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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 ï 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 daciticïandesitic 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 250ï1000 years passing between 

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

erupted ï 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 1724ï1729 Mývatn Fires and the 

1975ï1984 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 1975ï1984 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 ï 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 ï 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 5ï8 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 WNWïESE 

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 ï 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 2ï3 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 800ï1000 m separated by basaltic lavas, underlain by a lava 

succession to 1100ï1400 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 ï according to production characteristics chemistry and 

isotopic composition ï 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, 800ï1000 kJ/kg, and a mass flow 

of 5ï50 kg/s.  Below 1000ï1300 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 Sudurhlēdar 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 250ï260 °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 170ï190 °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 reservoirôs 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 ï 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 1975ï1984. 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 ï 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 ï 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 ï 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 ï 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 




































































































































