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ABSTRACT

The objective of this study is to compile all existing geochemical and isotopic data
of the waters in the Trollaskagi area, N-Iceland. The waters were classified,
reservoir temperatures evaluated, mixing processes studied and the origin and
movement of the waters determined. From the ternary plots, the waters can be
classified as cold groundwaters, volcanic waters and a combination of the two, with
the exception of Hrisey which plots close to mature waters. The plots also suggest
that all the waters originate from old systems. Most of the geothermal waters seem
to have equilibrated with respect to specific minerals. Subsurface temperature
prediction, using the chalcedony geothermometer with correction for dissociated
silicic acid, is in the range 42-103°C. The chalcedony mixing model shows that
the geothermal waters are not mixed and their subsurface temperatures range from
50 to 143°C. Both the binary plots and the Schoeller diagram suggest the absence
of mixing except for the Hrisey waters, which seem to have mixed with sea water.
Stable isotopes of 5'®0 and 5D have been used in the study area to trace and
determine the origin and movement of groundwater. The thermal waters in the
Trollaskagi area are more depleted than the local precipitation and in some cases
more depleted than any precipitation on Iceland today. The isotopic values of the
thermal waters found within the Trollaskagi peninsula suggest a different origin for
the different sites. It is possible to trace the origins of the thermal waters in
Siglufjérdur and Olafsfjordur to the mountainous areas south of the thermal sites
using isotopes, whereas the thermal waters in Dalvik and points further to the south
are more depleted than any precipitation on the Trollaskagi peninsula today.

1. INTRODUCTION

Iceland straddles the Mid-Atlantic Ridge, a divergent plate boundary between the European and
American plates evidenced in a zone of active rifting and volcanism. The rifting is followed by
continuous volcanic eruptions along the divergent plates where new crust, pre-dominantly of basaltic
composition, is formed as the older rocks in East and West Iceland move away from each other at a
rate of 2 cm/year.
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The active geothermal areas in
TROLLASKAGI Iceland (Figure 1) are distinguished
- w» | as low-temperature areas and high
) & temperature areas (Bodvarsson and
Palmason, 1961). More than 200
' volcanoes are located within the
Ny ], active volcanic zone running
) ” £ J » - through the country from the
e . L southwest to the northeast. In this
i *f_‘jg. R e : volcanic zone there are at least 20
S~ : . S high-temperature areas containing
S steam fields with underground
oo e o Ay 3. 4 o temperatures reaching  250°C
‘ 3 <0.8M. years within 1000 m depth. These areas
@ High-temperature area i, @ 0.8 - 3.3 M. years . . .
. Low-remprstieares s3-15myears | are directly linked to active
volcanic systems. About 250
separate  low-temperature areas
with temperatures not exceeding

FIGURE 1: The main geological features and locations of ~ 150°C in the uppermost 1000 m are

geothermal areas in Iceland; the study area in N-Iceland found, mostly in the areas flanking
is also shown the active zone.
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Geochemistry is extensively applied to all phases involved in geothermal exploration and
development. Management of geochemical studies of geothermal fluids requires an expert with
background knowledge in chemistry or geology. Geochemistry is also a major tool for monitoring
studies. During the exploration phase, the task of the geochemist is largely twofold:

e To estimate subsurface temperatures by using isotope and chemical geothermometers as well as
mixing models;
e To identify the source of the water, largely by using isotopic techniques.

The main objective of the present study is to compile all existing geochemical and isotopic data from
this area. More specifically the objectives are:

e To evaluate reservoir temperatures and equilibrium conditions using chalcedony
geothermometers and equilibrium calculations;

e To evaluate the effects of mixing processes;

o To interpret the stable isotopic composition of the natural waters; and

e To determine the origin and movement of the fluids.

2. GEOLOGICAL SETTING

The study area, usually called Trollaskagi, is a high mountainous peninsula between the fjords
Skagafjordur and Eyjafjordur and located in northern Iceland (Figure 2). Topographically the area is
characterized by glacial erosion, its most prominent feature being the Valley of Skagafjordur. The
mountains on either side of the Skagafjordur valley reach an elevation of 900-1300 m a.s.l. Glacially
eroded valleys extend from the main valley into the mountains on either side and into the interior
highland plateau north of Hofsjokull which is at an elevation of 700-900 m a.s.1.

The rocks within the study area are a monotonous pile of Tertiary quartz to olivine normative tholeiite
flood basalts which are compositionally rather similar to normal MORB. The lavas generally dip a
few degrees to the southwest (Saemundsson et al., 1980). The total thickness of the succession is ~7
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km with the oldest lavas 11-12 m.y. old (J6hannesson,
1991). Quaternary basalt lavas and hyaloclastites overlie the
Tertiary formations at the head of the Skagafjordur valley
system and in the interior highlands. The upper part of the
Tertiary flood basalts in the mountains on either side of the
Skagafjordur Valley is unaltered and free from vesicle
minerals.

...........

In outcrops down in the valley the basalts are also quite

fresh but partly vesicle filled. The vesicle minerals include = . . oo, FU0Y
chalcedony, calcite and small crystals of the low- R
temperature (<100°C) zeolites, chabazite, thomsonite and | . V4 o
stilbite. The sparse vesicle fillings and the small size of % -+ p: P o r o AR Sl
their crystals indicate that the exposed flood basalts in | & i . ° baroee: = w0 d
Skagafjordur have never been deeply buried (Walker, 1960; | /i &5 - T o ’
Neuhoff et al., 1999). The present flat tops of the mountains - R e
on the east side of the Skagafjordur Valley are considered to '

be close to the original lava plateau surface (Johannesson,

1991).

In the oldest exposed rocks in the area, near Siglufjordur
(Figure 2), the degree of alteration and the extent of vesicle
fillings are more extensive than in younger rocks further
south (Indridason, 2002). This is in line with observations -

elsewhere in Iceland that the degree of alteration is mostly ___ B :;j,g;ﬁgg{;g?;‘;z’;jgizjj = A—
determined by depth of burial (Walker, 1960; Neuhoff et al., e ﬁ?ﬁéﬁﬂi’fﬁ%‘??igﬁé’é2325 ki SR

sediments. Upper Pleistocene, younger than 0.7 r
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1999).  The extent of alteration of these oldest rocks is T DRRTan dnd Slostocena 575 1 my.
considered to be similar to that found at 1-2 km depth in the s | Ty, o BT > el anen

main geothermal area in central Skagafjordur. R Acid extrusives

2 Holocene sediments.

Skagafjordur-Fljot fracture-zone.

A zone of recent fracturing extends N15°E from the active =

Center of Skagafjordur-Fljot fracture-zone

volcanic belt in central Iceland across the central part of the 5 35 —_—
Valley of Skagafjordur and into the mountains to the east of - Cpe—————r '

the valley and the Skagafjordur fjord (Figure 2). In several

places these fractures run through ground moraines resting FIGURE 2: General geological
upon the bedrock, indicating movement in Postglacial times. map of the study area

Thermal and non-thermal springs occur in very many places on low ground in the study area. Their
temperatures range from 2° to 90°C. The thermal springs are concentrated where the recent fracture
zone cuts across the Skagafjordur Valley (Arnorsson and Gislason, 1990). The young faults and
fractures represent permeability anomalies. The largest non-thermal springs occur at the heads of the
valleys which penetrate the interior plateau (Hjartarson et al., 1998).

Data available on permeability from testing of 1-3 km deep wells in the valley of Eyjafjordur, ~50km
to the east of Skagafjordur (Figure 2) give a good idea of what the regional bedrock permeability may
be in Skagafjordur. The two valleys intersect the same flood basalt succession which has a similar
history in both valleys subsequent to formation with respect to tectonics, burial and secondary
mineralization. According to Bjornsson et al. (1990), the regional permeability in these formations
lies in the range of 0.4x10"°-10" m® These numbers are considered to be applicable to the lava
succession underlying the Valley of Skagafjordur, but in rocks forming the higher mountains and the
interior plateau north of the ice cap of Hofsjokull permeability will be higher, probably by one to two
orders of magnitude as deduced from data presented by Saemundsson and Fridleifsson (1980) on
drillholes sunk into Tertiary and Quaternary basalts in Iceland.
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3. METHODOLOGY
3.1 Chemical features of the fluid
3.1.1 CI-SO4-HCOj; triangular diagram

The CI-SO4-HCO; ternary diagram is one of the diagrams used for classification of natural waters
(Giggenbach, 1988). It helps to discern immature unstable waters and gives an initial indication of
mixing relationships or geographical groupings. The diagram distinguishes several types of thermal
water including immature waters, peripheral waters, volcanic waters and steam-heated waters. It gives
a preliminary statistical evaluation of groupings and trends. The position of a data point in such a
triangular or trilinear plot is simply obtained by first forming the sum § of all three constituents
involved (in mg/kg):

§=Cq + Csos +Chcos (1)
Then the percentage of each of the three anions can be calculated as:

Cl (%)= 100C,/S,  S8O,(%) =100C i,,/S,  HCO;(%) =100Cg,,/S (2)

3.1.2 The CI-Li-B triangular diagram

The CI-Li-B triangular diagram is useful for evaluating the origin of geothermal fluids. Among rock
derived constituents, lithium is least affected by secondary processes, so it can be used as a tracer for
deep rock dissolution and as a reference for evaluating the possible origin of the main two
conservative constituents of thermal waters, Cl and B. Once added, Li remains largely in solution. It
is, however, striking that both Cl and B are added to the Li containing solutions in proportions close to
those in crustal rocks. At high temperatures Cl occurs largely as HCI and B as H;BO;. Both are
volatile and can be mobilized by high-temperature steam. At lower temperatures the acidity of HCI
increases rapidly, and it is soon converted by reaction with the rock to the less volatile NaCl. B
remains in its volatile form to be carried in the vapour phase even at lower temperatures. The B
content of thermal fluids probably reflects, to some degree, the maturity of a geothermal system. Due
to its volatility, B is likely to escape during the early heating up stages. Fluids from older
hydrothermal systems can be expected to be depleted of the element.

The position of a data point on the diagram is calculated by:

S=Cq/ 100+ Cy + Cy /4 3)

%Cl=Cq/S %Li =100 C,; %B=25Cy/S “

3.1.3 Na-K-Mg triangular diagram

The Na-K-Mg diagram is used to classify waters into fully equilibrated, partially equilibrated and
immature waters. It can be used to predict the equilibrium temperature and also the suitability of
thermal waters for the application of ionic solute geothermometers. It is based on the temperature
dependence of the full equilibrium assemblage of potassium and sodium minerals that are expected to
form after isochemical recrystallization of average crustal rock under conditions of geothermal interest
(Giggenbach, 1988).

It is essentially based on the temperature dependence of the two reactions:
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K-feldspar + Na* = Na-feldspar + K" ®)]

0.8 K-mica + 0.2 chlorite + 5.4 silica + 2 K" =+ 2.8 K-feldspar + 1.6 H,0 + Mg (6)

Na, K and Mg concentrations of waters in equilibrium with this assemblage are accessible to rigorous
evaluation. The coordinates of a point on the diagram are calculated by

S = Cna/ 1000 + C¢ /100 + ,[C (7)
%Na = Cya/ 10S %K=Cx/S  %Mg=[C,, /S (8)

3.2 Geothermometers
3.2.1 General background

Geothermometers constitute a very important tool for estimating original subsurface temperatures
below the zone of cooling. Geothermal waters from the deep reservoir may be cooled during upflow
to the surface, either by conduction, when travelling through cooler rocks, or by boiling, when the
hydrostatic pressure decreases.

Geothermometers have been classified into three groups (D’ Amore and Arndrsson, 2000);

1. Water or solute geothermometers;
2. Steam or gas geothermometers;
3. Isotope geothermometers.

Geothermometers are generally derived from the van’t Hoff equation, and express the temperature
dependency of equilibrium constants:

a

O o)

273 ©

where a and b are constants that describe the linear relationship between log (K) and 1000/7, where T
is the absolute temperature in K. The quantity K depends on the reaction used for the geothermometer
under consideration (K;o, for all silica geothermometers, Ky, for all Na-K geothermometers, etc.).

Many water geothermometers were developed from the mid-1960’s to the mid-1980’s. The most
important ones are the silica (quartz and chalcedony), Na/K and Na-K-Ca geothermometers. Two
approaches, theoretical and empirical, have been used to calibrate the water geothermometers. When
applied to the same geothermal fluid, the different geothermometers frequently yield appreciably
different reservoir temperatures due to a lack of equilibrium between the solution and the
hydrothermal minerals, or as a result of reactions, mixing or degassing during up-flow. In order to get
reasonable results, the validity of the assumptions of specific solution/mineral equilibria, and some of
the physical and chemical processes involved, should be taken into account.

For this study only water or solute geothermometers were used, particularly the chalcedony
geothermometer, which may be distorted because of high pH which leads to the dissociation of silicic
acid.



Atas 56 Report 6

3.2.2 Chalcedony geothermometer

This geothermometer is based on the solubility of chalcedony. Fournier (1991) suggested that there is
ambiguity in the use of silica geothermometers at temperatures below 180°C as chalcedony appears to
control dissolved silica in some places and quartz in others. Chalcedony is a very fine-grained variety
of quartz, which is probably not a separate mineral but a mixture of quartz and moganite and, with
time, it probably all changes to quartz (Gislason et al., 1997). Temperature, time and fluid
composition all affect different crystalline forms of silica. Thus, in some places (old systems), where
water has been in contact with rock at a given temperature for a relatively long time, quartz may
control dissolved silica at temperatures down to 100°C. In other places (young systems), chalcedony
may control dissolved silica at temperatures up to 180°C. The chalcedony geothermometer in a
condition of maximum steam loss, presented by Arndrsson et al. (1983a), is:

t(”C)zLA—W&IS (10)
5.31-log SiO,

and without steam loss:

t("C)=L—273.15 (11)
4.91-logSiO,

Another function for the chalcedony geothermometer was obtained by Fournier (1977):

t(”C)=&—273.15 (12)
4.69 —log S

3.3 Mineral-solution equilibria

The thermodynamic properties of minerals and species change with temperature and pressure. The
effect of temperature is much greater than the effect of pressure in the temperature range from 0 to
350°C and pressure range from 1 to 200 bar, so that the effect of pressure on mineral-solution
equilibrium can be neglected. One of the assumptions for the chemical geothermometers presented
above is that there is equilibrium between the fluid and the minerals in the reservoir. A geothermal
system is characterized by a flow of fluid through a body of rock. This fluid will react with the rock
chemically and, as is the case with any chemical reaction, change the system towards equilibrium.
The equilibrium state for a given reaction of mineral and solution in a geothermal system can be
evaluated by the ratio of the equilibrium constant (K) for the given reaction to the reaction quotient
(Q) (Arnorsson, 2000).

Calculations of chemical equilibrium have been applied to geothermal investigations for over 30 years
(Helgeson, 1969, Reed and Spycher, 1984). Using the activities of aqueous species calculated for
homogeneous equilibrium at a series of temperatures, it is possible to compute the degree of super- or
undersaturation of the aqueous phase with minerals at each temperature. This is expressed for a
mineral k in terms of log (Q/K)x.

log(0/K), =log[] a!; —logk, (13)

where K; = Equilibrium constant for mineral £;
a; = The activity;
v; = Stoichiometric coefficient of component species i in the equilibrium mass action
expression for mineral &, written with the mineral on the left hand side.
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Using the results of the aqueous speciation calculations, the saturation indices (S/) for minerals in
aqueous solutions at different temperatures were computed as:

SI = logg =log O —log K, (14)
K
where Q = The calculated ion activity product (IAP); and
K = The equilibrium constant.

The SI value for each mineral is a measure of the saturation state of the water phase with respect to the
mineral phase. Values of S/ greater than, equal to, and less than zero represent supersaturation,
equilibrium and undersaturation, respectively, for the mineral phase with respect to the aqueous
solution. If S/ for calcite is higher than 0, the water can deposit calcite; if S = 0 the solution is in
equilibrium with calcite and will neither deposit nor dissolve calcite; and if SI is lower than 0, the
water does not have a calcite deposition potential.

Equilibrium constants for mineral dissolution often vary strongly with temperature. Therefore, if the
SIs with respect to several minerals converge to zero at a particular temperature, that temperature is
taken to be the reservoir temperature. The computer program WATCH (Arnorsson et al., 1983b;
Bjarnason, 1994) has been developed to calculate the aqueous speciation of geothermal waters.

3.4 Mixing models

The thermal waters ascending from a geothermal reservoir may be cooled by mixing with cold,
shallow waters, which tends to occur where there is a change in rock permeability. The pressure
potential in the upflow zones of many geothermal systems is commonly lower than in the enveloping
cold groundwater bodies. When this is the case, cold water tends to enter the geothermal system and
mix with the rising hot water. Since cold waters are mostly lower in dissolved solids than geothermal
waters, mixing is often referred to as dilution with respect to conservative components. However,
mixing can upset chemical equilibria between water and rock minerals, thus causing a tendency for the
water to change composition after mixing with respect to reactive chemical components, which may
yield misleading results for geothermometers (Arndrsson, 2000).

It is necessary to establish that the sampled and analysed waters are truly mixed before applying
mixing models to estimate reservoir temperatures. Recognition of mixed water on the basis of the
chemical composition of a single sample is generally not convincing, so that the mixing process has to
be identified and quantified by the consideration of samples from many springs or wells and surface
waters.

Linear relationships between the concentrations of conservative components, e.g. between Cl and B or
Cl and 8D, are generally considered to constitute the best evidence for mixing. Sometimes the near
linear relationships between CI and 8'®0O or chloride and silica have been observed for variably mixed
waters in some geothermal fields. Such relationships imply that 8'*O and silica behave as
conservative components after mixing (Arnérsson, 2000).

At present, a few mixing models for geothermal and cold water are applied to estimate subsurface
temperatures in geothermal systems, employing the mixing of two components of quite different
composition in such a way that the concentrations of reactive constituents do not change much after
mixing has occurred. Sometimes, mixing at deep levels in geothermal reservoirs is likely to be
completely masked in reactive constituent condensation through re-equilibration of these constituents
subsequent to mixing, in which case the application of geothermometers is appropriate to estimate
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subsurface temperature of the mixed fluid rather than mixing models for the temperature of the
original geothermal fluid.

The three mixing models that are most commonly used to unravel mixing processes in a geothermal
system are:

e The silica-enthalpy mixing model,;
e The chloride-enthalpy mixing model;
e The silica-carbonate mixing model.

In addition, binary plots of chemical constituents, such as the linear pattern of a binary plot of chloride
versus boron or 8'*0 values are taken to be convincing evidence for mixing (Arnérsson, 1991).

3.4.1 Schoeller diagrams

Schoeller diagrams are used to classify water types. They may also be used to show changes over
time for the different water types. The log concentrations of fluid constituents from a number of
analyses are connected with a line. Because logarithmic values are used, a wide range of
concentrations can be shown. The effect of mixing with dilute water (as well as gain or loss of steam)
is to move the connecting line vertically without changing its shape (Truesdell, 1991). Different water
types will be displayed by crossing lines.

Slopes of lines between constituents represent concentration ratios. These diagrams show the effect of
mixing on a number of constituents. When many analyses are shown, individual patterns may be lost,
but the mixing patterns will remain clear.

3.4.2 CI1-B ratio

The CI/B ratio is a convenient tool for distinguishing between aquifer systems, as neither Cl nor B
participates in any important mineral/solute equilibria. Boiling and cooling of the geothermal water
should, thus, not change the relative concentrations of the elements (Kristmannsdoéttir and Johnsen,
1982). The distribution of B and Cl in Icelandic water is determined by its essentially incompatible
behaviour and supply from four sources. These sources are (1) the atmosphere, i.e., seawater spray
and aerosols incorporated into the precipitation, (2) the soil and rock with which the water interacts,
(3) seawater that has percolated into the bedrock, and (4) magma intrusions. Most geothermal waters
contain B and CI within 0.05-1 and 10-100 ppm, respectively. These rather low values are attributed
to the low content of B and Cl, which are 0.1-6.6 and 75-750 ppm, respectively, in the basaltic rock. B
and CI concentrations generally increase with water temperature. The CI/B ratio in seawater is 4350
and a little lower in surface water and groundwater in Iceland. In Icelandic basalt this ratio is much
lower, or in the range 25-50. The CI/B ratio in geothermal water decreases with increased temperature
and approaches that of the rock. The reason is that with higher water temperature, the leaching of Cl
and B from the rock becomes faster, and because of the low Cl content in Icelandic basalt, the B
enrichment is greater (Arndrsson and Andrésdottir, 1995). Hence, a study of this ratio can yield
valuable information on the origin of the water.

3.4.3 The silica-enthalpy mixing model

The silica-enthalpy mixing model proposed by Fournier (1977) may be used as an aid to evaluate
subsurface temperatures. It is based on the solubility of silica as described in Figure 3.

In this model, the dissolved silica concentration of a mixed water and a silica-enthalpy diagram may
be used to determine the temperature of the hot-water component (Figure 3). A straight line drawn
from a point representing a non-thermal component of the mixed water (point-A) through a mixed-
water warm spring (point B) to the intersection with the quartz solubility curve gives the initial silica
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concentration and enthalpy of the hot water component (point
C). The original temperature of the hot water component is
then obtained from steam tables (Keenan et al., 1969).

In this procedure it is assumed that any steam that forms
adiabatically does not separate from the residual liquid water
before mixing with the cold water component. In the case
where steam is lost before mixing takes place, for instance at
atmospheric pressure, point D is the intersection of the line A-
B and a vertical line representing the enthalpy of water at
100°C, the temperature to which it boils and at which it is
assumed to mix. A horizontal line drawn from point D to the
intersection with the maximum steam loss curve gives the
initial enthalpy of the hot water component (point E). The
initial dissolved silica is shown by point F. Therefore, the
assumption of mixing after maximum steam loss gives
minimum temperatures, while the assumption of mixing
without steam loss gives maximum temperatures.

4. CHEMICAL COMPOSITION OF THE THERMAL
FLUID

4.1 Sampling and analysis
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FIGURE 3: Silica-enthalpy
diagram illustrating use in
calculating silica mixing
model temperatures

In this study, the geothermal water samples were collected from 19 wells and 9 cold water samples
were collected from springs and rivers. The samples were collected between 1994 and 1999. All the
sampling and analyses were carried out by ISOR (Iceland Geosurvey). After collection, the samples
were treated and a summary of the methods used is listed in Table 1. The analytical methods used are
listed in Table 2. The results of the chemical analyses are in Table 3.

TABLE 1: Sample preparation methods

Treatment Container Specification To determine
None; amber glass bottle with ground 250-300 ml Ru pH, CO,, H,S (if not
glass stopper glass in field), conductivity
None 200 ml plastic Ru Mg, Si0O, if <100
ppm
Dilution; 50 ml of sample added to 50 ml | 3x100 ml plastic Rd (1:1) |SiO, if > 100 ppm
of distilled, deionised water
Filtration 200 ml plastic Fu Anions
Filtration; 0.8 ml conc. HNOj; (Suprapur) | 200 ml plastic Fu Cations
added to 200 ml sample
Filtration; 2 ml 0.2 M ZnAc, added to 100 ml, > 500 ml Fp; Fpi SO,,
sample in 100 ml volumetric glass flask plastic
and > 10 ml to > 500 ml bottle containing
> 25 mg SO, to precipitate sulphide
Filtration; 160 ml and 2 1000 ml amber 60 ml, 1000 ml | Fui, Fuc, Fut |*H, "0, *H, °C
glass bottles glass
Fp - Filtered, precipitated; Fpi — Filtered, precipitated for **S and "*O in SO4;
Fu - Filtered, untreated spectroscopy; Fuc- Filtered, untreated for °C;

Fui- Filtered, untreated for *H and '*O in water;  Fut- Filtered, untreated for tritium;
Rd - Raw, diluted; Ru - Raw, untreated.
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TABLE 2: Analytical methods used for the constituents determination

Constituent SamPle Method Detection limit
fraction (mg/l)

pH Ru pH-meter -

CO2 Ru Electrometric titration 1.0

H2S Ru Titrimetric method 0.04

Si02 Rd Spectrophotometer 0.5

F Fu Selective electrode -

Cl Fu Selective electrode 0.025

SO4 Fu/Fp Selective electrode 0.020

B Fu Spectrophotometer 0.005

Na Fa AAS DA 0.01

K Fa AAS DA 0.01

Mg Fa AAS DA 0.01

Ca Fa AAS DA 0.01

Al Fa AAS GF 0.01

Fe Fa AAS GF 0.0001

TDS Fu Gravimetric 2.5
Ru - Raw, untreated; Rd - Raw, diluted Fu - Filtered, untreated spectroscopy
Fp - Filtered, precipitated =~ AAS - Atomic absorption Fa - Filtered, (0.2 p, 0.45 um) acidified
DA - Direct aspiration GF- Graphite furnace

4.2 Classification of fluids

Cl-SO4-HCO; triangular diagram. Figure 4 shows that all cold waters have a high HCO; relative to
Cl and SOy as does typical cold groundwater in Iceland. All hot water samples with the exception of
well Hrisey-10, plot between volcanic and cold groundwaters suggesting that their origin is a
combination of groundwater and volcanic water. The water sample from Hrisey-10 has high Cl
relative to SO4 and HCO; and plots close to mature waters, but this is because of the effect of sea
water since it is close to the sea.

CI-Li-B triangular diagram. All the samples have high Cl relative to Li and B suggesting that the
samples originate from old systems (Figure 5).
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S STEAM HEATED WATERS
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FIGURE 4: CI-SO4-HCO; classification ) ) )
diagram of Giggenbach (1991) for FIGURE 5: CI-Li-B diagram of Giggenbach

the fluids of the Trollaskagi area for the fluids of Trollaskagi
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TABLE 3: Chemical analysis results

Na-K-Mg ternary diagram
is used to evaluate equilibrium
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O log K from WATCH

Na/1000 *7

€ log K (AS 2000) -0.1

FIGURE 6: Na-K-Mg equilibrium diagram
of Arnérsson et al. (1983a) for the
fluids of Trollaskagi area

TABLE 4: Results of different chalcedony geothermometers from wells in the Trollaskagi area

Tchalcedony -Tmeasured (°C)

-40

pH

FIGURE 7: The difference between the
calculated temperature and the observed
temperature as a function of in situ pH

Sample . Tmeas Tchal1 Tchal2 Tcha13
no. Location pH ©C) °C) ©C) ©C)
02-033 |GYN-7 9.87 60.5 65.5 93.56 93.84
02-083 |Siglufjordur, 11 9.91 71.6 80 106.74 108.04
02-084 Olafstjérdur, 4 10.14 67.0 49.2 95.39 95.77
02-085 Olafsfjérdur, 12 10.11 56.3 42 86.56 86.29
02-086 |Dalvik, 10 10.17 64.5 51.6 100.43 101.24
02-087 | Arskogsstrond, 29 10.07 73.4 67.9 110.13 111.72
02-088 |Hrisey, 10 9.26 76.7 69.4 81.02 80.29
05-004 |GYN-7 9.85 61 65.5 94.37 94.66
00-47 |Reykir RH-02 10.04 60.6 67.1 105.31 106.50
02-030 |L -10 9.73 104.1 88.7 121.69 124.35
02-032 |HJ-19 10.07 85.7 78.5 116.68 118.90
02-034 |RNW-7 9.77 75.7 78.5 101.22 102.06
02-035 |HN-10 9.79 83.4 58.6 90.10 90.08
02-036 |BN-1 9.75 92.1 79.9 104.32 105.46
02-037 |LJ-5 9.72 94.4 83 107.48 108.87
02-038 |TN-4 9.82 81.4 76.1 102.74 103.74
03-096 |Varmahlid, 3 9.53 91.0 103.1 120.47 123.00
03-097 |Saudarkrokur, 12 9.86 70.6 57.4 88.94 88.81
03-098 | Saudarkrdkur, 13 9.93 68.8 53.6 88.63 88.49

1) Fournier (1977) with correction for dissociated silicic acid,

2) Arnorsson et al. (1983a);
3) Fournier (1977).
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4.4 Solution-mineral equilibria

63
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The log (Q/K) diagram can be calculated by computer programs like WATCH and SOLVEQ. In the
present study the WATCH program was used to prepare log (QO/K) diagrams for the temperature range
20-120°C. The plausible alteration minerals in the system were selected with reference to some

TABLE 5: Temperature estimates from log O/K plots

Range of estimate for
Sample T meas
no. ©C) subsurface temps.

O
02-033 60.5 80
02-083 71.6 90
02-084 67.0 80
02-085 56.3 70
02-086 64.5 70-80
02-087 73.4 80
02-088 76.7 80
05-004 61 90
00-47 60.6 70
02-030 104.1 100-110
02-032 85.7 80-90
02-034 75.7 80-90
02-035 83.4 90
02-036 92.1 90-100
02-037 94.4 100
02-038 81.4 80
03-096 91.0 100
03-097 70.6 70-80
03-098 68.8 70-80

available records of alteration minerals in
the feed zones of the wells. Laumontite,
albite-low, calcite, microcline, muscovite
and chalcedony were selected to calculate
the equilibrium state for hot water from
wells. The calculated saturation index (S/
= log Q/log K) vs. temperature for water
from wells are shown in Figure 8. The
temperature where a SI-curve intersects the
zero line represents the equilibrium
temperature for each mineral. If the SI-
curves for most of the minerals cross the
equilibrium line at the same temperature, it
is interpreted as being the reservoir
temperature. The estimated temperatures
from the plots are summarized in Table 5.

Figure 8 shows that equilibrium lines for a
group of minerals converge close to the
measured temperature. In all 19 graphs a
clear temperature-rock equilibrium is
reached between all the minerals and the
thermal fluid. Chalcedony and calcite
intersect the SI 0 line close to the
measured temperature (Table 5). Other
minerals found in cuttings show

equilibrium temperatures in the range from 80 to 120°C. The fact that the measured and calculated
temperatures are similar, further suggests that the fields are low-temperature fields.

4.5 Mixing models

In this study, a Schoeller diagram, some binary
plots and the silica enthalpy model were applied
to estimate mixing processes. The main
components of thermal, cold and mixed waters
from the study area are plotted in a Schoeller
diagram (Figure 9). The figure shows that the Mg
concentration for thermal samples is very low
suggesting that there is no mixing except possibly
for well Hrisey 10, where mixing with sea water
is also suggested by the high chloride
concentration. The diagram also shows that the
groundwater originates from precipitation and has
passed through similar rock types. This confirms
that the water comes from the same lithology and
similar aquifers (Connolly et al., 1990).

Log(Q/K)

GYN-7 02-033

measured
temperature

T I ! I T |
40 80
Temperature (°C)

FIGURE 8: Saturation index diagram (log

0O/K) vs. temperature for the
14 wells from the Trollaskagi area
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Olafsfjdrdur 02-084

T I T I T T
40 80 120
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FIGURE 8 Continued: Saturation index diagram (log O/K) vs. temperature
for the 14 wells from the Trollaskagi area
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for the 14 wells from the Trollaskagi area
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FIGURE 8 Continued: Saturation index diagram (log O/K) vs. temperature
for the 14 wells from the Trollaskagi area
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Trollaskagi Area

100,0000 —+—02-033 GYN-7
Hrisey 10 —=—02-083 Siglufjordur, 11
10,0000 02-084 Olafsfjérdur, 4

02-085 Olafsfjérdur, 12

—*—02-086 Dalvik, 10
1,0000

—e—02-087 Arskogsstrénd, 29
—+—02-088 Hrisey, 10

0,1000 - —=—04-025 Siglufjordur,

LR

05-005 Glera

20060047 Reykir RH-02
02-030 L_-10

02-031 Vaglir

0,0100 -

0,0010 -

log of concentration (meq/l)

02-032 HJ-19

0,0001 A 02-034 RNW-7
02-035 HN-10
——02-036 BN-1

0,0000

rCa rMg rNa+rK r Cl rSO4 rHCO3 rSiO2

FIGURE 9: Schoeller diagram for the samples from the Trollaskagi area

The silica-enthalpy mixing
model was applied to the
samples from the study area
(Figure 10).  Here, it is ]
assumed that no steam loss (Waximum steam [055)
occurred before mixing, and 600 —
also that chalcedony controls \ /

the solubility of silica in the
hot water component. The
temperatures estimated are in

800 —

SiO2 (mg/kg)

400 —
the range of 50-143°C and
the model also suggests the
absence of mixing. ]
Cl is a  conservative 200 — Chalcedony
175{ -~~~ "~~~ Z

component in geothermal
fluids. The concentration of
Cl increases continually
during  progressive  rock 0

dissolution. Figure 1} ShOVYS 0 400 800 1200 1600
the Cl concentration in Enthal Kd/k
relation to some other nthalpy (kJ/kg)

constituents.  The data in
Figure 11 do not seem to
indicate mixing.

FIGURE 10: Silica-enthalpy mixing model
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FIGURE 11: Relationship between Cl and some other constituents

5. ISOTOPIC COMPOSITION OF NATURAL WATERS
5.1 Background

Isotopes have become an essential part of studies of major geothermal development. Their use and
interpretation are strengthened if complemented and combined with chemical techniques. Isotopes
have been found useful at various stages in geothermal exploration and development.

Geothermal fluids originate mainly from meteoric water (Craig, 1963). Metamorphic and magmatic
sources of water in geothermal systems have also been suggested. Craig (1961) observed that the 5'*0
and 0D values in precipitation are linearly related by:
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oD =8 8*0+10 (15)
8D and 5'°O represent:
R -R
5 _ sample standart %1000 (1 6)
Rstandart
where R = The isotopic ratio (e.g. D/'H or '*0/'°0) of the sample or the standard.

The standard that has been used for measuring 6—values for the isotopes of oxygen and hydrogen is the
Standard Mean Ocean Water (SMOW). By definition, SMOW has $'%0 = 0 and 8D = 0. The line
defined by Equation 15 is termed the “World Meteoric Water Line” (WMWL) or “Global Meteoric
Water Line” (GMWL), and it is based on precipitation data from locations around the globe. The
relationship provides a useful reference for geothermal studies in helping to identify recharge areas of
geothermal systems. Local meteoric waters in different parts of the world can, however, have
different isotopic signatures. The slope and intercept of any “Local Meteoric Water Line” can be
significantly different from the “Global Meteoric Water Line”.

An important aspect of geothermal investigations is to determine the recharge to the geothermal
systems. Craig (1963) established the isotopic characteristics (8°H) and (8'*0) of precipitation relating
to latitude and altitude as well as to continental effects. Samples from higher latitudes and elevation or
those collected further inland were progressively lighter (more negative isotopic values). This is due
to preferential removal of the heavier isotopes from the precipitating clouds as demonstrated in Figure
12.

18
18 00
° > 17%e
18 ) 0
e ~15% w
=12 %o
—V
T -
' | = w
61800 |: -3%0 I Il ||
Q 'Q 1] I
T

FIGURE 12: Changes in the content of 8'*0O in air moisture and precipitation that forms when the
moisture condensates stepwise as it travels inland (Siegenthaler, 1979)

Figure 13 shows a detailed map of the deuterium content of the mean annual precipitation in Iceland,
as estimated from local springs and streams (Arnason, 1976; 1977). It shows well how the deuterium
values generally decrease from the coastal areas inland due to the combined effects of altitude and
distance from the coast (source). The map has been used extensively to trace the origin of
groundwater, including geothermal water. From investigations of stable isotopes in ice cores from
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FIGURE 13: Map showing the distribution of deuterium in precipitation in Iceland (Arnason 1976)

Greenland it is possible to conclude that the isotopic content of the precipitation at any particular
locality has not changed much during the last 8,000 years. However during glacial time the isotopic
composition of precipitation was much lighter due to the cold climate. As groundwater can originate
from different climate regimes, the deuterium map of the present day precipitation should be used with
care to obtain information on the recharge areas to geothermal systems.

Since 1986 extensive oxygen and hydrogen isotope analyses have been carried out on natural waters in
Iceland and the relationship between the isotope ratios studied. A new 80 - 8D relationship of
Icelandic cold groundwater has been defined, oD = 6.5%x8"%0 — 3.5 when 8'%0 is > -10.5%o (D > -
76%o0) and as SD= 8x3'%0 + 11 for lighter precipitation (Sveinbjérnsdottir et al., 1995).

Craig et al. (1956) showed that waters in many geothermal fields possess stable isotope content similar
to that of the local precipitation, thus indicating that meteoric water is the dominant source of supply
of most geothermal waters. In other geothermal systems, as in almost all of the Icelandic ones, the
isotopic content of the geothermal waters is somewhat lower (more negative) than that of the local
precipitation. However, the 8'°0- 8D relationship of these waters indicates that they are of meteoric
origin. The difference between the isotopic values of the geothermal waters and those of the local
precipitation was considered by Arnason (1976) to indicate that the recharge areas to the geothermal
systems lie farther inland at a higher elevation.

There are some subsurface processes which can change the original isotopic characteristics of
geothermal waters. Isotopic exchange at high temperature between the water and the rock minerals
can lead to an increase in the '*O content of the water and a subsequent decrease in the *O content of
the rock. This causes the “oxygen isotope shift” in the 3D-5'°0 diagram, towards less negative values
of 80 (Ellis and Mahon, 1977). Reaction of rocks with seawater or reservoir water at low to
intermediate temperatures can cause a less common shift of 3'*0 away from the meteoric water line
towards more negative values (Nicholson, 1993) (Figure 14).
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Generally, no corresponding
shift is seen in the 8D value,
because there is little
hydrogen in the rocks.
However, in systems where a
large proportion of clay and
micaceous minerals occur in
the rock, some exchange of
deuterium  with  hydrous
minerals does happen,

—

33 Less common than +ve shift. Can be
~ | caused by reaction of rocks withe sea
0 | water or formation waters at low to
“O | intermediate temperature

enrichment in 6D
L as well as 5"0

§>221°C.

-ve shift rock-water reaction N, - W<221°C . making possible a slight
----------- - > — boiling . P .
+ve shift §<221°C W>221°C deuterium shift” (Ellis and
Mahon, 1977). Mixing with
- meteoric water can change
O Deep Cl fluid the isotopic composition of
b Me‘tem'c water_ geothermal fluids. The B0
+ Acid-sulfate springs . .
& Btemn and D isotopes can provide
W Water an indication of boiling as
. well as mixing processes in
50 (%o) the geothermal sy-stem. They
are also useful in reservoir
FIGURE 14: Schematic trends in isotopic signatures of meteoric monitoring during exploita-
water and geothermal fluids with active processes tion.

(from Nicholson, 1993)

Data on permeability and
temperature in deep wells in several low-temperature geothermal systems in Iceland indicate that these
systems are transient and represent groundwater convection in young fractures (Bjornsson, 1980;
Bodvarsson, 1982; Arnérsson and Gislason, 1990; Bjornsson et al., 1990). Thus, the heat source to the
system is local and the hot rock is made permeable by active fracturing. This contradicts the old
model of the low-temperature geothermal systems (Einarsson, 1942; Arnason, 1976) which suggests
that the systems withdraw water from a deep groundwater current driven by the hydraulic gradient
from the highlands towards the coasts.

5.2 Analytical methods

In this study 140 cold surface and spring water samples and 40 geothermal water samples were
selected in N-Iceland. All the sampling and analyses were carried out by the Science Institute,
University of Iceland. Stable isotope analyses for oxygen and hydrogen were analysed on a Finnegan
MAT 251 mass spectrometer at the Science Institute, University of Iceland. The results are defined in
the conventional d notation in %o, relative to the standard VSMOW for oxygen and hydrogen.

Oxygen was extracted from the water by equilibrating 5 ml of degassed water with a small amount of
CO, gas in a sealed tube for 3 hours, in a shaking water bath at 20.0°C (Epstein and Mayeda, 1953).
The measurements were subsequently corrected for the CO, gas which was also used as a secondary
reference standard. Hydrogen was extracted from the water by a variant of the method by Coleman et
al. (1982). Degassed water 2 ul was reduced with 15 mg of zinc metal in a sealed quartz tube at about
450°C for ten minutes. The zinc pellets were then heated up to 700°C in order to transfer the rest of
the zinc to the walls of the sample tubes by evaporation and condensation. Then the samples were
kept at 450°C for 20 minutes. Since 1998, hydrogen has been extracted from water by the same
principles as oxygen, where 2 ml of degassed water is equilibrated with a small amount of H, gas in a
shaking water bath at 20°C. Pt catalyst is used to enhance the isotopic exchange between the H,-gas
and the water sample (Horita, 1988). The accuracy of the measurements, at the 95% confidence level,
is 0.04%o for §'°0 and 1.0%o for 5D.



Atas 72 Report 6

5.3 Results

In this study, isotopic results of 140 cold surface and spring water samples and 40 thermal water
samples have been compiled (Appendix I). The sample locations are shown in Figure 15. All surface
waters were collected from springs, rivers and streams ranging in temperature from 1.1 to 18.8°C,
whereas the geothermal waters were collected from wells. Their temperatures ranged from 26 to
104.1°C.

@ Isetopic data of cold waters-1993
:N A isotopic data of hot waters-1987
isotopic data of cold waters-1987
+ Isotopic-chemical data of cold waters-1994/99
@ isotopic-chemical data of hot waters-1994/99
— —
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FIGURE 15: Map of the Trollaskagi area showing chemical and isotopic samples locations

5.3.1 Cold water

The results for the cold surface water samples were plotted on a map using the ArcGIS program.
Figure 16 shows the 8'°0 contour map drawn to determine the origin and movement of the fluids of
the Trollaskagi area.

Figure 16 is based on 140 surface samples, which are thought to represent the isotopic value of the
local mean annual precipitation. The map shows well how the surface waters generally become
depleted in '*O with distance from the northern coast. As shown in the figure the most enriched '*O
sample has a 8'°0 value of -7.7 %o, and the most depleted value is -13,6%o found in the mountainous
area in the southern part of Trollaskagi. This range is due to the combined effects of altitude and
distance from the coast. The 8D isotopes show the same pattern and range from -53%o to -99%o.

Figure 17 shows the 8'®0- 8D relationship of the natural cold waters within the studied area. It
demonstrates that the cold waters follow the two meteoric water lines that have been defined for
Iceland (Sveinbjornsdottir et al., 1995).
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FIGURE 16: Map showing the distribution of 8'30 in surface waters in the studied area

5.3.2 The thermal water

The hot water samples were collected in several places within the peninsula of Trollaskagi and also
from thermal areas both west (Varmahlid and Saudarkrokur), east (Hrisey) and south (Akureyri) of the
peninsula, as shown in Figure 15. The isotopic values of the thermal waters are very distinct for each
area as also seen in Figure 17, where the relation between 8'"%0- 8D is shown. The 8'*0 and 8D of the
geothermal waters within the Trollaskagi area are generally lower (more negative) than the local cold
springs and surface waters. Figure 17 shows that the isotopic values of the thermal water in the
Siglufjérdur and Olafsfjordur areas do not differ from the cold water in Tréllaskagi, although they are
more depleted than the local precipitation in the respective areas. The average difference between the
isotopic composition of the thermal water and local precipitation is about 2%o in oxygen and about
16%o in deuterium. The isotopic values for the thermal water in Dalvik (6 B0 = -14,9 %o, 8D = -
104%o), Arskogastrond (8 '*O = -14,95%o, 8D = -109%o), HI-19 (& '*O = 14,17%0, 8 D = -101%o) and
L-10 (8 O = -13,99%o0, 8D = -101,1) are more depleted than any surface water in the peninsula of
Trollaskagi (Figure 17).

The samples from Akureyri and Saudarkrokur are similar in their isotopic composition, with 5'°0
around -13%o and 8D around -100%o. These samples were also considerably lighter than the local
precipitation. The thermal water in Hrisey (5'°0 = -14,85%o, 8D = -109,2%0) was the most depleted in
the area together with the sample from Arskogsstrond and in fact they were more depleted than any
precipitation on Iceland today.
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The thermal water in Varmahlid
was considerably more depleted in
deuterium than the thermal water in
Saudarkrokur, which is situated
only about 40 km north of
Varmahlid. Their oxygen isotopic
values were, however, quite similar,
as an oxygen shift of about 1,0 %o
was observed for the thermal water
in Varmahlid (Figure 17). Oxygen
shift was not observed for any of the
other thermal waters within the
studied area despite the fact that
some of the waters had similar
temperatures as the Varmahlid
waters (around 90°C) and some
were even warmer (up to 104°C).

Figure 18 shows the relationship
between the isotopic values and the
water temperature. It demonstrates
that the isotopic values for each
thermal area was relatively constant
despite considerable range in
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FIGURE 17: The relationship between 8'*0 and 8D in
cold and geothermal waters in the Trollaskagi area

temperature. We see for example in Siglufjordur that the temperature ranged from 20 to about 70°C,
whereas the & '*O was consistently around -13%o .
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FIGURE 18: Relationship between the isotopic values and the water temperature

5.4 The origin of the thermal waters

Based on the isotopic results the origin of the thermal water in the Siglufjordur area can be traced up
to the mountainous areas in the southern part of Trollaskagi, where present day precipitation has
similar isotopic values as the thermal waters. With the same method, the origin of the thermal water in
Olafsfjordur can be traced to the mountainous areas southwest of Dalvik as indicated by the red arrows

on Figure 19.
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FIGURE 19: Subsurface flow of water from recharge areas to geothermal fields

The isotopic composition of the thermal water in Dalvik is more depleted than any of the present
surface water in Trollaskagi and, therefore, its origin cannot be traced to any place within the
peninsula. The same holds for the samples from the western edge of the Trollaskagi peninsula
between Dalvik and Akureyri (Arskogsstrond L-10 and HJ-19).

The isotopic composition of the thermal waters in Dalvik, Arskogsstrond and of the island of Hrisey
show very depleted samples. The most possible explanation is that they contain a small component of
groundwater of a pre-Holocene age, from the last glaciation, when the precipitation was more depleted
due to the cold climate at that time. This may also be true for the sample from well HJ-19. Earlier
studies have shown that the thermal water in Skagafjordur (Varmahlid) has a component of a pre-
Holocene water (Sveinbjornsdottir et al., 2001).

The thermal water in the Akureyri area to the southeast of the Trollaskagi peninsula is considerably
more depleted than the local precipitation, the difference being about 1.2%o in oxygen and about 10%o
in deuterium. It is suggested that the origin of the thermal water is in the interior highlands south of
the area, where precipitation has similar isotopic values as the thermal water.
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6. CONCLUSIONS
The following are the main conclusions of this study:

e The waters in the Trollaskagi area can be classified as cold groundwaters, volcanic waters and a
combination of the two, with the exception of Hrisey which plots close to mature waters. The
ternary plots also suggest that all the waters originate from old systems.

e Most of the geothermal waters seem to have equilibrated with respect to specific minerals.

The subsurface prediction using the chalcedony geothermometer, with correction for dissociated
silicic acid (Fournier, 1977). is in the range 42-103°C. The temperatures obtained from
chalcedony geothermometers and log O/K are very close to the measured temperatures which
are then interpreted as the resevoir temperatures. A temperature range 50-120°C is inferred
from the chalcedony mixing model. The model also suggests the absence of mixing which is
consistent with the binary plots. The Schoeller diagram also suggests the absence of mixing
except for Hrisey waters, which seem to be mixed with sea water.

e The stable isotopes 8'*0 and 8D were used in the study area to trace and determine the origin
and movement of groundwater. The thermal waters in the Trollaskagi area are more depleted
than the local precipitation and in some cases more depleted than any precipitation on Iceland
today.

e The isotopic values for the thermal waters found within the Trollaskagi peninsula suggest
different origins for the different sites. It is possible, based on isotopes, to trace the origin of the
thermal waters in Siglufjordur and Olafsfjordur to the mountainous areas south of the thermal
sites. The isotopic composition of the thermal waters in Dalvik and within the thermal areas
located on the western edge of the Trollaskagi peninsula between Dalvik and Akureyri (i.e.
Arskogsstrond, L-10 and HJ-19) show more depleted samples than any of the present surface
waters in Trollaskagi and therefore their origin cannot be traced to any place within the
Trollaskagi peninsula.

e The thermal water in the island of Hrisey just west of Dalvik is more depleted than any
precipitation in Iceland today and therefore probably has an old water component from the last
glaciation, when precipitation was more depleted than today due to the cold climate. This is
also the most likely explanation for the depleted waters in Dalvik and Arskogsstrond, south of
Dalvik. Recharge into convecting geothermal systems may be of water of variable age and with
different D values. When there is a component of "ice age water" present, the resulting
geothermal water will be both isotopically light and sometimes relatively saline, due to the
influx of seawater into the bedrock of flat lying coastal areas which were submerged around the
end of the last glaciation.

e FEarlier studies have shown that the thermal water in Skagafjérdur has a component of a pre-
Holocene water. The oxygen shift observed for the Varmahlid water, which reflects extensive
water-rock interaction, is consistent with the presence an “old” water component in this water.
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APPENDIX I: 3’H and 6 '®O concentrations of samples from Trollaskagi
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Date Sample no. Tem{?é;‘ ture ?%0()) ?%13

09-Sep-87 246 -10.853

09-Sep-87 247 -11.359

09-Sep-87 248 -11.33 -71.73
09-Sep-87 249 -10.767

09-Sep-87 250 -10.599

09-Sep-87 251 -11.215

09-Sep-87 252 -10.621

09-Sep-87 253 -10.499

09-Sep-87 255 -9.905

09-Sep-87 256 -10.552

09-Sep-87 257 -10.565

09-Sep-87 258 -10.56

09-Sep-87 259 2.7 -10.595

09-Sep-87 260 2.1 -9.918

09-Sep-87 261 -9.846

09-Sep-87 262 -9.752

09-Sep-87 263 4.8 -9.723

09-Sep-87 264 -9.874

09-Sep-87 265 3.8 -10.017

10-Sep-87 266 -8.06 -56.14
10-Sep-87 267 2.9 -10.06 -69.02
10-Sep-87 268 35 -9.124 -63.01
10-Sep-87 269 3.5 -9.359 -62.94
10-Sep-87 270 4 -9.075 -62.69
10-Sep-87 271 -8.918 -60.83
10-Sep-87 272 -9.284 -63.3
10-Sep-87 273 4.5 -9.058 -62.18
10-Sep-87 274 -4.101 -32.75
10-Sep-87 275 5 -7.779 -57.93
10-Sep-87 276 -7.809 -54.91
10-Sep-87 277 -8.014 -55.81
10-Sep-87 278 5.5 -8.622 -61.67
10-Sep-87 279 3.6 -9362 -63.78
10-Sep-87 280 6.5 -8.287 -58.93
11-Sep-87 281 -9.92 -66.08
11-Sep-87 282 -11.445 -76.16
11-Sep-87 283 65 -12.755 -89.91
11-Sep-87 284 56 -12.518 -85.39
11-Sep-87 285 -9.48 -59.76
11-Sep-87 286 -8.887 -59.97
11-Sep-87 287 60 -13.025 -89.34
11-Sep-87 288 38 -12.826 -88.2
11-Sep-87 289 48 -13.025 -90.01
11-Sep-87 290 26 -12.702 -87.6
11-Sep-87 291 58 -12.991 -88.61
11-Sep-87 292 61 -12.888 -90.59
11-Sep-87 293 -11.185 -77.52
11-Sep-87 294 -11.548 -79.44
11-Sep-87 295 -10.672 -74.02
11-Sep-87 296 2 -10.926 -74.55
11-Sep-87 297 5.1 -10.714 -74.12
11-Sep-87 298 -11.36 -76.82
11-Sep-87 299 5.2 -11.214 -76.44
11-Sep-87 300 -10.766 -75.43
11-Sep-87 301 31 -12.88 -89.35
11-Sep-87 302 7.5 -10.856 -75.44
11-Sep-87 303 6.2 -11.167 -76.63
11-Sep-87 304 45 -12.54 -85.98
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Date Sample no. Temz:,e(l:';l ture ?%3 ?%13
11-Sep-87 305 6.2 -11.02 -76.9
11-Sep-87 306 3.5 -11.193 -76.23
11-Sep-87 307 15 -11.597 -78.05
11-Sep-87 308 17 -11.992 -81.53
11-Sep-87 309 18.7 -11.941 -81.75
11-Sep-87 310 5.7 -10.742 -74.29
11-Sep-87 311 8 -11.104 -74.51
12-Sep-87 87-312 32 -10.785 -72.02
12-Sep-87 313 5.5 -10.323 -70.39
12-Sep-87 314 -10.202 -69.79
12-Sep-87 315 3.5 -10.397 -69.66
12-Sep-87 316 42 -10.325 -70.61
12-Sep-87 317 66 -11.956 -80.53
12-Sep-87 318 57 -8.37 -56.79
12-Sep-87 319 4 -10.557 -72.05
12-Sep-87 320 3.9 -10.82 -71.8
24-Aug-93 01 9.3 -12.76 -92.6
24-Aug-93 02 7.4 -12.66 -92.7
24-Aug-93 03 8.8 -12.45 -91.8
24-Aug-93 04 8.2 -12.7 -91.7
24-Aug-93 05 7.7 -13 -92.3
24-Aug-93 06 7.7 -13.14 -94.8
24-Aug-93 07 8.5 -12.56 -88.6
24-Aug-93 08 8.8 -12.88 -91.5
24-Aug-93 09 54 -12.93 -93.6
24-Aug-93 10 5.7 -13.1 -92.9
25-Aug-93 11 6.4 -12.62 -89.5
25-Aug-93 12 10.3 -12.41 -86.5
25-Aug-93 13 12 -12.26 -88.1
25-Aug-93 14 6.4 -12.64 -89.4
25-Aug-93 15 54 -12.48 -87.9
25-Aug-93 16 5.5 -12.31 -86.1
25-Aug-93 17 5.2 -12.62 -88.4
25-Aug-93 18 4.6 -12.98 922
25-Aug-93 19 12.8 -11.7 -83.2
25-Aug-93 20 5.7 -12.02 -83.8
25-Aug-93 21 11.2 -11.91 -85.5
25-Aug-93 22 7.2 -11.16 -77.7
25-Aug-93 23 1.8 -12.31 -87.1
25-Aug-93 24 11.2 -12.34 -91.2
25-Aug-93 25 4.2 -12.07 914
25-Aug-93 26 5.5 -12.86 -92.4
25-Aug-93 27 6.7 -12.68 -90.9
25-Aug-93 28 7.9 -12.63 -89.8
25-Aug-93 29 6.7 -12.89 -93.6
25-Aug-93 30 13.1 -12.09 -87.9
25-Aug-93 31 7.6 -11.52 -81
25-Aug-93 32 9.2 -11.44 -78.7
25-Aug-93 33 7 -11.27 -78.9
25-Aug-93 34 7.6 -11.34 -78.9
25-Aug-93 35 6 -11.76 -81
25-Aug-93 36 7.8 -12.56 -87.2
25-Aug-93 37 6.3 -11.88 -83.3
25-Aug-93 38 13.6 -12.52 -88.6
25-Aug-93 39 7.5 -13.19 -93.1
25-Aug-93 40 8.2 -13.44 -95.7
25-Aug-93 41 11 -13.34 -97.1
25-Aug-93 42 6.8 -13.17 -93.7
25-Aug-93 43 5.8 -13.15 -94.3
25-Aug-93 44 7.4 -13.38 -97.4

Atas



Atas

82
18 2

Date Sample no. Tem{:,e(l:';l ture ?%3 ?%13
25-Aug-93 45 8.9 -13.39 -95.1
25-Aug-93 46 10.1 -13.39 -97.1
25-Aug-93 47 6.4 -13.38 -98.8
25-Aug-93 48 10.6 -11.86 -88.9
25-Aug-93 49 7.4 -13.6 -95.8
25-Aug-93 50 5.7 -13.21 -92
25-Aug-93 51 8.2 -12.91 -90.8
26-Aug-93 52 7.3 -10.6 -72.9
26-Aug-93 53 4.3 -10.93 -77.4
26-Aug-93 54 4.7 -10.52 -73.1
26-Aug-93 55 4.6 -11.08 -76.3
26-Aug-93 56 5.6 -10.91 -78.2
26-Aug-93 57 4.5 -11.03 -76.6
26-Aug-93 58 7.2 -10.85 -74
26-Aug-93 59 49 -11.62 -82.8
26-Aug-93 60 49 -12.17 -85.2
26-Aug-93 61 4.5 -13 -92.6
26-Aug-93 62 5.6 -13.1 -94.7
26-Aug-93 63 5.8 -12.5 -89.5
26-Aug-93 64 5.9 -12.8 -90.8
26-Aug-93 65 4.3 -12.97 -92.7
26-Aug-93 66 34 -12.48 -91.5
26-Aug-93 67 42 -13.05 -91.7
26-Aug-93 68 5.5 -13.33 -95.5
26-Aug-93 69 9 -12.37 -88.6
26-Aug-93 70 5.6 -13.16 -93.1
26-Aug-93 71 5.9 -13.3 -94.5
26-Aug-93 72 7.1 -12.23 -86.8
26-Aug-93 73 8.2 -12.5 -89.8
26-Aug-93 74 10.3 -12.21 -87.7
03-Dec-98 02-033 60.5 -13.87 -100.0
14-Nov-98 02-083 71.6 -11.34 -76.1
14-Nov-98 02-084 67.0 -11.94 -81.4
14-Nov-98 02-085 56.3 -11.53 -78.0
15-Nov-98 02-086 64.5 -14.76 -104.0
15-Nov-98 02-087 73.4 -14.95 -109.0
15-Nov-98 02-088 76.7 -14.85 -109.2
12-Mar-98 02-030 104.1 -13.99 -101.1
12-Mar-98 02-031 4.0 -12.62 -90.9
12-Mar-98 02-032 85.7 -14.17 -101
12-Apr-98 02-034 75.7 -14.07 -100.8
12-Apr-98 02-035 83.4 -13.5 -95.8
12-Apr-98 02-036 92.1 -13.81 -98.8
12-May-98 02-037 94.4 -13.33 -96.6
12-May-98 02-038 81.4 -13.95 -101.6
12-Jun-98 02-039 3.1 -12.39 -88.6
12-Jun-98 02-040 2.9 -12.53 -89.4
05-May-99 03-042 18.8 -13.6 -98.4
23-Jun-99 03-043 2.8 -12.25 -86.2
23-Jun-99 03-044 4.0 -11.37 -81.1
23-Jun-99 03-045 54 -11.37 -80.8
10-Nov-99 03-096 91.0 -13.81 -106.4
10-Nov-99 03-097 70.6 -13.46 -98.5
10-Nov-99 03-098 63.8 -13.23 -95.9
23-Sep-04 04-025 5.2 941 -64.6
01-Mar-05 05-004 61 -13.85 -100.4
02-Mar-05 05-005 1.1 -12.60 -89.1
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