys and the corresponding carbon or mild 

steels are not less than a factor of 100 (Mac Gregor 2005). Results are shown in table 20. 

 
 
 

  K-55, L80 
Length 
(m) Cost 

Minimum 
cost of 
Inconel or 
titanium 
(Euro) Source 

Liner 713.492944 1310 39985.42888 3998542.888 http://www.qx100.com/sj/show_71113.html 
Prod 1350 1200 111375 11137500 http://www.id-tek.com/en/?page_id=20 
Anchor 1550 270 37058.175 3705817.5 http://www.id-tek.com/en/?page_id=21 
Surface 2850 50 21403.5 2140350 http://www.id-tek.com/en/?page_id=22 
      Total: 20982210.39  

 

  

Table 20: Capital cost of nonferrous alloys   
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Based on the current  interest rate of the Icelandic central bank (18.25%) 
( http://www.sedlabanki.is/?PageID=224) the present value of the potential mitigation systems were 
compared. A life cycle of 15 years was assumed for the well before the final shut in. Results are presented 
in Table 21. 

  

Caustic injection Present value (Eur) -4756309.494 -7596308.786 

Titanium and superalloy capital cost (Eur) -20982210.39 - 
Cathodic Protection present value 0.2 mm/year (Eur) -2744.690543 - 

Cathodic Protection present value 2mm/year (Eur) -21564455383 - 
Cathodic Protection present value 10mm/year (Eur) -2.25886E+14 - 
Cathodic Protection present value 20mm/year (Eur) -7.32126E+14 - 

Table 21: Present value of the cathodic protection and caustic injection and capital cost of 

special metal casing solution. 
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5 RESULTS, DISCUSSION AND CONCLUSIONS 

 

Na/K geothermometers and gas geothermometers are in good agreement in the case 

of well KG-26, KG-12, KJ-35, and KJ-20. This indicates that the reservoir temperatures in 

those cases are high enough to accelerate the alterations. In the case of KG-25 the 

predicted reservoir temperatures are too low to gain a conclusive temperature via Na/K 

geothermometers. In the case of well KJ-36 the possible explanation in the wide variation 

of Na/K temperatures is the mixing phenomenon between the upper and lower aquifer 

waters. Quartz solubility thermometers are in good correspondence with Na/K 

temperatures except in the case of well KJ-36, and KG-25. In the case of KJ-36 this 

phenomenon clearly indicates that a lower pH can be expected under reservoir conditions, 

which would result in higher quartz solubility. In the case of KJ-25 the Quartz temperature 

is potentially more valid – the temperature is possibly in the range of 200-220 °C.  K/Mg, 

K/Ca, Na/K/Ca, Na/K/Mg, Na/K/Ca/Mg temperatures result in completely different 

temperature trends for all of the wells. As soon as all of the reservoir temperatures are 

above 200 °C and the buffering reaction for magnesium is the formation of micas (which is 

a lower temperature alteration), the variations can be explained. The effect of calcium 

imbalance can be the result of the presence of calcite in the upper aquifers (A. J. 

Gudmundsson 2008), which can cause disequilibrium during mixing with the lower aquifer 

fluids. Gas geothermometers are in good correspondence with the Na/K and quartz 

temperatures, which is particularly interesting in the case of well KJ-36. Generally gas 

geothermometers show a higher variability from solute geothermometers if equilibrium 

steam fraction is presented in the aquifer. The good correspondence between the two 

temperatures indicates that originally all of the aquifers are liquid dominated, steam is 

generated just during the production and this can be concluded for well KJ-36 too. H2 

temperatures are not significantly different from the results of the other gas 

geothermometers, which indicates that the high H2 concentration in the samples from well 

KJ-36 has a natural origin, it is in equilibrium with the reservoir rocks, and did not 

originate from the corrosive reaction between the casing and the reservoir fluid. CO2 

temperatures are in good correspondence too, which means CO2 is in complete equilibrium 

with the reservoir conditions, great meteoric or magmatic influx of CO2 to the reservoir 

water was not presented.  

Based on the given Eh value and the minimum voltage required to oxidize Fe/II/ to 

Fe/III/ valence, iron was presented as Fe
2+

 I in the reservoirs. This limited the possible 

anticorrosion action as soon as reducing agents and Line mine did not show any particular 

effect on the corrosion or on the solubility of iron in the case of well KJ-35. 

          Simulation of the potential pH has resulted in significant changes in the case of well 

KJ-36, KG-25 and KG-12. As the pH is logarithmically dependent on the hydrogen ion 

concentration these results mean at least an order of magnitude increase in the resulting 

pH. In the case of well KJ-35 the low pH change is originated from the relatively low 

concentration of soluble iron and iron silicate scaling.  

Based on the linkage of corrosion to the simulated downhole pH, a pH adjustment 

into pH 5.98 range would result in the same amount of dissolved iron as in the case of the 

Krafla baseline. However results have to be viewed in this case with care as soon as the 

applied parameters are strongly environment-temperature and material dependent. This 

value is also not representative of the corrosion of the wellhead – due to dewpoint 
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condensation the HCl concentration in the condensate can reach 1-10 wt% concentration. 

(Huijbregts 2004) 

Titration calculations resulted in 147 ppm HCl in the wellhead bulk steam in the case 

of well KJ-36. With the empirical correlation reported by Huijbregts. et al.  (Huijbregts 

2004) and verified by this HCl concentration,  there is a 46 mm/year corrosion rate, which 

is in good correspondence what the operators have found in the field. Avoidance of dew 

point corrosion in the case of saturated steam just 15 °C above superheating is extremely 

influenced by the outside temperature conditions. One way to avoid desuperheating is the 

thorough insulation of the wellhead. According to the observations and recommendations 

from the Geysers and Larderello (Hirtz P. 1991), the casing should be insulated at least 6 m 

below the surface – where daily and monthly temperature variations have an insignificant 

effect. The wellhead configuration has to be as simple as possible – the number of the 

valves should be minimal to avoid heat losses and insulation should be at least 4 inches 

thick. The other way to maximize superheating is the maximization of the flow rate to 

reduce pressure and maintain superheating as long as possible. According to the flow tests 

made in January 2008 superheating can be maintained for approximately one day in the 

case of KJ-36 with insulation and fortification. The pressure stands back to shut in pressure 

in a week, which means that with the highest flow rates the well can be maintained 

productive for one day in a week. With caustic injection into the wellhead to adjust the pH 

into the range of 8-8.5 units, corrosion in the wellhead could be minimized; however 

severe scaling would occur according to the equilibrium calculations. As a base, the ideal 

solution – which is widely applied in acidic wells around the world – is NaOH because of 

its relatively low price compared to amines, which would react with the dissolved CO2 and 

Na2CO3 (which is only available as a 15% diluted mixture). However, chemical injection 

design has to be planned properly as soon as high carbon and mild steels show increasing 

vulnerability towards caustic corrosion above 200 °C.  

According to the simulation of the downhole pH in the case of KG-25, KG-12, and 

KG-26 a moderate NaOH dose rate would be enough to raise the downhole pH into the 

range of 6, and 8 respectively. CO2 remains supersaturated in the solution with each pH 

adjustment; therefore the risk that excess NaOH will reach the separator is minmal. The 

potential scaling minerals are ferrous silicates, which will be avoided if the corrosion stops. 

In the case of KJ-36 the pH adjustment requires as high a dose rate as 600 l/h 50 wt% 

NaOH solution to adjust the pH into the range of 8. The potential scaling minerals are 

calcium and ferrous silicates, amorphous silica and clay minerals. While the formation of 

ferrous silicates will be avoided by a pH adjustment and decreasing corrosion rate, clay 

minerals will have serious skin effect in the production zone, and due to amorphous silica 

scaling the pipes will have to be cleaned regularly. In the case of wells which are 

characterized by a wellhead pH below 4 silicate scaling is not an issue. However if the pH 

is adjusted to a higher range severe scaling could be expected (see appendix 1). The silicate 

removal in this case will be easier than the conventional wells, since the only thing that has 

to be done is to stop caustic injection for a period of time and let the magmatic HCl do the 

work. Precise measures have to be applied in this case. If the silicate scaling is removed, 

the steel will start to corrode again, which leads to critical failure – especially in the 

wellhead. Unfortunately dosage calculations cannot be made in the case of KJ-35 and KJ-

20, as the wellhead original and simulated pH is too high – with higher ionic strength at 

elevated temperatures the desired pH range is already reached according to the simulations. 

An approproate dose rate for caustic injection has to be maintained as carbon and mild 

steels are subjected to caustic corrosion at the temperature levels expected in the reservoirs. 

For the same reason the injection pipe should be constructed from corrosion resistant 
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nonferrous metal – both of the abovementioned alloys are resistant towards caustic 

corrosion. 

In the case of boreholes that have a pH higher than 4 at the wellhead (KJ-35) and that 

have acidic corrosion in the liner or the production casing, either the corrosion has to be 

stopped before the upper reservoir or scaling inhibition has to be applied via ferrous scale 

inhibitors. Ferrous silicate scale inhibitors generally work well against silicate scaling with 

an inhibition efficiency between 14 and 79%. As soon as ferrous silicate scaling is 

represented in these wells, the amount of ferrous ions is in equilibrium with the upper 

reservoir fluid; therefore corrosion rates cannot be extrapolated for these types of wells. 

Proper dose rate adjustments are also meaningless in this case, as the pH of the lower 

reservoir cannot be simulated properly, and the pH ranges of these wells at the surface are 

already at the desired range of pH as a result of mixing between the acidic lower reservoir 

fluids and the alkaline upper reservoir fluids. 

 According to the material properties of high carbon and mild steels there is no such 

a condition where significant HCl corrosion can be avoided. If caustic injection is to be 

considered as the solution the dose rate should be very precise due to the low resistance of 

high carbonic and mild steels (such as K-55) towards caustic corrosion, especially at 

elevated temperature. 

 Stainless steels can be hardened with increasing chromium content but cannot fully 

protect against HCl attack. Furthermore the chance of H2S attack and H2 attack is too high, 

therefore the use of stainless steels is not recommended.  

 Titanium has excellent properties against corrosion and HCl attack in an oxidative 

environment. However the chance of corrosion near 0 Eh is greater because the protective 

titanium oxide surface film cannot recover. The chlorine can react with titanium oxide 

under reductive conditions and completely decompose the protective film. Furthermore the 

presence of ppm quantity of hydrogen fluoride, (which is predicted during the geochemical 

modelling, see Appendix 1) has a detrimental effect on the Titanium oxide. Bare titanium 

is more anodic than iron, therefore it would corrode faster. These facts coupled with the 

described hydrogen embrittlement of titanium above 7 bar, 80 °C and presence of 

hydrogen (each condition stands for the well KJ-36) cancel out titanium as a potential 

metal for the wellhead equipment or the liner in the case of KJ-36. 

 Based on the stability of titanium oxide (Fig 12) at room temperature (which is generally 

lower at elevated temperature) and the calculated Eh, titanium can possibly be applied in 

well KG-12, KG-25, but should be restricted in each case in well KG-26, KJ-35 and KJ-20.   

 Nickel, molybdenum and chromium alloys show less promising properties against 

HCl corrosion, however the passive range of NiCrMo alloys is preserved in slightly 

reductive conditions. Nickel should especially be considered because it tends to form a 

NiCl passivating layer in the presence of hydrogen chloride. The alloys are resistant 

towards H2S and H2 embrittlement too. However, chromium shows reactive properties in 

the presence of hydrogen fluoride – with low chromium content and high nickel content 

alloy the wellhead can be protected.  

The material properties of the titanium and superalloys, compared to standard API K-

55 grade steel, make them less applicable in a geothermal environment.  These alloys have 

been applied for casing in the oil industry, however according to their tensile properties – 

relatively high young modulus and low minimum tensile strength at elevated 

temperatures– thermal loads on these materials during killing and production would be two 

orders of magnitude higher than the same for a K-55 casing. Most of the alloys studied do 
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not have the tensile strength required to withstand the stresses affecting the casing before 

and during casing and the reminiscent tensile force. The potential alloys, which are 

applicable for a casing program are Titanium grade 3 and 12, Inconel 718, 725, 725HS and 

X750, however further measures should be applied for inconel 718 and Inconel X750 

because the copper content can lead to H2S stress corrosion. These candidates are possibly 

applicable during a borehole design where moist, superheated steam will be produced, and 

severe acidic conditions await. The other alloys can be taken into consideration for 

wellhead equipment only, where the potential loads are less, but corrosion resistance is 

required. 

Cathodic protection of the outside diameter of the casing and liner was simulated. 

The results showed that even in a moderate corrosion environment a relatively high current 

has to be applied just to make a circuit between the surface anode and the well casing. 

However the calculations were done for TVD and the results underestimate rather than 

overestimate the required current and voltage, as the real surface which must be protected 

is bigger. Current attenuation can be reduced by making deep anode beds. Practically, 

these beds do not go below 200 m as the drilling cost would be too high. Furthermore 

cathodic protection only has the potential to protect the outside area of the casing, which 

does not address the problem of the inner annulus corrosion.  

 

Based on the feasibility studies, with low corrosion rates cathodic protection is the 

most feasible option, however the operation and maintenance costs increase exponentially 

with higher corrosion rates. The approximate pricing of nonferrous alloys is high compared 

to caustic injection and are based on the total cashflow for 15 years. With the extremely 

high interest rates used for the calculations, caustic injection costs an order of magnitude 

less than the nonferrous alloys and several orders of magnitude less than a cathodic 

protection design with high corrosion rates. 
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5.1 Appendix 1: Scaling minerals with pH adjustment in well KG-
25 and KJ-36 

KG-25 

pH=3.41 pH=6 pH=8 

KG-25 LogK LogQ LogQ/K H2O gas -1.24 0 1.24 Mineral LogK LogQ LogQ/K 
H2O -1.24 0 1.24 acmite 5.06 6.28 1.23 H2O -1.24 0 1.24 
antho-Fe 14.65 18.14 3.49 andradit 25.79 29.36 3.56 acmite 5.06 8.4 3.35 
deerite 53.84 65.84 12.01 antho-Fe 14.65 33.72 19.07 akermani 25.72 26.69 0.97 
goethite 4.06 5.14 1.07 deerite 53.84 104.17 50.33 andradit 25.79 40.9 15.11 
grunerit 15.92 18.14 2.22 hedenber 9.11 10.21 1.1 anthophy 32.39 44.53 12.14 
hematite 7.36 10.27 2.91 fayalite 8.49 12.58 4.09 antho-Fe 14.65 37.34 22.69 
magnetit 11.95 15.48 3.53 Fe-oxide 6.38 7.44 1.06 antigori 12.28 22.16 9.89 

quartz -2.42 -2.29 0.13 ferrosil 6.21 10.29 4.08 chrysoti 16.58 22.46 5.87 
riebecki 10.77 12.68 1.91 goethite 4.06 7.07 3.01 clinohum 64.12 72.1 7.97 
    greenali 16.33 17.72 1.4 clcl-Alf 31.95 44.92 12.96 
    grunerit 15.92 33.72 17.8 cummingt 33.47 44.53 11.07 
    hematite 7.36 14.15 6.79 deerite 53.84 111.44 57.6 
    magnetit 11.95 21.58 9.63 diopside 10.84 15.51 4.67 
    Mgferrit 16.65 19.43 2.78 hedenber 9.11 14.49 5.37 

    pyrite 
-

19.33 -17.77 1.56 enstatit 11.04 13.4 2.36 
    pyrrhoti -5.25 -4.81 0.44 fayalite 8.49 13.71 5.22 
    quartz -2.42 -2.29 0.13 Fe-oxide 6.38 8.03 1.66 
    riebecki 10.77 25.71 14.94 ferrosil 6.21 11.34 5.14 
    minnesot 7.37 13.14 5.77 forsteri 14.08 15.76 1.67 
    actinoli 22.76 33.57 10.81 goethite 4.06 7.23 3.16 
        greenali 16.33 19.38 3.05 
        grunerit 15.92 37.34 21.42 
        hematite 7.36 14.46 7.1 
        kerolite 13.88 17.73 3.85 
        magnetit 11.95 22.49 10.54 
        Mgferrit 16.65 23.52 6.87 
        monticel 17.1 17.87 0.77 
        Mgwurst 56.21 58.7 2.49 
        pyrite -19.33 -18.95 0.38 
        pyrrhoti -5.25 -4.65 0.59 
        quartz -2.42 -2.36 0.06 
        riebecki 10.77 31.46 20.69 
        sepiolit 17.89 22.07 4.18 
        talc 9.93 17.73 7.8 
        minnesot 7.37 14.65 7.29 
        tremolit 30.54 48.76 18.22 
        actinoli 22.76 43.63 20.87 
        wollasto 7.53 8.81 1.29 
                woll-psd 7.93 8.81 0.89 
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  KJ-36 

  pH=2.41 pH=6 pH=8 

 LogK LogQ LogQ/K LogK LogQ LogQ/K LogK LogQ LogQ/K 
H2O -1.72 0 1.72 -1.72 0 1.72 -1.7 0 1.72 
CO2 -11.6 -9.1 2.5 -10.06 -9.43 0.63 -10 -9.76 0.3 
acmite - - - 4.11 6.54 2.43 4.11 8.37 4.26 
alabandi - - - -3.48 -3.17 0.31 21 26.49 5.47 
almandin - - - 1.18 12.72 11.54 -3.5 -1.2 2.28 
amesite - - - 4.06 12.76 8.69 1.18 7.31 6.13 
andradit - - - 20.23 30.98 10.75 4.06 15.2 11.13 

grossula - - - 11.59 11.85 0.26 20.2 37.92 17.69 
ankerite - - - -6.98 -2.64 4.34 11.6 15.73 4.14 
annite - - - 5.07 18.6 13.53 -7 -0.97 6.01 
anthophy - - - 24.04 31.15 7.11 5.07 17.18 12.12 
antho-Fe - - - 8.29 40.01 31.72 24 49.51 25.47 

antigori - - - 7.55 16.25 8.7 8.29 36.88 28.59 
aragonit - - - -1.67 -1.46 0.21 7.55 24.19 16.64 
calcite - - - -1.83 -1.46 0.37 -1.7 0.92 2.59 
carph-Mg - - - -4.72 -2.84 1.88 8.72 9.59 0.88 
carph-Fe - - - -5.93 -1.58 4.35 17.4 21.97 4.54 
celad-Fe - - - -3.97 -0.15 3.82 7.63 9.68 2.05 
chrysoti - - - 13.23 16.53 3.3 -1.8 0.92 2.75 

clinohum - - - 50.4 54.05 3.66 -4.7 -4.36 0.36 
clinozoi - - - 0.76 1.18 0.42 -1.4 0.95 2.32 
epid-ord - - - 4.56 10.75 6.19 -4 -0.85 3.12 
epido-Fe - - - 11.51 20.32 8.81 13.2 24.48 11.24 
clchlore - - - 11.3 22.91 11.61 50.4 77.99 27.6 
daphnite - - - 3.13 29.24 26.11 4.56 11.4 6.84 
clcl-Alf - - - 25.69 33.06 7.37 11.5 22.5 10.99 
clrtd-Mg - - - -1.84 -0.62 1.22 11.3 32.08 20.77 
clrtd-Fe - - - -4.08 0.65 4.73 3.13 23.06 19.92 
clrtd-Mn - - - -1.47 -1.08 0.4 23 31.03 8.03 
cordi-Fe - - - -10.19 -5.38 4.81 25.7 48.95 23.26 
cummingt - - - 24.95 31.15 6.2 -4.1 -3.88 0.2 

deerite - - - 34.86 113.67 78.8 25 49.51 24.56 
diopside - - - 8.53 10.51 1.98 34.9 105.28 70.42 
hedenber - - - 6.95 11.78 4.83 8.53 15.8 7.27 
dolo-ord - - - -4.93 -3.9 1.03 6.95 14 7.05 
dolo-dis - - - -4.78 -3.9 0.88 -4.9 0.84 5.77 
eastonit - - - 2.12 4.65 2.53 -4.8 0.84 5.61 

enstatit - - - 8.32 9.54 1.22 2.12 5.72 3.6 
fayalite - - - 5.96 14.3 8.33 8.32 14.8 6.48 
Fe-oxide - - - 4.79 8.26 3.48 5.96 13.47 7.51 
ferrosil - - - 4 12.07 8.07 4.79 7.88 3.09 
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FeS-am - - - -4.4 -1.44 2.96 4 11.19 7.19 

forsteri - - - 10.95 11.76 0.81 -4.4 -2.8 1.61 
gedrite - - - 7.8 10.84 3.05 11 17.08 6.13 
glaucoph - - - 3.39 6.02 2.62 7.8 15.75 7.96 
glauc-Fe - - - -0.64 9.81 10.45 3.39 14.46 11.07 
goethite - - - 2.9 6.88 3.98 -0.6 9.05 9.69 
greenali - - - 14.38 20.33 5.95 2.9 6.36 3.46 
grunerit - - - 9.37 40.01 30.64 14.4 19.06 4.68 
hematite - - - 4.8 13.75 8.96 9.37 36.88 27.51 
huntite - - - -9.31 -8.78 0.53 4.8 12.72 7.92 
magnesit - - - -2.68 -2.44 0.24 -9.3 0.67 9.98 
magnetit - - - 8.06 22.02 13.96 12.1 19.91 7.78 
Mgferrit - - - 12.14 20.75 8.61 -2.7 -0.08 2.6 

margarit - - - -7.94 -7.25 0.69 2.2 9.34 7.15 
muscovit - - - -11.88 -11.57 0.31 8.06 20.59 12.54 
nontr-Ca - - - -2.47 6.01 8.48 12.1 22.4 10.25 
nontr-H - - - -2.73 4.69 7.42 8.48 9.47 0.99 
nontr-K - - - -1.77 5.74 7.52 33.5 37.17 3.68 
nontr-Mg - - - -2.72 5.85 8.56 24.8 25.38 0.54 
nontr-Na - - - -1.73 6.05 7.78 14 18.08 4.13 
osumi-Fe - - - -20.79 -16.02 4.76 -2.5 4.54 7.01 
pargasit - - - 18.87 26.6 7.73 -2.7 2.78 5.51 
phlogopi - - - 9.99 14.81 4.82 -1.8 4.47 6.25 
phlogo-F - - - -9.33 -5.8 3.53 -2.7 4.38 7.09 
phlog-Na - - - 11.9 15.73 3.83 -1.7 4.95 6.68 

prehnite - - - 3.07 3.87 0.81 -7.5 -5.13 2.41 
pumpelly - - - 7.38 12.05 4.67 18.9 38.76 19.89 
pxmangit - - - 3.97 4.31 0.34 9.24 9.68 0.44 
pyrite - - - -19.47 -13.92 5.55 45.5 63.2 17.67 

pyrrhoti - - - -6.23 -1.44 4.78 9.99 22.6 12.61 
riebecki - - - 7.13 28.95 21.82 -9.3 -1.48 7.85 
rhodochr - - - -3.05 -2.9 0.15 11.9 24.03 12.13 
rhodonit - - - 3.98 4.31 0.33 3.07 5.04 1.98 
sapph-Fe - - - -5.01 1.34 6.35 7.38 15.03 7.65 
siderite - - - -4.95 -1.17 3.77 3.97 7.19 3.22 
spessart - - - 6.49 7.54 1.05 -19 -16.51 2.96 
hercinit - - - -0.25 2.88 3.13 9.97 12.72 2.75 

staur-Fe - - - -42.97 -32.13 10.85 -6.2 -2.8 3.43 
sudoi-Fe - - - -9.09 -0.93 8.16 25.1 27.49 2.4 
sudoite - - - -6.66 -3.46 3.2 7.13 31.24 24.11 
talc - - - 7.15 12.08 4.93 -3.1 -0.29 2.75 
minnesot - - - 4.73 15.87 11.14 3.98 7.19 3.21 
talc-Tsc - - - 1.86 1.92 0.06 15.4 25.03 9.67 
tephroit - - - 10.31 10.84 0.53 -5 -1.89 3.06 
tremolit - - - 23.25 33.1 9.85 6.49 12.09 5.6 
actinoli - - - 16.14 39.43 23.29 34.7 39.09 4.36 
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tscherma - - - 8.15 12.79 4.64 -6.7 -6.44 0.22 

vesuvian - - - 84.59 95.72 11.14 7.15 19.91 12.76 
zoisite - - - -0.54 1.18 1.72 4.73 14.5 9.77 
talc-Tsc - - - - - - 1.86 3.04 1.17 
tephroit - - - - - - 10.3 16.66 6.35 
tilleyit - - - - - - 20.9 29.33 8.48 
tremolit - - - - - - 23.3 51.52 28.26 
actinoli - - - - - - 16.1 42.5 26.36 
tscherma - - - - - - 8.15 17.76 9.61 
vesuvian - - - - - - 84.6 129.16 44.57 
wollasto - - - - - - 6.26 8.4 2.14 
woll-psd - - - - - - 6.58 8.4 1.82 
zoisite - - - - - - -0.5 0.31 0.84 

 

5.2 Appendix 2: Titrational calculations with CHILLER results 
(the last step): 

 

 

  NUMBER OF LOOPS USED =     6   LOOP LIMIT =    70  

 

     CHARGE BALANCE FOR TOTAL MOLES =  0.34177603E-13 

      MAX. DIFFERENCE ALLOWED =  0.29540533E-05  

 

 TEMPERATURE=   2.69E+ 01 C.  P(FLUID)=   4.60000 BARS  MIXER FRACTION=      1.5000000  

  WATER:  MOLES LIQ. =    56.4359   KG. LIQ.  = 0.1017E+ 01  

          MOLES TOTAL=    56.4359   KG. TOTAL=     1.0167  ACTIVITY= 1.0000  

         STOICHIOMETRIC IONIC STRENGTH= .3503911E-01   OSMOTIC COEF.=  0.9513  

 

  TRUE IONIC STRENGTH= .3655653E-01 

 

                              LOG                   LOG                   LOG 

   SPECIES(N)   MOLALITY   MOLALITY    ACTIVITY   ACTIVITY    GAMMA      GAMMA 

 

   1 H+        0.40243E-02   -2.3953 0.33893E-02   -2.4699 0.84222E+ 00   -0.0746  

   2 H2O                            0.10000E+ 01    0.0000 0.10000E+ 01    0.0000  

   3 Cl-      0.28937E-01   -1.5386 0.24002E-01   -1.6198 0.82946E+ 00   -0.0812  

   4 SO4--    0.22278E-03   -3.6521 0.11432E-03   -3.9419 0.51314E+ 00   -0.2898  

   5 SiO2(aq) 0.31822E-04   -4.4973 0.31822E-04   -4.4973 0.10000E+ 01    0.0000  

   6 Al+ + +     0.46178E-08   -8.3356 0.10490E-08   -8.9792 0.22716E+ 00   -0.6437  

   7 Ca+ +      0.10723E-02   -2.9697 0.54654E-03   -3.2624 0.50970E+ 00   -0.2927  

   8 Mg+ +      0.87643E-04   -4.0573 0.44581E-04   -4.3509 0.50867E+ 00   -0.2936  

   9 Fe+ +      0.50580E-02   -2.2960 0.25738E-02   -2.5894 0.50886E+ 00   -0.2934  

  10 K+        0.22166E-02   -2.6543 0.18383E-02   -2.7356 0.82933E+ 00   -0.0813  

  11 Na+       0.93779E-02   -2.0279 0.77722E-02   -2.1095 0.82877E+ 00   -0.0816  

  12 Mn+ +      0.66278E-03   -3.1786 0.33738E-03   -3.4719 0.50904E+ 00   -0.2933  

  13 F-       0.38909E-04   -4.4100 0.32321E-04   -4.4905 0.83069E+ 00   -0.0806  

  14 AlF+ +     0.72886E-06   -6.1374 0.37118E-06   -6.4304 0.50926E+ 00   -0.2931  

  15 AlF2+     0.58387E-05   -5.2337 0.48428E-05   -5.3149 0.82942E+ 00   -0.0812  

  16 AlF3     0.21907E-05   -5.6594 0.21907E-05   -5.6594 0.10000E+ 01    0.0000  
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  17 AlF4-    0.22068E-07   -7.6562 0.18304E-07   -7.7374 0.82946E+ 00   -0.0812  

  18 AlF5--   0.11340E-09   -9.9454 0.58111E-10  -10.2357 0.51244E+ 00   -0.2904  

  19 AlOH+ +    0.10748E-11  -11.9687 0.54735E-12  -12.2617 0.50926E+ 00   -0.2931 

  20 Al(OH)2+  0.90362E-16  -16.0440 0.74949E-16  -16.1252 0.82942E+ 00   -0.0812 

  21 HAlO2    0.36098E-19  -19.4425 0.36098E-19  -19.4425 0.10000E+ 01    0.0000  

  25 AlSO4+    0.14567E-09   -9.8366 0.12082E-09   -9.9179 0.82942E+ 00   -0.0812  

  26 AlSO4)2- 0.12477E-11  -11.9039 0.10349E-11  -11.9851 0.82946E+ 00   -0.0812  

  27 CaCl+     0.68993E-05   -5.1612 0.57224E-05   -5.2424 0.82942E+ 00   -0.0812  

  28 CaCl2    0.10469E-06   -6.9801 0.10469E-06   -6.9801 0.10000E+ 01    0.0000  

  29 CaF+      0.90938E-07   -7.0413 0.75426E-07   -7.1225 0.82942E+ 00   -0.0812  

  30 CaOH+     0.20505E-14  -14.6881 0.17007E-14  -14.7694 0.82942E+ 00   -0.0812 

  31 CaSO4    0.77616E-05   -5.1100 0.77616E-05   -5.1100 0.10000E+ 01    0.0000  

  32 HCl      0.26625E-04   -4.5747 0.26625E-04   -4.5747 0.10000E+ 01    0.0000  

  33 HF aq   0.10988E-03   -3.9591 0.10988E-03   -3.9591 0.10000E+ 01    0.0000  

  34 HF2-     0.78618E-09   -9.1045 0.65211E-09   -9.1857 0.82946E+ 00   -0.0812  

  35 FeCl+     0.50096E-04   -4.3002 0.41550E-04   -4.3814 0.82942E+ 00   -0.0812  

  36 FeCl2    0.43979E-15  -15.3568 0.43979E-15  -15.3568 0.10000E+ 01    0.0000  

  37 FeF+      0.27413E-05   -5.5620 0.22737E-05   -5.6433 0.82942E+ 00   -0.0812  

  38 FeO      0.17769E-19  -19.7503 0.17769E-19  -19.7503 0.10000E+ 01    0.0000  

  39 FeOH+     0.76107E-10  -10.1186 0.63125E-10  -10.1998 0.82942E+ 00   -0.0812 

  41 FeSO4    0.31814E-04   -4.4974 0.31814E-04   -4.4974 0.10000E+ 01    0.0000  

  42 KCl      0.73425E-07   -7.1342 0.73425E-07   -7.1342 0.10000E+ 01    0.0000  

  43 KHSO4    0.68871E-11  -11.1620 0.68871E-11  -11.1620 0.10000E+ 01    0.0000  

  44 KOH      0.23209E-15  -15.6343 0.23209E-15  -15.6343 0.10000E+ 01    0.0000  

  45 KSO4-    0.18901E-05   -5.7235 0.15678E-05   -5.8047 0.82946E+ 00   -0.0812  

  46 MgCl+     0.97665E-06   -6.0103 0.81005E-06   -6.0915 0.82942E+ 00   -0.0812  

  47 MgF+      0.38591E-07   -7.4135 0.32008E-07   -7.4947 0.82942E+ 00   -0.0812  

  48 MgOH+     0.38385E-14  -14.4158 0.31837E-14  -14.4971 0.82942E+ 00   -0.0812 

  49 MgSO4    0.74959E-06   -6.1252 0.74959E-06   -6.1252 0.10000E+ 01    0.0000  

  50 MnCl2    0.17367E-06   -6.7603 0.17367E-06   -6.7603 0.10000E+ 01    0.0000  

  51 MnCl3-   0.92126E-09   -9.0356 0.76415E-09   -9.1168 0.82946E+ 00   -0.0812  

  52 MnF+      0.96517E-07   -7.0154 0.80054E-07   -7.0966 0.82942E+ 00   -0.0812  

  54 MnOH+     0.36197E-12  -12.4413 0.30022E-12  -12.5226 0.82942E+ 00   -0.0812 

  57 MnCl+     0.39561E-05   -5.4027 0.32813E-05   -5.4840 0.82942E+ 00   -0.0812  

  58 MnSO4    0.25656E-05   -5.5908 0.25656E-05   -5.5908 0.10000E+ 01    0.0000  

  59 NaCl     0.29173E-04   -4.5350 0.29173E-04   -4.5350 0.10000E+ 01    0.0000  

  60 NaF      0.21234E-07   -7.6730 0.21234E-07   -7.6730 0.10000E+ 01    0.0000  

  61 NaOH     0.21491E-14  -14.6677 0.21491E-14  -14.6677 0.10000E+ 01    0.0000  

  62 NaSO4-   0.50368E-05   -5.2978 0.41778E-05   -5.3791 0.82946E+ 00   -0.0812  

  63 OH-      0.50947E-12  -12.2929 0.42302E-12  -12.3736 0.83032E+ 00   -0.0808  

  64 HSO4-    0.24328E-04   -4.6139 0.20199E-04   -4.6947 0.83026E+ 00   -0.0808  

  65 SiF6--   0.22046E-13  -13.6567 0.11297E-13  -13.9470 0.51244E+ 00   -0.2904  

  66 HSiO3-   0.13624E-11  -11.8657 0.11301E-11  -11.9469 0.82946E+ 00   -0.0812  

  68 CaHSiO3+  0.75901E-14  -14.1198 0.62954E-14  -14.2010 0.82942E+ 00   -0.0812 

  69 MgHSiO3+  0.12663E-14  -14.8975 0.10503E-14  -14.9787 0.82942E+ 00   -0.0812 

  70 NaHSiO3  0.13384E-11  -11.8734 0.13384E-11  -11.8734 0.10000E+ 01    0.0000  

 

   CHARGE BALANCE FOR ALL SPECIES =  0.3361E-13  

 

 

     COMPONENT        MOLALITY      AQ.MOLALITY      PPM     LOG[A(N)/A(H+ )* * Z] 

                                      (TOTAL) 

 

     1 H+           0.4024281E-02  0.4185117E-02  0.4211024E+ 01      0.0000  

     2 H2O         0.1000000E+ 01  0.5550825E+ 02  0.9982619E+ 06      0.0000  

     3 Cl-         0.2893659E-01  0.2905495E-01  0.1028297E+ 04      0.8501  

     4 SO4--       0.2227810E-03  0.2969272E-03  0.2847379E+ 02      0.9979  
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     5 SiO2(aq)    0.3182183E-04  0.3182183E-04  0.1908689E+ 01     -4.4973 

     6 Al+ + +        0.4617795E-08  0.8785223E-05  0.2366270E+ 00     -1.5696 

     7 Ca+ +         0.1072264E-02  0.1087121E-02  0.4349617E+ 02      1.6774  

     8 Mg+ +         0.8764256E-04  0.8940739E-04  0.2169899E+ 01      0.5889  

     9 Fe+ +         0.5057974E-02  0.5142625E-02  0.2867016E+ 03      2.3504  

    10 K+           0.2216598E-02  0.2218561E-02  0.8659960E+ 02     -0.2657  

    11 Na+          0.9377930E-02  0.9412160E-02  0.2160081E+ 03      0.3604  

    12 Mn+ +         0.6627844E-03  0.6695771E-03  0.3672137E+ 02      1.4679  

    13 F-          0.3890888E-04  0.1708472E-03  0.3240121E+ 01     -2.0206 

 

     COMPONENT      TOT MOLES       AQ. MOLES      SOLID MOLES      GAS MOLES 

 

     1 H+          0.4255060E-02   0.4255060E-02   0.0000000E+ 00   0.0000000E+ 00  

     2 H2O        0.5643593E+ 02   0.5643593E+ 02   0.0000000E+ 00   0.0000000E+ 00  

     3 Cl-        0.2954053E-01   0.2954053E-01   0.0000000E+ 00   0.0000000E+ 00 

     4 SO4--      0.3018896E-03   0.3018896E-03   0.0000000E+ 00   0.0000000E+ 00  

     5 SiO2(aq)   0.1435919E-01   0.3235365E-04   0.1432683E-01   0.0000000E+ 00  

     6 Al+ + +       0.8932046E-05   0.8932046E-05   0.0000000E+ 00   0.0000000E+ 00  

     7 Ca+ +        0.1105289E-02   0.1105289E-02   0.0000000E+ 00   0.0000000E+ 00  

     8 Mg+ +        0.9090161E-04   0.9090161E-04   0.0000000E+ 00   0.0000000E+ 00  

     9 Fe+ +        0.5228571E-02   0.5228571E-02   0.0000000E+ 00   0.0000000E+ 00  

    10 K+          0.2255639E-02   0.2255639E-02   0.0000000E+ 00   0.0000000E+ 00  

    11 Na+         0.9569461E-02   0.9569461E-02   0.0000000E+ 00   0.0000000E+ 00  

    12 Mn+ +        0.6807674E-03   0.6807674E-03   0.0000000E+ 00   0.0000000E+ 00  

    13 F-         0.1737025E-03   0.1737025E-03   0.0000000E+ 00   0.0000000E+ 00  

 

   CHARGE BALANCE FOR SOLID MOLES =  0.0000E+ 00  

 

   Mass of  aqueous solut ion:  1018.480436 gram s 

 

 GAS OR MIN     MOLES    LOG MOLES    GRAMS    LOG GRAMS  WT PERCENT    VOL(CM3) 

 

  quar t z     0.1433E-01   -1.844   0.8608E+ 00   -0.065   0.1000E+ 03   0.3251E+ 00  

 

  GAS OR       MOLE FRACTION     PARTIAL PRESS.   FUGACITY COEF   LOG FUGACITY 

  MINERAL                         OR ACTIVITY     ACTIVITY COEF   LOG ACTIVITY 

 

  quar t z        0.1000E+ 01        0.1000E+ 01         1.0000          0.000       

 

  TOTAL FRACTION OF MIXING SOLUTION ADDED:     1.5000000  

 

  Solid product s produced:  Mass:    0.860756 gr am s    Volum e:    0.325059 CM3  

     Warning, m ineral volum e m ay be in er ror  because  som e m ineral densit ies  

     w ere not  supplied in SOLTHERM.  See m ineral list  at  t op of  out put .  

 

     GAS COMPOSITION AT SATURATION (  0 ITERATIONS) 

     ------------------------------------------------- 

 

     TEMPERATURE:        1.4992 DEG.C. 

     SAT. PRESSURE:      0.0071 BARS 

 

       GAS        MOLE FRAC.     PHI     FUGACITY     PARTIAL P. (BARS) 

 

     H2O gas      0.1000E+ 01   0.9997   0.7050E-02    0.7052E-02 

     HCl gas      0.4685E-09   1.0000   0.3304E-11    0.3304E-11  

     HF gas       0.2912E-06   1.0000   0.2053E-08    0.2053E-08  
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     NON-IDEAL MIXING WITH H2O,  AND ALL GASES 

 

 
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +
+ + + + + + + + + + + + +  

 

  The f ollow ing gases and m inerals are present ly in m at r ix or  w ere just  added  

 

  GAS OR MINERAL  LOG K   LOG Q  LOG(Q/K)  LOG(Q/K)/S  AFFINITY  LOG FUGACITY 

 

  117 quar t z      -4.50   -4.50    0.00      0.000   0.00000E+ 00  

 

 

   The f ollow ing gases and m inerals are present ly EXCLUDED f rom  m at r ix  

 (Not e t hat  gases and m inerals w it h log (Q/K) less t han -5 are not  list ed below ) 

 

  GAS OR MINERAL  LOG K   LOG Q  LOG(Q/K)  LOG(Q/K)/S  AFFINITY  LOG FUGACITY 

 

    1 H2O gas      2.81    0.00   -2.81     -2.815   0.35378E+ 04   -2.152 

    2 HCl gas      8.05   -4.09  -12.14     -6.072   0.15264E+ 05  -11.481  

    3 HF gas       2.39   -6.96   -9.35     -4.675   0.11753E+ 05   -8.688 

   13 anhydr it     -4.11   -7.20   -3.10     -1.549   0.38947E+ 04  

   32 chalcedo    -4.15   -4.50   -0.34     -0.343   0.43146E+ 03  

   45 coesit e     -3.44   -4.50   -1.06     -1.055   0.13261E+ 04  

   51 cr ist oba    -3.84   -4.50   -0.66     -0.659   0.82883E+ 03  

   52 cr ist o-b    -3.33   -4.50   -1.16     -1.164   0.14637E+ 04  

   63 f luor it e   -10.26  -12.24   -1.98     -0.660   0.24902E+ 04  

   71 gypsum       -4.47   -7.20   -2.73     -0.684   0.34378E+ 04  

  125 silic-am     -2.98   -4.50   -1.52     -1.520   0.19111E+ 04  

  137 sylvit e      0.54   -4.36   -4.90     -2.449   0.61573E+ 04  

  143 t r idym it     -3.95   -4.50   -0.55     -0.547   0.68722E+ 03 

 

 Calculat ions done f or      1.4992 DEG.C.;      4.6000 BARS 

 

     MIXER FRACTION:     1.500000  

 

                              TEMPERATURE   STOC.IONIC STRENGTH  HEAT PER MOLE 

 

     ACTUAL SOLUTION:             1.499            .35039E-01          0.111 

     MIXING SOLUTION:             1.000            .00000E+ 00          0.000  

 

     FRACT. OF MIXING SOLUTION ADDED:   0.001000  

        BITMOL= 0.0000E+ 00  OLDMOL= 0.5647E+ 02  

 

     NEW HEAT:      0.111     NEW TEMPERATURE:   1.499  

 

     NEW MIXER FRACTION:     1.501000  

     RESULTING TEMPERATURE:   1.499DEG.C. 

 

 

 

 

     Mixing f ract ion reached given lim it  of  0.1500E+ 01  

     Tot m ix= 0.1501E+ 01  Execut ion st opped. 
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