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ABSTRACT 

Various physical and geological processes define the chemical properties of different 
geothermal fluids. Thermal waters ascending in geothennal systems may cool due to 
conduction of heat to the surrounding rocks~ mixing with cooler water; boiling; or by more 
than one of these factors or a combination of them. In the same way. the origin of 
groundwater can make a difference to the final chemical composition. In this study, 
attempts are made to understand the different processes taking place in the Arbaer low­
temperature geothennal field in the Southern Lowlands of Iceland, using all infonnation 
available on the chemistry of the thennal fluids produced from the field. Applying different 
geothennometry and mixing models, it is estimated that the reservoir temperature may be 
as high as 170°C. The geotherrnal fluids are believed to originate partly from local heat­
mining within the geothermal field and partly from SOW"CeS far inland. 

1. INTRODUCTION 

Arbaer is a small geothennal field in the Quaternary rocks of the Southern Lowlands of Iceland (Figure 1). 
The geothennal areas in Iceland are conventiooally divided into high-temperature and low-temperature areas. 
High-temperature areas typically reach more than 200°C at I km depth and they are only found within the 
active volcanic rifl zones (Flovenz and Sacrnundsson, 1991). According to this classification the Arbaer field 
is a low-temperanu-e area, with a maximum temperature of 140°C at 935 m depth in one of the wells. The 
average temperature gradient of the field is 168 °Clkm between 200 to 450 m where the temperature increases 
constantly from approximately 50°C at 200 m to 9rC at 450 m Between 450 to 935 rn, the gradient is only 
95°C/km (Flovenz et al., 1985). Several wells have been drilled in the area, but so far the drilling results 
have been rather disappointing. 

The object of the present study is to estimate the reservoir temperature and to study the possible physical 
processes controlling the chemistry of the geothennal fluids in the field. 
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2. GEOLOGY AND STRUCTURES CONTROLLING THE AQUIFERS 

Quau:mary regions oflccland are characterized by a continuous succession of hyaloclastite piles from glacial 
times aod interglacial lava flows (Saemundsson, 1979). In the Southern Lowlands the inter-glacial basalts 
dip a few degrees westnorthwest towards the volcanic bel~ and the dip increases a little eastward, i.e. as one 
moves intoolda fonnations. The area is extmsive1y faulted, NNE-SSW striking faults being most common, 
running _oximately parallel to the volcanic belt. Younger fractures striking ENE· WSW and N-S are also 
relativelycUlwXX1 in the area (Georgssou et al., 1988). In the southern part of the area recent N-S en ecbeloo 
fractures occur on an E-W belt coincidiog with a major transcurrent fault (Einarsson, 1989). Large 
earthquakes associated with movement on this fault occur about every hundred years or so. At several 
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geothermal sites in the 
Southern Lowlands there 
is conclusive evidence of 
movement of fractw"es in 
post· glacial times 
(Georgsson et al., 1988; 
Bjomsson et al., 1990). 
However, ID Plio­
Pleistocene strata the 
major aquifers tend to be 
horizontal and occur most 
commonly at the contacts 
of lithological units such 
as lavas and hyaloclastites 
(Fridleifsson, 1979). 
Flovenz and Saemundsson 
(1991), described the low­
temperature areas ID 

Iceland as fracture 
dontinated systems, which 
draw beat from the .onnal 
beat flow, by active and 
localized convection in 
near vertical fractures. 
Outside these fractured 
zones the bedrock is quite 
dense and heat transfer is 
dominated by conduction. 
A temperature log from 
well 4. located in the 
northern part of the Arbaer 
field, illustrates very 
clearly the process of heat­
otining (Figure 2). It is 
evident from Figure 2 that 
at a depth below 180 m, 

. the temperature of the 
bedrock is much lower 
than should be expected 
from the temperature 

FIGURE I : Location of the Arbaer low-temperature field (Torfason, 1987) gradient of the field. 
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3. GEOTHERMAL EXPLORATION AND DRILLING HISTORY 

Very little has been written about the Arbaer area, 
particularly. The following infonnation has been 
obtained from two reports from Orkustofuun - The 
National Energy Authority (Flovenz et al., 1985 
and 1990). 
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3.1 Surface manifestations and 
geological setting 

400 _ •..• _ •.. : ••.• _ .. - ~ -... _ .. -~. _ ...... -~ .. _. _ ... -~. _. _ .. __ . 
In March 1980, three warm springs were located. 
The first was in a marsh around wells 1 and 2 I 
(Figure I) with a measured temperature of34 °C at i 
3 m depth. The second was 500 m west of the first 
spring with a temperature of 38 °C, The third was 
located a few hundred meters northeast from the 
second, but disappeared after well 1 was drilled. 
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The geology in Amaer was investigated by eoo ------- -. 

Eiriksson in 1973, who reported that the bedrock 
belongs 10 what is called "Hreppamyndun", which 
is intercalated layers of lava flows and -e- 08- 02-\987 

hyaloclastites. They are tilted approximately 5- 1000 -f-,~~r-~"";-~--f-,--ri-'~--r~"'--+ 

10° to the northeast, and as dykes are most likely FIGURE 2: 
to be at a right angle to the lava layers, they are 
supposed to be tilted about 10° from vertical 

Temperanu-e profile ofwe1l4n at Arb8Cl' 

A few faults have been located in the northern bank of the river Olfusa which point directly to the wann 
springs close to wells 1 and 2. The faults are tilted to the east. but to which degree is not known. Some 
poorly visible fractures were also located in the southern bank of the river. The general trend for these 
fractures is northnortheast. towards the wann springs in Arbaer. 

3.2 Temperature measurements 

In August 1985, near surface temperanu-e measurements, were carried out at Arbaer, at the depth of 0.5 m 
with 5 m intervals. According to these, anomalies were detected at two sites; near wells 1 and 2 and 400 m 
west of them. Temperanu-e measurements performed in the shallow and deep wells indicate average 
temperature gradient of more than 140°CIkm (up to 168°Clkm). 

3.3 Magnetic measurements 

Low-temperature geothennal activity in Iceland is commonly associated with dykes or faults. Hence, 
magnetic mapping was done to locate dykes in vicinity of wells I and 2. The measurements were canied out 
along 16 lines, each 480 m loog, located at a right angle to the main dyke direction, The temperature anomaly 
around well I and 2 seems to be associated with a northeasterly !rending dyke, The dyke is probably tilted 
to the east, so wells to the west of the dyke do not intersect it. The magnetic measW'el11ents showed another 
dyke trending north, closer to well 7, They also indicated a depth of 5-1 0 m to the bedrock in the area. 
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3.4 Resistivity measurements 

In 1985, four head-oo resistivity Iines were measured Interpretation suggested a fracture close to the western 
bordc<ofthe field (well 7) with a northnortheasta direction. It is believed that this fracture feeds the warm 
springs in this area, but it is not connected to the dykes in the neighbourhood. Weak indication of another 
fracture was found 100 m west of well 2, but it could be related to a dyke. A weak indication of a fracture 
containing water, was observed close to well 1, but this signal may also relate to the casing or the hot water 
pipe from the well. 

3.5 Drilling history 

Resistivity as well as temperature measurements, reveal a considerable geothermal reservoir at Arbaer, but 
drilling results have been disappointing. So far twelve wells have been drilled in the area, four deep wells 
and eight shallow wells. Now, only two of these wells are used with a total free flow of 5 Vs and measured 
temperatures of 67 °C and 104 °C. These are wells 2 and 9, respectively. 

The first well was drilled in 1964 with a total depth of 463 m, but only 13.7 m of the uppennost part were 
cased. A considerable artlOlm.t of33 QC water was encountered in the upper most loose layers, but at a depth 
of 17 m there was an increase in the temperatwe to 36 °C followed by a slight increase in the temperature or 
the amount of flow down to the main aquifer at 451 m. At the end of drilling the discharge was estimated 
to be 5 lis of85 °e water. According to the owner, well 1 yielded 5 lis of92°e in December 1976. In the 
summer of 1985 the measw-cd discharge was 3 Vs of 82°C water. 

Well 2 was drilled in 1971 with a total depth of956 m. Two relatively small aquifers at 95 and 113 m and 
amajoc onc between 132-138 m with a complete loss of circulation, were recorded. All these aquifers were 
completely sealed of by concrete, down to 224 m. In addition some small aquifers were noticed at 463, 685, 
740 and 765 m. Before stimulation the discharge was 1.5 Vs of 9 4°C water. It is to be noticed that during 
the drilling, well I was constantly discharging about 4 lis. Stimulation did not increase the flow but increased 
the temperatw"e and it also showed a direct colUlcction between well 1 and well 2, most likely at a depth of 
315-400 and 425-465 m. 

To locate the third pneduetion well (well 7), four shallow wells were drilled, in addition to the soil temperature 
measurements and the magnetic resistivity surveys, mentioned above. Well 7 was drilled in the hope of 
hitting the low resistivity structure defined by the resistivity survey. It was drilled in December 1985 and 
January 1986 with a total depth of720 m. Small aquifers were observed at 47-50, 57-64 and at 104 m with 
a temperature of approximately 45 °e . A flow of 0.5-1 lis at 200 m, and 0.5 lis at 293 and at 525 m was 
recorded. The total free flow was less than 1IIs of about 45 °C. Shortly after that, in 1987, the recorded 
temperature was 52 °e . However, in August 1994, the water had cooled to 43.6°e and the flow decreased 
to 0.1 lis. 

Before drilling the fourth production well (well 9), well 8 was drilled in 1986 as an observation well. Finally 
well 9 was drilled in 1987 with a total depth of 500 m as a replacement for well 1, which is totally closed. 
An aquifer of 4 Vs at 19 m, another one less than 1 Vs at 200 m. and a bigger feed zone of 10-30 1/s, below 
400 m, were noticed during drilling. Temperature measurements after drilling but before casing showed 
downflow from the shallow aquifer at 19-23 m with 40°C bot water, to the middle aquifer at 123 m and an 
upOowof83°Cbot water from the deeper zone at 437 m to the same aquifer at 123 m. The well was cased 
down to 147 m but the cementing was unsuccessful so now water is leaking outside the casing, from the 19-
23 m aquifer, into the aquifer at 123 m and the water flow inside the casing from the deeper aquifer at 437 
m is cooled due to the outside downflow. So, the temperature of the water in the well decreased from 83 to 
72 °C on its way to the surface. Recent measurements, in August 1994, show an even lower temperature of 
66.7°C. It is worth mentioning that a free flow of 5 Vs was recorded just after drilling. 
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4. CHEMICAL CHARACfERISTICS OF GEOTHERMAL FLUIDS 

The composition ofthemtal fluids depends on many factors. The most important are temperature dependent 
reactions between host rock and fluid Leaching also plays an important role when the amount of a particular 
constituent is too small to achieve an equilibrium. At the same time, mixing. boiling and cooling have a 
recognizable influence on the fmal composition of thermal fluids. 

Chemical analyses of 15 samples from the Arbaer area are the data base for the present study. The chemical 
composition of all samples is listed in Table 1. Three of them represent cold surface water from Olfusa river 
and a cold spring at the foot of Ingolfsfjall and twelve represent geothermal wells of different depths taken 
through the last thirty years. 

A ftrst glance of the chemical composition points to dilution with respect to well depth. as total dissolved 
salts increase with depth. doon to the major feed zones. The low ms values also indicate the meteoric origin 
of thermal fluids in Arbaer. 

TABLE 1: Chemical analyses of thermal and cold waters from Arbaer (ppm) 

I ' 

Sulphate is the dominant anion in three of the samples from well 2 and the fIrst samples from wells 1 and 
7, but in all other samples carbonate (represented as CO2) is the dominant anion as well as in cold water 
samples. Sodium is the dominant cation in all samples. There seems to be a good relation between 
temperature ofthe:rmal fluids and the concentration of all cations and anions. Correlation is best with F. Cl, 
Na, K and Ca, and to a lesser degree with Mg, B, H,S, SO, and CO,. Silica, represented as SiO" shows a 
very good correlation with temperature, as it decreases with decreasing temperature. Also, 6 D and 6 180 in 
thennal water decreases with decreasing temperature. The hottest thermal water from well 2 has isotope 
values approaching the river values. All thermal waters possess a pH higher than 9. Also, pH tends to 
increase with decreasing temperature. Concentrations of different constituents tend to be in the Icelandic 
range for low-temperature areas. 

4.1 The SchoeUer diagram 

For a more careful study of the geothermal waters, the Schooller diagram has been used to examine how the 
samples correlate to each other, and to cold water in the field. Giggenbach's (1991) triangular diagrams were 
used to define both the equilibrium state of thermal fluids and the most dominant cation and anion. 
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TnJeS<!cll (l99I), suggesu:d using the ScboeIl,nliagram as an introduction to the water chemistry of the area 
and as an effective tool for showing mixing of different waters. The diagram compares the log concentrations 
of fluid constituents from a number of analyses, with constituents of each analysis connected with a line, and 
because logarithmic values are used, a wide range of concentrations can be shown. He also explained that 
the effect of mixing with dilute water (as well as gain or loss of steam) only displaces vertically the line 
representing an analysis, without changing its shape. 
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FIGURE 3: Schooller diagram for cold and thermal water in Arbaer 

Figure 3 shows a clear graduation from the hottest thermal fluid produced from well 2 (sample no. 8), to the 
coldest thermal fluid produced from well 4 north of the field (no. 12), approaching the river water 
composition more than the cold spring to the north of the field This is more or less true for most constituents 
except total carbonates, represented as COz. as well as calcium and magnesium. So, the Schoeller diagram 
suggests mixing between thennal water and more dilute water. This is probably the case of the regional 
groundwater coming from a far inland precipitation. Olfusa carries the same characteristics as the nmoff 
water coming from the nearby mountain. 

4.2 liD and lI 180 isotopes in thermal fluids 

When wota' evaporates from the ocean under equilibrimn conditions, the vapom should be depleted by about 
80%0 in deuterium and 9%0 in also relative to the ocean water. However, this is also controlled by 
geographical and time variations. The deuterium concentration of the precipitation in Iceland varies 
significantly from one place to another. This suggests the possibility of using deuterium as a natural tracer 
to estimate the recharge areas of groundwater systems and to study their flow patterns. When a sample of 
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groundwatec discharging from either a cold or a hot spring which has a deuterium value similar to the mean 
value of the local procipitatioo, this can indicate a local origin of the grOlU1dwater (Amason, 1976). The use 
of deuterium as a natural tracer in grOlUldwater studies is based on the assumption that the groundwater is 
derived from precipitation and that the deuterium content of the water does not change in the ground 
Furthamae, the mcthed assumes that the deuteriwn value of the precipitation has not changed significantly 
since the ~ fell as procipitatioo. Also, Amasoo (1976) concluded that deuterium -6 " 0 relations obtained 
from samples of hot and cold water in Iceland supports the opinion that the grmmdwater is almost entirely 
of meteoric origin. He also mentioned that the stable isotope cootent of the precipitation has not changed 
significantly thaing the last 8000 yean, so deuterium values of grmmdwat= YOlUlger than 8000 years should 
be comparable to the values of the present deuteriwn map oflceland. Comparison of deuterium content of 
a deep ice core with 6180 content of a more recent ice core, indicates that precipitation deposited between 
10.000 to 60.000 years ago was -50%0 to -100%0 lower in deuterium, than today. However, the deuterium 
measurements suggest that groundwaters in Iceland are younger than 8.000 years. 

In Art>acr, deuterium and 6 "0 of the hottest water indicate a far inland origin which is also very close to the 
values of the river water. All other samples have isotopic ratios closer to the values of local cold water, but 
slightly more negative. This suggests mixing with local cold water at shallow depths (Foumier, 1981; 
Arnorsson, 1985). 

4.3 Changes to the main feed zone with time and depth 

Two plots are used to evaluate cbcmical changes within the Arbaer geothermal field. Figure 4, indicates that 
most constituents in the water from well I have decreased with time. The sample dated 1994 is from well 
9, which was drilled as a replacement to well I, cutting the same feed zones at the same depth. Figure 5 
shows that the chemical constituents of the thermal waters increase with depth to the main aquifers of the 
wells. Well 4 to the north of the gaothermal field is closest to the local cold water recharge area and shows 
the lowest concentration of all chemical constituents. Figure 5 also shows that well 2 is affected by 
conductive cooling, as the well-head temperature is lower than expected from temperature logs for the well. 
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4.4 Triangular diagrams 

Two different triangular diagrams were made for the chemical data from Arbaer in order to look for 
correlation between various constituents. The first compares the most common anions, while the second 
compares the cations. 

The CI-SO,-RCO, diagram: This diagram was decrihed by Giggenbach (1991) for an initial "eyeball" 
assessment of correlations among sets of various constituents. The position of a data point in such a 
triangular plot is obtained by fIrst fonning the swn S of the concentrations C, (in mglkg) of the three 
constituents involved 

After that, the "o/ .. CI" and ''o/ .. RCO,'' are calculated. This diagram resembles the popular diagram proposed 
by Piper (1944) 50 years ago, for classification of natural waters. The present diagram provides an initial 
indicatioo of mixing relationships or geographic groupings, e.g. Cl waters forming a central core grading into 
HeO l waters towards the margins of a thennal area. Also. high 504 steam-heated waters are usually 
erx:ountered over the more elevated parts of a geothennal field. The degree of separation between data points 
for high chloride and bicarbonate waters already gives an idea of the relative degree of interaction of the CO2 

charged fluids at lower temperatures, and of the HeOl contents increasing with time and distance travelled 
underground. Figure 6 indicates that the hottest samples are sulphate waters, which with time become 
bicarbonate waters approaching the cold water from shallow feed zones. 
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FIGURE 6: The CI-SO,-RCO, diagram for the Arbaer waters 

The Na-K-Mg diagram: This diagram has been provided by Giggcnbach (1988). As in the other triangular 
diagram, the swn is calculated to evaluate "o/o-Natl and tlo/o-Mg", where Cj is in mg/kg: 

S = CN./IOOO+Cz/100+VCMg 
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The main advantage of this diagram is its ability to picture the position of a large nwnber of samples 
simultaneously permitting delineation of mixing trends and groupings. It separates well the position of waters 
resulting from the two end member processes, rock dissolution and equilibration. However, applying this 
diagram to the Arbaer data indicates that all samples are partially equilibrated waters, and all thennal and 
cold wata"s fall near tre Mg come.- indicating a reservoir temperature t,. between lOO-IS 0 0 C and t,., less than 
120°C (Figure 7). With time samples move a littJe up toward the line of fully equilibrated water suggested 
by Giggenbach, and a little away from the line suggested by Amorsson (1991) for fully equilibrated waters 
in Iceland. This shows that Giggenbach's line is more appropriate than Amorsson's line for the Arbaer 
geothennal area, as Arnorsson's line indicates boiling in all thermal water samples (all points are above the 
line) wbich is difficult to explain, based on the estimated subsurface temperatures and the expected pressure 
of the production depth. From the experience gained in Iceland, Annannsson (pets. corn.) suggested that 
Giggenbach's curve is more suitable for low-temperature waters than Arnorsson's curve. 

S. GEOTHERMOMETRY 

One of the major applications of geochemistry in the investigation of geothennal resources involves 
prediction of subsurface temperature using chemical geothennometers. It is useful to recognize two things. 
First, that in up-flow zones below hot springs or shallow drillholes, cooling of the water may occur by 
conduction. boiling andIor mixing with cooler water. Second, that temperatures in geothennal reservoirs are 
generally not homogeneous, but variable, both horizontally and vertically. So, chemical geothermometry can, 
at its best, be expected to reveal the temperature of the aquifer feeding the drillhole. Temperatures 
alCOUIltenxl in deep drillholes may be higher than those indicated by chemical geothermometry, particularly 
if they are fed by shallow aquifers (Amorsson, 1991). Silica geothermometers and cation geothermometers, 
as suggested by different authors, have been used to predict the possible subsurface temperatures for the 
Arbaer geothermal area. 
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5.1 Silica geothermometers 

The silica temperature is the equilibriwn temperature between quartz or chalcedony and the unionized silica 
in the thermal fluid. Experience shows that chalcedony temperature is more reliable in low.temperature 
waters than quartz. In Iceland, equilibrium is attained between dissolved silica and quartz at temperatures 
higher than 180°C and with chalcedony at temperatures below 180°C (Amorsson, 1975). 

However, both Q\Wtz and cltalcedony geothetmometers were used to estimate subsurface temperatures. The 
following equations were used; 

Quartz - no steam loss (Fournier, 1973) 

tOe = 1309 _ 273.15 
5.19 - logS 

(I) 

Quartz - maximum steam loss at 100°C (Foumier. 1973) 

tOe . 1522 _ 273.15 (2) 
5.75 -logS 

Chalcedony - no steam loss (Foumier, 1977) 

tOe = 1032 _ 273.15 (3) 
4.69 - logS 

Chalcedony - maximum steam loss at 100°C (Based on Fournier, 1977) 

tOe = \182 _ 273.15 
5.09 - logS 

(4) 

Chalcedony - no steam loss (Amo"son et al., 1983) 

tOe = 1 \12 _ 273.15 (5) 

4.91 - logS 

Chalcedony - maximum steam loss at 100°C (Amorsson et aI., 1983) 

tOe = 1264 _ 273.15 (6) 

5.31 - logS 

Calculations for all six silica geotbermometers are shown in Table 2. Considering that the downhole 
temperature measured in the deepest aquifer in well 2 is about 128°C, there seems to be good agreement with 
chalcedony geothennometers, indicating a temperature range of 127 to 133 °C. For the coldest wells, 
chalcedony indicates a subsurface temperature of 52 to 60 °C (Table 2). Tbe temperature range assumed bY 
chalcedony is largest for the hottest and lowest temperatures encountered within the field, which may suggest 
other processes than conductive cooling. affecting thermal fluids composition, such as mixing with cold water 
near the surface. Relating silica geothennometers to time, we can see that they reflect a decrease in 
temperature with time compared to the measured temperatw'eS. This means that the cooling observed may 
be due to mixing of hot and cold water. 
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TABLE 2: Results of silica geothermometer calculations for the Arbaer waters 

Sample no. pH/WC Enlha!py Si02 (ppm) t Oe (1) tOe (2) tOe (3) t"e (4) tOe (5) loe (6) meas, re .~no 
87~17 9,374 "'" 140,9 157,29 149,50 132,98 128,74 129,59 126,71 105 8 
68-3272 ...... 402 102 138,30 133,65 111,72 110,44 110,1 1 109,72 .. 1 
75-0083 9,67 os 134,35 130,32 107,34 106,64 106,08 106,17 2 
79-3010 9,51 360 83.7 127,49 124,52 99,78 100,04 99,10 100,01 86 3 
87-0018 '.692 341 72 119,63 117,84 91 ,17 92,49 91,12 92." 81 ,5 4 
94-0183 '.502 278 63.5 '13,30 112,44 ".29 86,42 84,73 87,25 66.7 1. 
85<>375 ' .833 180 98,76 136,50 132,13 109,72 108,70 108,27 108,10 43 5 
67-0014 9,721 76,72 122,91 120,63 94,75 OS." ".44 OS." • 
87-0016 9,n2 218 n.85 123,53 121,16 OS.44 96,24 OS.08 "." 52 7 

94-0184 '.843 182 74,9 121,66 119,57 93.39 ".44 93,18 ".n 43 .• H 
85<>37. '.893 126 53,19 104,72 105,06 75,01 78,20 76,08 79,51 30 10 

89-0004 9,541 104 32,5 82,74 85,97 51 ,57 57,19 54.09 59,65 24,8 11 

9()39.SA 25,21 14,5 51 ,77 58.54 19,31 27,72 23.49 31,53 • 13 

83-9110 7.on 14,5 13,92 50.35 57,26 17,85 26,37 22,10 30.23 3.4 18 

87-9013 7,974 10 14,41 51,56 58.34 19,09 27,51 23,28 31,33 2.4 9 

5.2 Cation geotherrnorneters 

Cation geotherrnometers are also widely used to estimate subsurface temperatures. They are based on ion 
exchange reactions with temperature dependent equilibriwn constants, Different empirical geotherrnorneters 
for the exchange of Na and K between the co-existing alkali feldspars have been proposed by different 
authors. but all of them lie between the albite-adularia and albite-microcline curves on a log (NaIK) versus 
temperature diagram. Comparing thermal waters from Arbaer with such curves indicates the use of 
Giggenbach's (I 988) or Fournier's (19790) Na/K geothennometer for well 2 and the fIrst sample from well 
I, but Amorsson's et al, (1983) Na/K geothennometer for all other samples. The following five NaIK 
geotherrnometers were calculated: 

Na-K (Truesdell. 1976) 

Na/K (Fournier. 1979a) 

Na/K (Tonani, 1980) 

Na/K (Arnorsson et al., 1983) 

_---=8-=-56=___ _ _ 273.158 
O.857+logNalK 

1217 
loe • --=-=-- -273.15 

1.483 +logNalK 

883 tOe· _ ---== __ - 273.15 
O.780+ logNalK 

933 tOe · -:-:-:-:-,=-::-= - 273.1 5 
O.993+logNalK 

(7) 

(8) 

(9) 

(10) 
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NaIK (Giggenbach, 1988) 

80 

1390 
t'e • - --=-=-- -273.15 

1.750 + IogNa/K 
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(Il) 

R<suIts of these cation geothennometerl; are shown in Table 3. There is little agreement between different 
geothennometerl and they suggest a wide range between 85 and 150' C for the hottest water (well 2), and 
even wider at lower temperatures like in well 4 to the north of the field, where they range between 35 and 
106' C. Although these results do not give much help, they still support the theory of mixing. Also, all NaIK 
geothermometers used, give a higher temperature for the third and fourth sample from well I, which is 
probably due to hot water contribution from well 2 through the connection between the two wells at about 
450 m depth as reported in the drilling report ofweU 2. 

TABLE 3: Results ofNa-K geothermometer calculations 

5.3 Solution-mineral equilibria 

Reed and Spycher (1984) have taken a somewhat different approach to geothennometry. Their approach 
involves the evaluation of the saturation state of a particular water composition with a large number of 
minerals as a function of temperature. If a group of minerals is close to equilibriwn at onc particular 
tanpcrature, the conclusioo is that the water has equilibrated with this group of minerals and the temperature 
represents the aquifer temperature. Mixed waters and waters which are not close to equilibrium with 
hydrothermal minerals, like surface waters, are characterized by lack of apparent equilibration for many 
minerals at a particular temperature. 

An aqueous speciation programme WATCH (Amorsson et al., 1982; Bjamason, 1994) has been used to 
coostructmineral equiJibria diagrams (Figures 8, 9, 10). These diagrams indicate that the thermal waters in 
Arbaer are not close to equilibrium with hydrothermal minerals. This again reflects that mixing of different 
waters plays an important role in the chemical composition of the thermal waters in the Arbaer geothennal 
field The figures also indicate an "old" equilibrium state for some of the minerals, represented by crossing 
of their Iines at log (QIK) less than zero. This suggests some degree of equilibrium, probably prior to mixing, 
in the deeper part of the gnothermal system and equilibration temperature as high as 170"C. This is also 
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reflected by !he most recent samples from !he field, sbowing higher degree of mixing, and indicating that 
mixing probably increased after drilling. This is particularly !he case where !he casings in !he wells are not 
efficient enough to prevent mixing of hot water with coldet water at shallow depth, as in wells 1 and 9. 
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FIGURE 9: Mineral equiIibria diagrams for well 7 Oabels, see Figure 8) 

Noticable chemical changes with time have a considerable effect on the equilibrium state between fluids and 
hydrothcnnal minerals. Figure 8 sbows mineral equi1ibria diagrams for three samples from well 1 from 1968, 
1979 and 1987, and ooe sample from wen 9 from 1994 which can be considered a continuation of well 1. 
These few samples indicate that curves for different minerals tend to move closer to the equilibrium line (log 
QIK - 0) with time. This is clearly demonstrated by the sample taken from wen 9 in 1994, where the curves 
for chrysotile, calcite and chalcedony converge at approximately 80°C. This can also be seen from well 7 
by the samples of 1987 and 1994 (Figure 9). 

Figure 10 shows mineral equilibria diagrams for wells 2, and 4 to the north of the field and for the shallow 
well 4 near to wen 7. Figures 8 to 10 indicate a subsurface temperature of 80 to 90°C and probably hotter 
water of 170-1S0°C deeper in the system. 

6. MIXINGEVALUATION 

6.1 Evidence for mixing 

In the previous chapters it has been pointed out on several occasions, that there is a strong evidence of mixing 
in the thamaJ waters at Arbaer. First, dilution was notiend with time for wen 1 and in the shanow fend wnes. 
Second, a disagreement between different NaIK geothermometers was observed. Third, on the Giggenbach 
Na-K-Mg triangular diagram, all samples fall in the mixed water area. Fourth, the mineral equilibria 
diagrams show no clear conversion to zero saturation index by any group of minerals at the same temperature. 
The final evidence for mixing, is a near linear relationship between most constituents and Cl as suggested by 
Amorsson (1985) as evidence for mixing in Icelandic geothamaJ fields. The Arbaer data clearly indicate this 
linear relationship between Cl and other chemical constituents, as shown in Figure 11 . Based on this 
evidence, it seems proper to use mixing models to estimate reservoir temperature in the Arbaer field, as well 
as to gain better understanding of the processes which may take place within the geothennal system. 
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6.2 Mixing models 

Two mixing models were applied, the silica-enthalpy mixing model by Truesdell and Fournier (1977) and 
the enthalpy-chloride mixing model of Foumier (1979b), 
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FIGURE Il: Linear relationships between Cl and some other constituents in the Arbaer waters 

SiIica-enthalpy mixing model: TruesdelI and Foumier (I 977) used a plot of dissolved silica vs. enthalpy 
of the liquid water to estimate 'the temperature of the hot water component of the mixed water. Enthalpy is 
used as a coordinate rather than temperature. This is because the combined heat contents of two waters at 
different temperatures are conserved when those waters are mixed (neglecting small heat of dilution effects), 
but the combined temperatw"es are not. 
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Figure 12 shows the results of the 
silica-enthalpy mixing model 
applied to the Arbaer data. The 
reservoir temperature is expected 
to be below 180°C. so 
chalcedony is expected to control 
the silica content of the thermal 
fluids. The chalcedony solubility 
curve used in Figure 12 is the 
curve proposed by Amorsson et 
al. (1983) for Icelandic thermal 
fluids. Two main mixing lines 
are proposed. The fIrst mixing 
line connects weU 2, well 7. 
shallow well 4 near well 7 and 
the cold water intersecting the 
chalcedony curve at an enthalpy 
of 700 kJ/kg (>160°C). The 
second mixing line connects well 
I, well 4 to the north and the cold 
water intersecting with the 
chalcedony curve at an entbaJpy 
of 440 kJ/kg (> 1l0°C). FIGURE 12: Silica-enthalpy mixing model for the Arbaer waters 

Chloride-enthalpy mixing model: 
Fournier (1979b) discussed the use of 
entbalpy-chloride diagrams in the 
prediction of underground conditions in 
hot spring systems. In many places all 
the hot-spring waters that reach the 
surface are mixed waters or have 
equilibrated. chemically at shallow or ...... 
intermediate reservoirs or quifers, SO a f 
consideration of the enthalpy and ~ 
chloride relations may overcome this ~ 

difficulty. ~ 

This diagram depends mainly on the fact 
that the range of chloride concentrations 
of hot springs appear to result mainly 
from different amounts of boiling, so 
this range in concentrations can give 
information about the mmunum 
temperature of the reservoir feeding the 
springs. 
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FIGURE 13: Chloride-enthalpy mixing model for Arbaer 

Figure 13 shows the enthalpy-cllloride mixing model for Arbaer data. The model indicates a hot end member 
with a minimum temperature of 170°C at deeper parts of the reservoir. Most data points fall between two 
mixing lines with two different end members. The first line represents mixing 9f either the cold local 
groundwater, representing the local precipitation, or the river water of Olfusa at Selfoss, which in the same 
time carries the characteristics of the far inland precipitation. The second line suggests a mixing between 
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waters from well I and a warm water component which probably has the same characteristics as the cold 
water but a higher enthalpy. 

The enthaJpy-chIoride mixing model indicates that thermal water can be found at different depths within the 
geotbennal field. These waters are probably mixed waters of different origins and different temperatures. 
The model also suggests, as does the silica...enthalpy mixing model, that deep down in the reservoir hot 
unmixed water might be present. The temperature of this water could be as high as 170°C, with silica 
content as high as 240 mgII and Cl content of about 60 mglI. 

7. CONCLUSIONS 

The main aim of this report was to predict subsurface temperatures of the Arbaer geothennal field in $­
Ireland and to gain some wxlcrstanding of the ebomical processes taking place within the geothermal system. 
The following are the main conclusions of the study: 

1. Generally, all chemical constituents in waters from the wells decrease with time. That applies to 
most of the wells, except well 2, where shallow feed zones are well cemented. 

2. Mixing is the main process controlling the chemical composition of thermal fluids at all depths. 
Geothermometers suggest a subsurface temperature of 160°C in the deeper part of the system. 
Mixing models suggest a subsurface temperature of 160-170°C. 

3. Thermal water is expected at different depths canying the characteristics of each particular depth. 
so thennal water temperature is varying depending on the depth. When thermal fluids ascend 
through natural up-flow zones or wells, they start to mix with fluids oflower temperature. 

4. Hydrogen and oxygen isotopes suggest a far inland meteoric origin for fluids from the deeper parts 
of the system, as in well 2. In the shallow feed zones, hydrogen and oxygen isotopes tend to 
approach local precipitation, represented by a kx:al cold spring. 

5. Arbacr has been described by Flovenz et aL (1990) as a localized circulation geothermal system, 
where cold water descends through yOlUlg fractures, heats up and rises as it mines the heat almost 
directly wxicr the geothennal system itself. This model requires some degree of homogeneity of the 
chcmical composition of water and temperature caused by a local convection. This homogeneity is 
not found in the entire depth interval of different wells, so the heat mining model can only be applied 
to the upper most 500 m, while Amason's (1976) description for groundwater systems can be 
applied to the deeper parts of the geothermal field. This theory is also confirmed by the drilling 
records from wellt, where no changes in temperature were noticed in the depth ioterval17-451 m, 
whcre the main hot zone was crossed. Temperature profile in well 4 to the north (Figure 2) shows 
evidence for the heat mining model in the upper part of the system. 
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