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ABSTRACf 

The Laugarvatn field is one of many low·temperature geothennal fields in the Southern 
Lowlands of Iceland. The study of the chemistry of the water has been used to suggest 
movement, processes affecting geothennal water during its up-flow and also possible 
recharge areas using isotope data (6D and 6"0) and eVB ratios. Silica and cation 
geothermometers are applied to predict possible subsurface temperatures using analytical 
data, and equilibriwn calculations with the chemical speciation programme W ArCH. The 
reliability of the geothermometers is checked by studying the equilibriwn state of the 
thermal waters by means of saturation index. log QIK diagrams, Na-K-Mg triangular 
diagram and by applying both silica-enthalpy and enthalpy-chloride mixing models. In the 
end, the JX)S5ible temperatures are predicted after taking into consideration the equilibriwn 
state of the thermal waters. 

The geochemistry of the thennal water and cold groundwater in the Laugarvatn area sbows 
that the use of geothennometry is dependent on many physico--chemical parameters, 
suggesting subsurface temperatures in the range of 120~180°C, and probably different 
S<lUla:5 of water in the eastern and western parts of the area. In fact, physical processes like 
conductive cooling, mixing with cold water and boiling during up~f1ow may affect water
rock equilibria and this can result in wueliable temperature predictions. So, it is necessary 
to apply different methods and geothennometers for the studies of the equilibriwn state, to 
understand which processes occur in the area. 

1. INTRODUCfION 

The Laugarvatn region is in the upper part of Amessysla in the Southern Lowlands of Iceland, about 60 km 
east of Reykjavik. It lies in Quaternary volcanic fonnations, in the vicinity of a group of basaltic volcanoes. 
The area is located just east of the southwestern active volcanic zone and is within the Southern Lowlands 
hydrothermal area which is one of the two largest low~temperature areas in Iceland, covering some 700 km2. 

Thermal springs with hot water ranging from 40°C to boiling and with a large flow rate, are abundant in the 
area. The subsurface temperature indicated by geothennometry is around 140°C at Laugarvatn. Present use 
of geotbermaJ water in the area is mainly for district heating. 
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Geocbc:mistry has been used quite extensively since the seventies as a tool for the exploration of geotbermaJ 
resow-ces and for the subsequent development and exploitation of these resources. The thermal fluids are 
charac:u:rized by their chemical composition, which is to a large extent eaused by the interactioo of the fluid 
with the host rock. The application of suitable chemical methods to the interpretation of thermal fluid 
compositioo will give a better lIIXbstanding of the origin of the fluid and the processes that take place during 
its transport. 

11>: gmcral purpose of this report is a geochcmicaI interpretation of chemical analysis of some thermal fluids 
\Were the location of the recharge areas and evaluation of the direction of subsurface fluid flow, prediction 
of subsurface temperature and evaluation of mixing and boiling processes will be carried out. 

2. GEOLOGICAL SETIING AND GEOTHERMAL ACTIVITY IN THE AREA 

2.1 Geological setting 

Iceland is situated on a constructive plate boundary, the North-Atlantic Ridge, which crosses the country 
southwest to northeast (Figure 1). The boundary is visible as an active volcanic zone characterized by 
numerous fissW"C swarms and volcanic systems, most containing central volcanoes. The volcanic zone is 
flanked by Quaternary rocks, characterized by sequences of sub-aerial lava flows intercalated by 
byaloclastites and monIinic horizons eorresponding to glacial eoDditions. Quaternary formations are flanked 
by Tertiary flood basalt (Saemundsson, 1978). 
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FIGURE I: The main geological features ofIceland 

The area of study is 
located on the eastern 
edge of the Reykjanes· 
Langjokull volcanic 
zone, i.e. the part tenned 
the Thingvcllir
Langjokull zone (TL. 
zone). As defmed, the 
TL-wne stretches from 
lake Thingvallavatn in 
the sooth to the northern 
boundaries of the 
Langjokull glacier 
(Arnorsson and 
Olafsson, 1986). 

The rocks are upper 
Quaternary, sub-glacial 
byalocIastites and piUow 
lavas, and inter-glacial 
basalt lavas. Minor 
outcrops of acid 
volcanics occur in the 
vicinity of the Geysir 
geothermal field. The 
geological formations 
become progressively 
younger towards the 
volcanic belt to the west 
(Figure 2). 
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FIGURE 2: Geological map of the Laugarvatn area (Jones, 1969) 
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The basalt lavas dip a few degrees towards northwest under the active volcanic belt. Towards east, where 
the rocks are oldest, the hyaloclastite Connations are, at least partly, reworked and tend to fonn sheets of 
variable thiclmess between the lavas. but in the western part of the area they form the mOWltains protruding 
above the plains. The area is extonsively faulted, the NNE-SSW striking faults being most common running 
approximately parallel to the volcanic belt. Younger fractures striking ENE-WSW and N-S are relatively 
common in the area (Gcorg.soo et al., 1988). In the southern part ofthc area recent N-S en echelon fractures 
occur on an E-W belt coinciding with a major transcurrcnt fault (Einarsson, 1989). Large earthquakes 
associated with movements OD this fault occur about every one hundred years. At several geothcnnal sites 
then: is exclusive evidence of movements of fractures in post-glacial times (Georgsson et al., 1988). There 
are also descriptions, recent and ancient, of changes in the flow and temperature of some hot springs in the 
area, that occurred after earthquakes. 

Drillhole data show that permeability decreases in general with the age of the flood basalt pile in Iceland 
(Sacmundsson and Fridleifsson, 1980). By inference from the results of Walker (1960) in Eastern Iceland 
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FIGURE 3: Geothermal map of the Southern Lowlands and the Borgarfjordur area 
(Amorsson and Olaf,son, 1986) 
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it is expected that the decreasing penneability with age is due to compaction and increasing abundance of 
secondary minerals filling pores and cracks. The rocks in the area are Upper Quaternary and would. 
therefore, be expected to have some primary permeability. The regional thermal gradient is high in the area 
from about 140"Cikm at the edge of the volcanic zone to about 60'CIkm 50 km to the east (palmason et al.; 
1979). 

2.2. Low-temperature geothermal activity in Iceland 

Low-temperature hydrothermal activity is widely distributed in the Tertiary and early Quaternary basalt 
formations in Iceland (Figure 3). However. some Tertiary areas, particularly Eastern Iceland, are almost 
devoid of any low-temperature activity. Surface manifestations are isolated springs and spring clusters with 
temperature ranging from just above the mean armual temperature to boiling. The temperatures are generally 
below 150°C in the uppennost 1000 m. Most of the springs are located on relatively low grO\Uld in valleys 
and lowlands by the coast Total flow from thennal springs is estimated to be 1800 Vs and that from springs 
and drillholes roughly 4600 Vs (Gudmundsson and Palmason, 1981). The flow rate from individual spring 
clusters and isolated springs is highly variable (upto 180 Vs). Distance between isolated springs may be 
several tens of kilometres. Generally there are no surface manifestations in the area in between. This 
scattered low-temperature activity is to be contrasted with the high-temperature hydrothenna1 activity in 
Iceland, which is concentrated and intense in relatively small areas of 1 to 100 km2 within the volcanic zone. 

The heat source for the geothermal systems in upper ArnessysJa., is considered to be magmatic. The magma 
is assumed to have originat.cd uncia the nearby Thingvellir-Langjokull volcanic zone. Diminishing dilatation 
in this zone, favours intrusion into the old crust flanking it as witnessed by volcanic edifices of Upper
Quaternary age resting unconfonnably upon considerably older volcanics. Chemical geothennometry 
indicates that subsurface temperature in the area may be as high as 200°C. The geothennal systems are 
considered to be convective. Convection is envisaged to be concentrated in tectonic fractures but downflow 
could occur additionally through pores of primary permeability. The high H,S content of the Laugarvatn bot 
springs is taken to indicate that magma is replenishing the heat source at present (Amorsson and Olafsson, 
1986). Hot springs are relatively abundant in the area. 

3_ ANALYTICAL DATA 

The present geochemical study is based on 20 samples from hot springs, cold springs and cold water from 
the area. Chemical composition of all the samples is shown in Table 1 and their locations in Figure 4. The 
composition of geothennal water depends on many factors. Temperature dependent reactions between host 
rock and water are one of the major ones. Leaching plays an important role when the amount of a particular 
constituent is too small to achieve equilibrium. However, processes of mixing, boiling and cooling usually 
have a pronounced. influence on the final composition of the geothermal waters. The first four samples are 
from the same hot spring (Laugarvatn), taken at different times to look at time dependent changes. Silica and 
chloride concentrations versus time are plotted for comparison in Figure 5 and Figure 6, respectively. The 
water from this hot spring shows variation in chemical composition with time, in general silica (SiO;). 
sulphate (SOJ and H,S decrease with time, whereas, the pH and the sodium (Na) increase. The concentration 
of dissolved solids in goothermal water in Iceland is highly variable. In these samples, the T.D.S. 
concentration is relatively low, it ranges from about 13 (cold water) to 415 ppm (Laugarvatn) (Table 1). 
Sulphate tends to be the dominant anion in nearly all the samples, followed by chloride. In dilute water 
chloride is the dominant anion. Sodium is the most abundant cation. pH ranges from about 7.8 (sample No. 
7) to 9.62 (sample No. 12). The Al concentration was determined only in 3 samples (No. 4, 17 and 21) and 
the iron (Fe) concentration only in sample No. 17. Samples 17, 20 and 6, 13 respectively are of similar 
chemical composition, except for the 6D and 6180 isotope ratio in No. 6. H2S is relatively high in samples 
No. 1,3, and 9. 
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TABLE 1: Chemical composition ofthennal and cold waters from the Laugarvatn area (cone. in ppm) 
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FIGURE 4: The Laugarvatn area and sampling sites 
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FIGURE 5: Changes in silica concentration at Laugarvatn with time 
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4. METHODS 

4.1 The computer programme WATCH 

The aim of the compula'programme WATCH (Amorssonet al, 1982; Bjarnason, 1994) is to serve as a tool 
for interpreting the composition of geothcrmal fluids. This is done by calculating their chemical spcciation, 
for different geothennometer temperatures and is also applicable to other chemical problems. The input to 
the prograrrune is from a component analysis of each phase (liquid, gas, steam) of the geothennal water at 
the surface, including the water pH and the temperature at which it was measured, and the reference 
temperature at which the composition is to he calculated. The concentrations of all the species (67 and H' 
and OH', which are treated separately) oonsidered in the programme are expressed in terms of the component 
concentrations by mass balance equations. The two sets of equations are solved simultaneously by an 
iterative procedure. This procedure is carried out a few times during each run of the programme. An initial 
estimate of the ionic strength of the water is obtained using only the concentrations of the major cations. This 
value of the ionic strength is used to compute activity coefficients, at the temperanu-e of the pH measurement, 
using the extended Debye.Huckel fonnula. The chemical equilibria and mass balance equations are now 
solved simultaneously at this temperature to yield a distribution of the species. From the new distribution 
of the species, a proper ionic strength is computed. This ionic strength is used to recompute the activity 
coefficients and species concentrations still at the temperature of the pH measurement. 

The pH·calculation, the calculation of the activity coefficients, the mass balance iteration, and the ionic 
strength calculation are all, in turn. carried out a couple of times. The equilibrium gas pressures are then 
computed from the final equilibrium species concentrations. Reference temperature can be chosen in several 
ways, i.e. as the measured temperature of the well or the spring, or a chalcedony, quartz. or sodium • 
potassium chemical geothennometer value, or in fact by any arbitrary value. The geothermometer 
taupuatures are calculated from the activities of the chemical species. This means that the pH and speciation 
calculations must be repeated each time the geothennometer temperature is updated. This is iterated Wltil 
the temperature is consistent to within 0.01 °C. 

The output from the progrannne.lists the component and species concentrations at the reference temperature, 
as well as the activity coefficients. Ionic balance, geothennometer lemperatw"es, partial pressures of gases, 
and redox potemiaIs are also calculated. Finally, the ion activity products (log Q) and solubility products (log 
K) of selected minerals (29 geothennal minerals) are computed. From these, the corresponding saturation 
indices (log QIK) can he obtained. 

The WATCH programme can also he used to compute the resulting activity coefficients for each species and 
activity and solubility products when the equilibrated water is allowed to cool conductively or by adiabatic 
boiling from the reference temperature to some lower temperature. 

4.2 Characterization of the water according to origin and type 

4.2.1 Stable isotope composition 

When waI£< evaporates from the ocean uncia equilibrium conditions, the vapour should he depleted by about 
80%0 in deuterium reported as 6D and oxygen-I 8 9%0 reported as 6"0 (Craig 1961) relative 10 the ocean 
water. However, this change is also controlled by geographical and time variations. The deuterium 
concentratioo. of the precipitation in Iceland varies significantly from onc place to another. This suggests the 
possibility of using deuterium as a natural tracer to estimate the recharge areas of groWldwater systems and 
to study their flow patterns. When a sample of groundwater discharging from either a cold or hot spring 
which has a deuteriwn value similar to the mean value of the local precipitation, this can indicate a local 
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origin for the groundwater (Amason, 1976). The use of the deuterium as a natural tracer in groundwater 
studies is based OIl the assumptioo that the groundwater is derived from precipitation and that the deuterium 
content of the water does not change in the ground. Furthermore, the method assumes that the deuterium 
value of precipitation has not chaoged significaotly during the time the water has remained on the ground. 
Also, Amason (1976) coocluded that 60.6 "0 relation obtained for hot and oold water in Iceland supports 
the <XIllention that the groundwater is almost entirely of meteoric origin. He also mentioned that the stable 
isotope <XIltmI of the precipitation has not chaoged greatly during the last 8000 years, so deuteriwn values 
of groundwater younger thao 8.000 years, should be oomparable to the values of the deuterium map of 
Iceland. Comparison of deuterium content of a deep ice core with ~ 110 content of a more recent ice core, 
indicates that precipitation deposited between 10.000 to 60.000 years ago was ·50 to ·100%0 lower than 
today. However. the results of deuterium measurements suggest that most groundwaters in Iceland are 
younger than 8.000 years. 

4.2.2 OIB ratio 

The sources of Cl and the B in geothermal water.; arc 1) seawater spray/aerosols, 2) scawater that has 
infiltrated the bedrock and 3) the rock being altered by the water.;. Rock dissolution which seems to be 
stoichiometric with respect to Cl and B causes lowering of aqueous ratios since the CVB ratio in Icelandic 
basalts lies in the range 50-150 but that of seawater spray is the same as the ClIB ratio of seawater or 4350 
(Amorsson et al., 1989). Thus, a study 00 this ratio cao yield valuable infonnation on the origin of the water. 

4.2.3 aSO,·HeO, triangular diagram 

Cl is the most common anion in seawater and sea spray but also originates from dissolution of rock.. Once 
in solutioo it does not take part in water-rock reactioos. Sulphate comes to smaller extent from sea wat<r and 
a large cooccntration is usually derived from sulphide in volcanic (magmatic) steam. It is less stable thao Cl 
and will take part in reactions and steam heated water often tend 10 be quite acid. Carbonate is often found 
at the periphery of high-temperature systems, where there is an excess of it. often from a magmatic source. 
In cool water carbonate may also originate from biological sources. It is also reactive. Thus relatively high 
concentrations of sulphate and carbonate often reflect reactive waters whose equilibria with alteration 
minerals may be disturbed and therefore the basis for geothennometry is shaky. This type of diagram, Cl· 
SO,.HCO, (Giggenbach, 1991) is therefore often used to weed out waters that arc not suitable for 
gc:othc:rmanetIy. In sane ageing roagmatK; systems equilihriwn with alteration minerals may be established 
even though there is an excess of sulphate (and suJphide) in the water. In such cases the waters will not be 
acid. 

The CI·SO,-HCO, triangular diagram is based on the relative concentrations of the three major anions (Cl, 
SO. HCO,). The position of a data point in such a diagram is simply obtained by first forming the sums of 
the concentrations Ci in (mgikg) of all the three constituents involved: 

(I) 

and then working out the percentage ooncentrations for each of the three oonstituents. 

4.3 <;eothermometry 

4.3.1 General 

The detenninatioo of the subsurface equilibrium temperature of the geothennal fluid, is one of the important 
aims of geothermal investigations. Both quantitative and qualitative techniques are used to predict the 
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temperature. The quantitative techniques currently available require chemical analyses of thermal waters 
from springs an:! wcUs. In oouIi a>1, qualitative techniques may be used to look for anomalous C()Il()CIltrations 
of various "indicator" elements in a large variety ofbosts, including soil, soil gases, fumaroles, bot and cold 
springs, and steam. 

Most qualitative geothennometers are based on the distribution and relative concentration of volatile elements 
in waters and soils or variation in soil-gas composition. Anomalously high concentrations of volatile 
elements may accumulate above or around relatively shallow beat sources especially if subsurface boiling 
0CQJl'S. White (1970) reviewed !be qualitative geothennometen that had been suggested up to then. Tooani 
(1970) suggested that enriclunent ofB, NH, HCO" Hg and H,S in water might result from boiling at depth: 
High concentrations of volatile componmts often accumulate above or around a shallow heat source. An 
increase of H2S concentration in water may be an indication of a higher temperatw"c at depth than at the 
surface. Decreasing and very low concentration of Mg is an indicator of thermal water. 

Tbe q=llitative geothennometen can be divided into two groups, chemical and isotopie gc:othcnnornetm. 
Tbe latter group is mostly used for high-temperature waters. Chemical geothennomcten; are sustained by 
!be evidenoe of chcmical equilibria between deep solutions and types of mineral phases respectively, the silica 
minerals and alkali feldspars. 

Various chemical geothcrmometers have been developed to predict reservoir temperatures in geothermal 
systems, silica geothennometers (e.g. Fournic.- an:! Rowe, 1966; ArnoBson 1975; Foumier and Potter, 1982; 
Amorsson et al., 1983; ArnoBson, 1985), Na-K geothermometers (e.g. Fournier, 1979; Amorsson et al. 
1983b; Arnorsson, 1985; Giggenbach et aI., 1983;), Na-K-Ca geothermometers (Fournier and Truesdell, 
1973; Arna'sson, 1985). Tbese geothermomcler1; are all based on the assumption that specific temperature 
dependent mioeral solute equilibria are attained in !be geotbennal reservoir. When applied to the same Ouids, 
the various geothermometers frequently yield appreciably different values for reservoir temperatures. This 
may be due to lack of equilibrium between the respective species and hydrothermal minerals or due to 
reactions or mixing with cold water during the up-flow, both of which modify the hot water composition. It 
is clearly desirable to have an approach that maximizes the use of the available analytical data on the water 
and allows the validity of the assumptions of specific solution/mineral equilibria to be tested. 

4.3.2 The silica geothermometers 

The silica geothermometers used at present to predict subsurface temperature of reservoirs, are based on 
experimentally determined solubilities of chalcedony and quartz. Generally speaking, the quartz 
geothermometer is applied to high-temperature reservoirs but the ehalcedony geothennometer to 
low-temperature reservoirs. In Iceland, rocks are young, but the cbalcedony geothennometer temperature is 
generally thought to apply up to 180"C and the quartz geothennometer at higher temperatures. Where older 
rocks prevail, quartz equilibrium seems to be attained at lower temperatures, in some cases down to 90-
lOOOC or even lower. An important fact to be considered when applying the silica geothennometer, is that 
equilibriwn between mineral and solution involves only the unionized silica in the solution. Since 1960 
several famulae for the estimation of deep temperatures, based on concentrations of silica in thermal water, 
have been presented.. These formulae give more or less the same temperature results, the only difference 
being that !be quartz geo!bemlOlnctor yields higher temperatures than the chalcedony gcothermometer for the 
same concentration of silica due to their different equilibration solubilities. Foumicr (1977) presented. the 
chalcedony geothermometer as the silica concentration, C, is in mglkg: 

tOC • 1032 _ 273.15 
4.69 - logC 

(2) 
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The expression for the quartz geotbennom_ at !he eondition of no steam loss presented by Foumier and 
Potter (1982) is: 

(3) 

where «=42.198; ~ = 0.28831; Y = 3.6686 x IO~; ~ = 3.1665 x 10" ; E = 77.034. 

4.3.3 Cation geothermometers 

The Na-K geothennometer is based on ion exchange reactions whose equilibriwn constants are temperature 
dependent. An example is !he exchange ofNa· and K·between coexisting alkali feldspars : 

NaAIS;,O, + Ko. '" KAlSi,O. + Na· 

The equilibrium constant, Keq, for Equation 4 is: 

[KAISI,O.l [Na1 
Keq • -"-_-'---"--"_oC. 

[NaAISI,O.l [K1 

(4) 

(5) 

If the activities of the solid reactants are assumed to be in unity and the activities of the dissolved species are 
about equal to their molal concentrations, Equation 5 reduces to: 

Keq· [Ha 1 
[K1 

(6) 

Several empirical Na/K geothermometers suggested by various authors, have been presented, but there is a 
large discrepancy betweeo temperatures, resulting from the different equations at low·temperature. The 
foUowing foonulae presented by Arnocssonet al. (1983) and Giggenbach (1988), are used in this report (!he 
concentrations orNa and K are in mglkg): 

Na/K temperature by Amorsson et al. (1983), valid in !he range of 25·250·C: 

933 t·C • -..,..,-=:..,...--,- - 273.15 
0.993 + Iog(NalK) 

Na/K temperature by Giggenbach (1988) 

1390 
t·C • --=~- -273.15 

1.750 + Iog(Na/K) 

(7) 

(8) 

The Na-K-Ca geothermometer (Foumier and Truesdell, 1973) takes account of reactions involving 
exchange ofNa';', K+, and Ca2+ with mineral solid solutions. This mi.nimizes but does not eliminate effects 
of disregarding !he activity coefficients of solids. The geothennometer is entirely empirical and assumes one 
type of base exchange reaction at temperatures above about 100°C (concentrations are in mglkg): 

t"C • 1647 - 273.15 

Iog(NalK) + POofll./CalNa) + 2.06) + 2.47 
(9) 
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where P - 413 for t < 100°C; and P = 113 for t > 100°C. 

The No-K-Mg triangular diagram. Gigg<nbach (1988) suggested that a triangular diagram with NallOoo, 
Klloo, and Mg at the apices could be used to classify water> a<:conIing to their stale of equilibrium at givcn 
temperatures. He adopted the NaIK and slightly modified K/Mg geothennometer equations given by 
Giggenbaeh et al. (1983). The full equilibrium curve is for reservoir water composition corrected for loss 
of steam owing to dccomprcssional boiling. Uncorrected boiled water will plot slightly above the full 
equilibrium line. This overcomes some of the disadvantages of the direct use of Na-K and Na-K-Ca 
geoth:nnomcters where C.g. mixing with an immature water or incomplete equilibration interferes with their 
use but the magnesium concentration (low in equilibrated geothermal waters) can help in weeding out 
IDISUitable samples. The magnesium correction suggested by Fournier and Potter, (1979) has the same aim 
but is more cumbersome and less successful. 

The use of the triangular diagram is based on the temperature dependence of the tluee rcaetions: 

albite+Na+ '" K -/ eld'par.X+ (10) 

O.Smu.rcovlie -+ O.2clinochlore i- S.4.rUica ... lNa· '" 2 albite ... O.8X -feldlpllr+ 1.6water ... Ug 2·(11) 

O.S",Il.rcovite '" O.2clinochlore ... S.4.rilica ... 2K· '" 2 a/bite ... 2.8K -fdd.rpar ... 1.6 water ... Ug 2· (12) 

They involve minerals of the full equilibrium assembling after isochemical re-crystalization of an average 
austal roclc under conditions of geothermal interest. Na, K and Mg concentrations of water> in equilibrium 
with this assemblage are accessible to rigorous evaluation. The coordinates of a point on the diagram are 
calculated by 

%-Na • C"N./lOS 

%-K ' C IS r 

4.3.4 Mineral equilibrium geothermometry 

(13) 

(14) 

(15) 

(16) 

Reed and Spyeber (1984) have proposed that the best estimate of reservoir temperature can be attained by 
considering simultaneously. the state of equilibrium between a specific water and many hydrothennal 
minerals as a fi.mction of temperature. Equilibriwn constants are both temperature and pressure dependent. 
However, pressure in the range occurring in geothcrmal systems (0-200 bar) has a very limited effect. On 
the other hand equilibrium _IS fa- mineral dissolution ofieu vary strongly with temperature. Therefore, 
if a group of minerals converges to equilibriwn at a particular temperature. this temperature corresponds to 
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the most likely =voir tanpetature, er alleast the tcmpcrature of the source aquifer, for the particular water 
considered Reed and Spycher ( 1984) coosider their procedure capable of distinguishing between equilibrated 
geothennai waters and waters that have departed from equilibrium due to boiling or mixing with shallow 
colder waters. 

For the dissolution of a mineral, ID, the activity quotient, Q_ can be written 

I a"~ 

Q.' II~ (17) 
a. 

Where Q/..., is the activity and v i,1ft is the stoichiometric coefficient of species in the mineral m, written with 
the minenI 00 the left band side of the reaction equation, and the aqueous components on the right hand side, 
the activity of mineral m, a. being equal to one for pure minerals. The free energy, IJ.G, of any cbeotical 
reaction including mineral dissolution is given by 

IJ.G = +IJ.G · + R11nQ . ." . (18) 

and the stoichiometric coefficients "'.-,... are positive for those species that appear on the right and negative for 
those on the left side of the equilibrium expression. 

At equilibrium IJ.G = O. The relationship between the standard partial molal free energy of reaction, IJ.Go~ 
and the equilibrium constant, K"" is 

~G:" inK • • RT 
(19) 

Therefore, Q. = K. , and log (Q. IK.) = 0, at equilibrium. In a plot of log (Q.lK.) vs. temperature, the 
values for all minerals that are in contact with the solution will converge to a value of 0 at the same 
temperature. 

When geotbermal fluids at equilibrium with hydrothermal minerals mix with solutions of different 
composition, the equilibrium is disturbed causing. a) a shift in the position in which the minerals are 
apparently at equilibrium to a lower log (Q.lK,J values if the solutions that mix with the geotbenual fluid 
are very dilute; or b) a complete lack of any identifiable equilibrium temperature if the solution mixing with 
the geothcnnal fluid contains solutes in proportions very different from the geothermal water. Furthermore 
there will be a dispersion of the log (Q.lK,J plots, if the geothcrmal fluid has boiled before it is sampled, 
since the formatioo of the vapour and the loss of gases will lead to, a) a simple concentration of none-volatile 
components in the residual aqueous solution which would tend to give positive log (Q.lK,J values; and b) 
a change in the gas content of the aqueous solution and a simultaneous increase in pH, both of which tend 
to cause supersaturation of «rtain minenI phases (e.g calcite and pyrite). These factors will lead to complex 
changes in the various apparent equilibrium mineral/solution tempcratme. 

4.3.5 Mixing models 

The gcothermal water may cool during up-flow from the reservoirs before it emerges at the surface in hot 
springs. h may cool by conduction, boiling c< mixing with sballow cold water, or by any combination of these 
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three processes. Therefore, the chemical composition of the thennal waters may be changed. Water formed. 
by mixing of geothennal water and cold ground water has characteristics which serve to distinguish it from 
unmixed watfr (Amorsson, 1985). Unmixed geothermal waters have a characteristic chemical composition 
which is contro1led by equilibrilUl1 conditions betwecl certain dissolved constituents of the water and minerals 
in the rock. However, the kinetics of the leaching processes control the changes in composition of cold 
groundwater or surface water. The chemical composition of the mixed water may be used for temperature 
estimatioo by applying mixing models (Foumier, 1977). Mixing models should never he applied unless there 
is independent evidence for mixing. Some indications of mixing are as follows: 

1. Variations in chloride content of boiling springs too great to be explained by steam loss; 
2. Variatioos in ratios of conservative elements, such as B/C!; 
3. Variation in oxygen and hydrogen isotopes; 
4. Cool springs with large flow rate and much higher geotbermometer temperatures (greater than 50°C) 

than measured temperatures; 
5. Systematic variations of spring compositions and measured temperatures, generally the colder water 

will be more dilute than the hotter water. 
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FIGURE 7: The silica-enthalpy graph illustrating 

calculation of silica mixing mooel temperature 

The silica-enthalpy mixing model (Foumier. 
1977). In order to determine the temperature of 
the hot water component the dissolved silica 
concentration of mixed water and a silica-enthalpy 
diagram may he used (Figure 7). A straight line 
drawn from a point representing the non-thermal 
component of the mixed water (point A) through 
point B representing wann mixed-water, to the 
intersection with the quartz solubility cwve gives 
the initial silica concentration and the enthalpy of 
the hot water component (point C). This 
procedure asswncs that any steam that formed 
adiabatically (as the hot-water component moved 
up to a more shallow environment) did not 
separate from the residual liquid water before 
mixing with the cold-water component. D 
represents thc boiling point, to account for 
separation by boiling. A line is horizontally 
extended from D, the point at which the line A-B 
intersects the curve representing the boiling point 
cnthalpy at atmospheric pressure, until it intersects 
the curve representing the Si02 concentration after 
maximum steam loss at point E which represents 
the original entbalpy of the geothermal component 
The concentration of silica may be read directly 
from the graph as well as the predicted 
temperature using entbalpy and steam tables. 

The enthalpy-cbloride mixing mndel (Foumier, 1977) has been used to prerlict underground temperatures, 
salinities, boiling, and mixing relations. Referring to Figure 8, waters that result from the mixing of a low
enthalpy (Iow-temperature) water, such as G, with high-enthalpy waters such as P, B, or C, lie along lines 
radial to G. For example. waters M. N, and R could result from the mixing of waters G and P in different 
proportions. Similarly, waters D and L could result from the mixing of G and C in different proportions. The 
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points B, C, and E can be related to P by 
boiling along curve 1. Point K can be 
related to N by boiling along curve 3. 
The water represented by the point L is 

137 
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well below boiling after mixing; the (,!) \. 

water represented by D has a:::; 500 .£,!~"~ 4 
'0 ••••• 

temperature well above 100°C after ~ "0". 

mixing, and water-rock chemical re- • 400 ••••••• " p 
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owing to the higher temperature. Point ~ 300 \. ' 'YJ"'--B 090/(/11' 

A is drawn to illustrate that a deep ~ \ N ",. ..... A ..... :.e, c G' 
no_' P be I ted ~ . _\.u ,....e: .... ,.... _ ....... _ .... C'~ ..... 
............ wata, ,can rea toawaterz 200 ~\.\ .... \~ .... ~"'~""D ,c:c.. ... _ . . I'''- . ;O-''t> 
such as A by various mechanisms such loJ ~../ ..... . (0 ... _ -. .... "'" I ..... / 

I!f" .. /' __ ",..-::.. . ..J ' . ' .<? I .......... 
as: 1) water P can frrstboil to produce 100 ···R:; .... ·;. ..... ·;::.-- --O---O----'o--r----·.'O · .· 
water B, and then B can mix with G to ,,0 .... 0"- - K J HoE 

G ... k:'" - - L F give A; 2) water P can fllSt mix with G 0 !"-________________ J 

to give water M. and M can then boil to 0 CHLORI DE -.. 
produce A, or it can cool directly to A . . .. 
by conductive cooling. FIGURE 8: The enthalpy-chlonde graph dlustratmg ealculaboo 

of enthalpy-chloride mixing model temperature 

The silica-carbonate mixing model. Amorsson et al. (1983) found that the concentrations of carbon 
dioxide in waten in geothennal reservoirs were only depmdent 00 temperature. They eoncluded that this was 
the result of overall solute/mineral equilibration in these reservoirs. At temperatures above about 200Q C. 
most of the dissolved total carbonate is in the form of carbon dioxide, so it is a satisfactory approximation 
to take anaIyzOO carbooat< to iepiCSa< caJbon dioxide- It is well known that siliea levels in high-temperature 
waters are determined by quartz solubility. It follows, therefore, that it is a satisfactory approximation to 
assume a fixed relation between silica and total carbonate in high-temperature geothermal reservoir waters. 
Boiling of such waten will lead to a drastie reduction in its carbonate content but mixing without boiling will 
follow the silica/carbonate relationship. The silica-carbonate diagram may be used in two ways to aid 
geothcnnometry interpretation. First, it serves to distinguish boiled waters from conductively cooled waters 
and mixed waten whieh contain an undegassed (and therefore unboiled) hot water component, assuming that 
the boiling occurs between the points of last equilibrium with quartz and sampling. Second, if there are 
sufIiciart data 00 warm watas containing an unboiIed wata component, the diagram may be used to evaluate 
the te:mperature of the hot water component. The diagram is useful as a supplement to interpretation of the 
silica-enthalpy warm spring mixing model boenuse a choice often needs to be made as to whethec it should 
be aasumed that boiling oeeurs before mixing or not. Little steam formation sufficea to deplete the original 
bet wata almost quantitatively in tobd carbonate. If it has boiled, the points fall above the SiO,-CO, curve. 

If there is no boiling the model can be used for estimation of underground temperatures by model 
extrapolation of a line through the data points for mixed and undcgassed warm waters and determination of 
the point of int.cnection with tbc silica~ curve for equilibrated waters. From the silica concentration 
corresponding to this point, the temperature may be derived using the quartz geothennometer. 

s. INTERPRETATION OF THE RESULT 

5.1 Origin and type of water 

Stable isotope data: The low-te:mperature geothennal water in Iceland is of meteoric origin. This has boen 
eonfinned by deuterium isotope measurements (Amason, 1976). On the basis of drilIbole data on 
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permeability and temperature Bjomsson (1980) showed tha~ some of the low-temperature systems were 
convection systems. Bodvanson (1983) presented a conceptual model of the low-temperature fields. 
Acoording to his modcl the cin:ulating groundwater is beated in narrow fissures, which continuously migrate 
downwards during the beat mining process. Theorctical considerations of the heat process suggested by 
Bodvanson (1983) show that it explains the power of even the largest low-temperature areas in Iceland. In 
addition, these considerations show that the power of such low-temperature systems is controlled by the 
temperature conditions in the =st and in particular the local stress field Given the thermal conditions in 
the aust ofIceland it appean therefore that the regional tectooics and the resulting local stress field control 
the low-temperature activity. 

Amason (1976) mapped thedeutaimn cootenl ofrain water in Iceland and presented as 60 values. It varies 
between -50 and -I 00%0 and decreases with distance from the coast. The deuterium content of water from 
the Laugarvatn spring, (samples 1-4) and Sog Laugardalur (sample 6) suggest the same origin of water, 
because they have a similar 60 value. According to these 60 values, the recharge area of the water is 
probably somewhere in the mountainous area south of the Langjokull glacier. All these samples are located 
in 100 western part of the area. The liD values of samples 5. 9. 14, 18. and 19 are similar, with an average 
of -71.4%0 and they are located in theeastem part of the area. According to this, the likely recharge area for 
this thermal water should lie just south of the LangjokuIl glacier (Figure 3). 
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FIGURE 9: 60 (6'H) vs. 6"0 for the Laugarvatn waters 

The deuteriwn content of the 
geothennal systems in the 
Southern Lowlands is consistent 
with an origin in the interior 
highlands (Arnason, 1976) . 
Deep flow of groundwater from 
the recharge area driven by the 
general bydraulic gradient is 
assumed to feed the geothennal 
systems. Figure 9 shows that all 
the data points plot 

. approximately on the world 
meteoric line. 

CIIB ratios: On the basis of 
CUB ratios Amorsson et al. 
(1993) classified the Southern 
Lowlands of Iceland into three 
geographically distinct systems, 
the Hreppar, Biskupstungur 
including the Laugarvatn area, 
and Selfoss systems. Geothennal 
waters not containing a 
canpcileut of infiltrated seawater 
and with temperatures near and 

above IOO"C have generally reacted sufliciently with the rock to obtain a CUB ratio similar to that of basalt. 
In the Biskupstungur system the CUB ratios are in the range of 100-400, i.e. similar to, or somewhat higher 
than, such ratios in tholeiitic basalts. The CI/B ratios of samples 8 and 10 are similar and they may be 
associated with alkali basalts. Samples 1,2,9, and 19 range between 236-259, so they seem to be similar 
to such ratios in tholciitic basalts. The CIIB ratios of samples 11, 12 and 17 range between 300-400 and also 
fall in the same range of the tholeiitic hasalts. This means that the CUB ratios only suggest a slightly different 
origin of the thermal waters within the area. 
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The a ·SO.-BeO) triangular os " ,lG.05C2 TK Cl 
diagram: Figme 10 shows that 
most of the samples plot either in the 
volcanic or steam heated water 
regions (samples I, 2, 8, 9, 10, 17 
and 19), \\bich are sulphate, volcanic 
and steam heated waters and are ~\ MATURE 
gc:ncrally moollntered in the elevated # \~ATER$ 

.:.,."C" '., parts of a field. They are, however, Ji ~- , 
not ordinary steam heated waters, '. 
because their pH is quite high. The \, \, '% ,-

$"I " 19cf \ '""8: .-
sulphate is probably fonned by the J \, 6" ".: \ ' 
oxidatioo of the H,S during up-flow. "" ",<1 -,:,,~o4' ok~.:i 1: ' ,/.; 
ArrloBson and Olafssoo (1986) " . ,,~ ." 6' ~ , 
argued that this is an old \, 0 \ \ ~~<\ ... 
high-temperature system that is " " " " , e STEAMHE.t.TEDWATERS\, \, 
cooling down but is still receiving '" .'f--r-~~-"r-T~~-r-'h~~-.--"r'-· -r-~~-Y 0 

sulphide from a magmatic source. 504 ,ooHC03 
This is borne out by the fact that the 0 25 so 7S 

pH is quite high and therefore these FIGURE 10: The CI-SO,-HCO, diagram 
can not be regarded as ordinary for the Laugarvatn waters 
steam heated waters. Samples 5, 6, 13, 14 and 21, are located in the HeOl corner and represent cold 
groundwater. Samples 3, 18, and 20, are close to chloride and sulphate waters, but are still in bicarbonate 
water range which suggests some degree of mixing. Only one sample, 12, plots in the chloride side. 

S.2 Subsurface temperatures 

S.2.1 Solute geothermometers 

In this report chemical geothennometers are used on hot spring waters 10 predict subsurface temperatures. 
For various reasons different geothermometers may give different results. Table 2 shows the results for 
diff<=1t solute geothennometcrs. The quartz geothermometer gives about 25°C higher temperature for all 
the samples than the chalcedony geothermometer. For samples 1-4 there is a clear decrease in temperature 
with time for both the quartz and chalcedooy geothermometers. In fact, all the cooling seems to have taken 
place from 1986 to 1985. The highest temperatures are recorded for samples 17-19 (in the east part of the 
area). The silica geothennometatemperature ranges from 105 to 176°C and the chalcedony temperature roe 
from 75 to 144°C. There is a large difference between these results and those of Giggenbacb's (1988) 
geothermometer and Na-K geothennometer, or about 50°C, the tatter yielding higher results for all the 
samples (Amorsson et ai, 1983). The results for the Na-K (Amorsson et al. 1983) geotbermometer are 
similar 10 those for the chalcedony geothermometer, the difference being only a few degrees. All samples 
range _ 80, 148°C for Na-K (AmoBSOO et al., 1983) and 136-192°C for Na-K (Giggenbach, 1988). 
The highest temperatures are found in samples 17, 19. 

The Na-K-Ca (Foumier and TruesdeU, 1973) geotbermometer, using ~ - 113, yields reasonable results 
similar to those for the chalcedooy and Na-K geothermometers (AmoBSOD et al. 1983), in the range of 114-
155°C and the highest temperatures are found for samples 17-19. The chalcedony, Na,K (AmoBson et al. 
1983) and Na-K-Ca geothennometers give similar results and seem 10 be most suitable in this area. 
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TABLE 2: Results of different geothennometers for the Laugarvatn waters 

No. Sample T_ T, T .... TNoX T N-K-GIa TNaKC ... L T Nll1(c ... a 
no. ('Cl ('Cl ('Cl ('Cl ('Cl ('Cl ('Cl 

I 68-3244 99 166 142 133 182 107 148 
2 79-3002 99 154 129 140 187 110 151 
3 85-0237 97.5 142 116 134 182 107 148 
4 92-0357 99 144 118 124 174 102 142 
8 68-3246 44 106 76 121 172 101 140 
9 68-3245 99 142 115 11 5 175 103 143 
10 68-3235 86 134 106 124 173 102 141 
11 90-0131 43 108 79 80 137 79 114 
12 85-0184 93.5 123 94 104 158 93 130 
17 79-3003 97 168 145 148 193 114 156 
18 71-0117 88 176 154 140 187 110 15 1 
19 68-3234 99 157 132 141 187 11 0 151 
20 85-0238 84.6 154 129 117 169 99 138 

0$ M.10.0iS03 11( Na/1000 
The Na-K-Mg triangular diagram 

Reservoir temperature : 12()...140· C (Giggenbacb, 1988) is shown in 
Figure 11. The data points on Ibe 
diagram mainly fall in three groups: 
1) The cold groundwater samples (4, 
6, 14 aud 15) plot near Ibe Mg 
corner; 2) samples No. 1,3,9, 10, 
18, 19 and 20 are slightly below Ibe 
equilibrium curve of Arnorsson et al. 
( 19 8 3) and are partially or nearly 
equilibrated waters; this is probably 
due to mixing of the thermal water 
with a small amount of cold 
groWldwater of meteoric origin 
during its up-flow; 3) samples 2, 4, 

"Mg' 12 and 17 are located a little above 
the equilibrium curve and are 

FIGURE 11 : The Na-K-Mg diagram for Ibe Laugarvatn waters possibly to a small extent affected by 

adiabatic bo~ The Na-K-Mg triangular diagram yields reservoir temperature ranging between 120-140'C 
for all the geothennai samples. 

5.2.2 Log QIK diagrams (SI versus Temperature) 

Figure 12 is CODlJXlSCd of four graphs representing respectively samples 1, 2, 3, and 4 showing SI (saturation 
index) from 20-160°C for the Laugarvatn samples. It is the temperature at which the SI curves intersect the 
zero line that detennines the equilibrium temperature for each mineral. In the four graphs, there is no clear 
temperature-rock equilibrium reached between all Ibe minerals and Ibe Ibennal fluid, but in some cases two 
or three minerals attain equilibrium at the same temperature. There are basically two interpretations that can 
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be given to Figure 12a. If the fluid is in equilibriwn with chalcedony we get two intersections in the region 
120-135'C, i.e. chalcedony and talc. On the other hand if we asswne that the fluid is in equilihriwn with 
quartz we have two intmections at 160' C, i.e. quartz and calcite. In Figure 12d on the other hand there are 
several intersections in the region 80-100°C which could be interpreted as showing that subsurface 
tcmper.ItureS are not likely to be higher than the measured ones. Generally, the calcite, quartz and chalcedony 
reach satW'ation in equilibrium in the temperature range studied. The anhydride. chrysotile, fluorite and 
woUastonite are WIder-saturated while talc is always super-saturated at these temperatures. Similar results 
are ob!aired for Hjalmstadalaugar, Utey, Austurey, BocImodsstadir, and Efri Reykir (Figure 13 and \4). Most 
mincraIs intme<t in the rnnge 9O-130'C. The sample from Sydri Reykir clusters around 1l0'C (Figure 140). 
The interpretation of all these figures suggests some mixing of cold ground water with thennaI fluid during 
its up-flow. 
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5.2.3 Mixing models 
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Evidence of mUing: Mixing has been infemxl from more than one piece of evidence through the field. First, 
relatively low chloride and total dissolved sa1t concentrations in some samples have been recognized. Second, 
large flow rates in some of the springs and large differences between measured and geothermometer 
tanpaaturts in some cases. Third, Amor.;soo (1985) suggested a linear relatio. between Cl and most of the 
oonstituc:nts as an evidence of mixing which can be demonstrated by Figures 15, 16, 17, and 18 for samples 
from the Laugarvatn area. 
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for waters from some bot springs in the vicinity of Laugarvatn 

Silica-Enthalpy mixing model: Figure 19 shows a silica-enthalpy mixing model where mainly two groups 
of waters are represented. The line a, connects cold water samples 5, 6,13, 14, and 21 to samples II and 
12 and intersects at the chalcodony curve (Amorsson 1983) at the enthalpy value of about 620 kJ/kg which 
corresponds to 147°C reservoir temperature. The second line, h, connects 5, 6, 13, 14,21 , and 8 with 
samples 1-4 and intersects with the chalcedony curve at an enthalpy value of about 760 kJ/kg which 
corresponds to 180'C reservoir temperature which is higher than expected. So the silica temperature is 
mainly controlled by the chalcodony solubility as it falls in the range suggested by all the authors for silica 
solubility. The silica concentrations of samples 10, 17, 18, 19 and 20 are higher probably, due to boiling. 
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FIGURE 19: The silica.enthalpy mixing mood for the geothennal waters from the Laugarvatn area 
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FIGURE 20: The enthalpy chloride mixing mooel for the waters from 
the Laugarvatn area showing two different groups of waters 

Enthalpy-chloride mixing 
model for the Laugarvatn 
waters is shown in Figure 20. 
It shows clearly two groups of 
waters: 

Line a connects samples 5, 6, 
14,15, II and 9, with 10, 12, 
17,18,19 and 20, which are 
affected by oooling probably 
by two processes, boiling and 
mixing with cold water and 
possibly conductive cooling. 
All these samples arc located 
in the eastern part of the area. 

Line b, connects samples 5, 6, 
14, 15, and 8 with 1-4 in the 
west of the area, where the 
dominant process seems to be 
mixing with cold water rather 
than boiling. The enthalpy
chIorick mixing model gives a 
reservoir temperatw"e about 
144°C which is similar to the 
tanperatures given by the Na-
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K-Mg triangular diagram and the silica-enthalpy mixing model. 

In the west of the area cooling is probably due to mixing with cold groundwater rather than boiling, in the east 
the boiling process is ItICXO dominant than mixing with cold water. In the west the high difference in hydraulic 
pressure increases the possibility of mixing. 

6. CONCLUSIONS 

1. The reservoir temperature of geothennal water in the Laugarvatn area, seems to be reflected by the 
chalcedony solubility and is estimated to be in the range ofl20· 140'C. Deeper down (or in the past) 
the temperature is expected to be (or having been) higher, possibly as high as 180'C. 

2. The Laugarvatn hot spring has cooled with time. This can be seen from the decrease of calculated 
geothennometer tanperatures with time, and can also be coofirmed by Cl and SiO, calculations. At 
the same time the flow rate has increased suggesting mixing with cold water at shallow depths. 

3. The heat source is probably more powafuI in the eastern part of the area (Sydri Reykir, Efii Reykir) 
as geothennometer temperatures increase towards east. 

4. The 60 values ofthc thermal wata increase towards the volcanic zone. On the basis of the isotopic 
data two groups of waters can be suggested. The water in the western part of the Laugarvatn area 
(Laugarvatn, Sog, Ljesar) is of local origin, while in the east (Sydri Reykir, Efii Rcykir, 
Bodmodsstadir) the 6 D of the water is lower suggesting a source further inland. 
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